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Hampyeong Bay, Korea
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ABSTRACT
During our observations of changes in halophyte distribution in Hampyeong Bay over a period of five years, we found that the distribution area showed a maintenance for Phragmites communis community, a tendency of gradual increase for Zoysia sinica community, gradual decrease for Suaeda maritima community, and disappearance for Limonium tetragonum community during the studied
period. The Phragmites communis community stably settled in areas adjacent to land and appeared not to be significantly affected
by physical factors (such as tides and waves) or disturbances caused by biological factors (such as interspecific competition). Among
studied species, germination time was shown to be the fastest for Suaeda maritima . In addition, this species showed certain characteristics that allowed it to settle primarily in new habitats formed by sand deposition as its growth was not halted under conditions
with high amounts of sand and high organic matter content. However, in areas where Zoysia sinica and Suaeda maritima resided
together, the area inhabited by Suaeda maritima gradually decreased due to interspecific competition between the two species. This
was believed to be the result of a sharp decrease in the germination of Suaeda maritima since May, while the germination of Zoysia
sinica was continuously maintained, indicating that the latter had an advantage in terms of seedling competition. In the case of the
Limonium tetragonum community, its habitat was found to have been completely destroyed because it was covered by sand. The
study area was confirmed to have undergone a large change in topography as tides and waves resulted in sand deposition onto these
lands. Hampyeong Bay is considered to have experienced changes in halophyte distribution related to certain complex factors, such
as changes in physical habitats and changes in biological factors such as interspecific competition.
Keywords: Biodiversity, Brackish water, Salt marsh, Halophyte, Succession, Vegetation map

Introduction
Salt marshes are areas between the highest and lowest
tides of the tidal range (Pigott, 1969). They are periodically affected by seawater and inhabited by vascular plants
(Chapman, 1974). They serve as a buffer zone for marine
and terrestrial ecosystems. They can be divided into coastal and estuarine salt marshes. Coastal salt marshes are areas where common terrestrial plants cannot grow because
of high salt concentrations in the soil, which is why these
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areas are inhabited by plants called halophytes (Myung,
2004). Compared to inland habitats, coastal salt marshes
contribute more to the preservation of national biodiversity as they are home to more species that have evolved to
adapt to hostile environments (Lee & Ignaciuk, 1985). Salt
marshes are known to be the most productive ecosystems
among uncultivated areas because of their diverse physical, chemical, and biological environmental factors. In
South Korea, large areas of salt marshes are developed on
the west and southern coasts. In particular, the west coast
is characterized by a great difference in sea level between
high and low tides. It includes a large intertidal zone and
a complex coastline, resulting in environmental conditions
suitable for various halophyte species (Lee et al ., 2019).
Halophytes can grow in areas with specific geographical requirements (Kim & Song, 1983; Lee et al ., 2019).
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There are 62 species of halophytes belonging to 21 families, 44 genera, 57 species, four mutants, and one variety
distributed throughout South Korea. Of them, 33 species
are distributed in sand dunes and 29 species are distributed in salt marshes (Shim et al ., 2009). Environmental
factors that can influence the distribution of halophytes
include soil salinity, duration and frequency of coastal
flooding, soil texture, and groundwater level (Hong et al .,
2015; Inoue & Washitani, 1989; Kim et al ., 2006; Lee &
Ignaciuk, 1985; Linthurst & Seneca, 1980; Ranwell, 1972).
Biological factors such as interspecific competition can
also influence this phenomenon (Buttery & Lambert, 1965;
Grace & Wetzel, 1981). Various environmental factors can
heavily influence ecological processes of halophytes and
determine the distribution and succession of salt marsh
communities (Disraelli & Fonda, 1979; Hinde, 1954; Snow
& Vince, 1984; Stevenson, 1954; Vogl, 1966). According
to previous studies, the influence of tidal movements and
the rise in sea levels caused by climate change can lead to
dynamic changes in the topography and coastline of South
Korea’s west coast (Cho et al ., 2001; Kim & Lee, 2011).
This can lead to changes in the growth environment of
halophytes that inhabit the area, which can consequently
affect biodiversity of the region. Because halophyte distribution patterns will change over time, it is necessary to
broadly review distribution changes of halophytes and soil
environment in their habitats to understand the correlation
between halophytes and habitat soil environment. In addition, comprehensive data are required to understand the
habitat environment of halophytes from an ecological point
of view and to explain ecosystem structure and distribution
characteristics of tidal flats and coastal salt marshes for
conservation and management of these habitats.
Therefore, the objective of this study was to analyze
environmental and ecological characteristics related to the
spatial distribution of halophytes by comparing and analyzing soil factors, seedling emergence rates, and changes
in existing vegetation over a five-year period from 2016 to
2020, focusing on the Hampyeong Bay located in Muan-

gun, Jeollanam-do, Korea. Purposes of this study are to
obtain systematic and scientific data by identifying distribution change characteristics of coastal halophyte commun
ities and to secure important basic data that could be used
for coastal wetland ecosystem conservation and management policies.

Materials and Methods
Study site
The Hampyeong Bay is located in the southern section of
the West Sea of the Korean Peninsula. It is a relatively large
bay with a maximum width of 12 km along the mainland
and a length of 17 km, forming a semi closed environment.
The entrance of the bay is located in the northwestern direction from the study site, with a maximum depth of 23 m.
Thus, it is especially narrow and steep.
The entrance of the bay and Hyeonhwa-ri, Hyeongyeongmyeon, Muan-gun (N 35°02’07.53’’, E 126°25’07.53’’) located in the center of the inner bay were selected as study
areas. The area in Hyeonhwa-ri is located in the innermost
part of the Hampyeong Bay with an intertidal zone width
of approximately 1.5 km. It has the widest distribution of
halophytes within the Hampyeong Bay and the highest
appearance rate of sand dune plants and coastal halophytes.
Changes of sedimentary facies in the coast are well known
due to the influence of tidal current, leading to a clear portrayal of changes in halophyte distribution (Fig. 1).
Analysis of soil factors
In the period from March to October 2016–2020, pH,
moisture content, organic matter content, salt concentration,
electrical conductivity, and texture of soils in the study area
were measured to determine soil factors in each community
appearing in the Hampyeong Bay. Soil analysis was conducted on Phragmites communis , Suaeda maritima, Zoysia sinica,
Limonium tetragonum , and Artemisia fukudo , the most representative communities.

Fig. 1. Map of the
study site. A: Location
of the study site; B:
Front view of the entire
Hampyeon g Bay; C:
Locations of quadrats
(1–7).
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For soil sampling, soils within 15 cm of depth were collected from halophyte communities at each point after
removing the organic material layer to eliminate fallen leaves
and foreign substances, followed by 1 cm of topsoil. Three
samples were collected from each point (five quadrats) twice
a month and brought to the laboratory where soil moisture
contents were measured. The rest of the soil was desiccated for two weeks, sieved through 2 mm pores, and used for
organic matter content measurement and subsequent soil
analysis.
To calculate soil moisture, moist soil samples (10 g) collected at each site were transferred to the laboratory and
immediately placed in weighing bottles, followed by measuring the weight before soil drying. After drying at 80°C in a
dryer for 48 hours, soil weight was measured again and the
moisture content was converted into a percentage based on
the difference in soil moisture content.
Organic matter content was calculated by placing 10 g of
dry soil in a crucible, heating it at 500°C for four hours in a
dryer, and measuring the difference in weight to determine
the amount of loss on ignition.
Soil acidity (pH), electrical conductivity (EC), and salinity were calculated by mixing 10 g of shade-dried soil with
distilled water at a 1:5 (w/w) ratio, followed by shaking
the mixture for 60 minutes. The mixture was then filtered
through a KFP filter paper. The pH, EC, and salinity were
then measured using a YSI 60 pH & temperature meter (YSI
pro30).
Soil texture was determined by sieving 50 g of shadedried soil through 2 mm, 500 µm, and 100 µm sieves. Soils
with sizes ranging from 2 mm to 0.05 mm were classified as
sand, while those with sizes below 0.05 mm were classified
as a combination of silt and clay.
Analysis of halophyte communities
To identify the vegetation in this survey area, vascular
plants were collected, categorized, and identified based
on the literature (Lee, 1996). The plant list classification
system used was based on the Engler system.
Halophyte community survey was conducted through
a field survey. A sample block was installed in the survey
area. Dominance and sociability were recorded according
to the vegetation survey method reported by Braun-Blanquet (1964) for all species and constituent species that
appeared within a 1 m x 1 m quadrat. A comprehensive
distribution chart was prepared according to the classification of communities. Seedling emergence rate was calculated as the percentage of the population at the time
of measurement to the maximum number of the year
(numbers of seedlings per month/maximum numbers of
seedlings of the year x 100) by measuring the number of
living individuals per unit that appeared in the 1m x 1m
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quadrat per month after selecting a homogeneous area
of five types of halophytes distributed in the salt marsh
of the survey area. For the distribution and area of vegetation, orthophotos were produced using aerial photographs and unmanned aerial vehicles (Drones_Mavic pro
model, DJI, Shenzhen, China) of the survey area. The existing vegetation map was produced and distribution areas for each community were calculated using the Quantum Geographic Information System (QGIS) program.

Results
Soil factors
Fig. 2 shows results of the analysis of soil factors based
on vegetation communities at the study site. The highest soil pH value of 6.9 was recorded for the Limonium
tetragonum community, followed by pH of 6.8 for Suaeda maritima and Artemisia fukudo communities, 6.7 for
the Zoysia sinica community, and 6.5 for the Phragmites
communis community. The highest moisture content was
20.7% for the Phragmites communis community, followed
by 14.4% for the Zoysia sinica community, 9.5% for the
Limonium tetragonum community, 8.0% for the Artemisia
fukudo community, and 7.0% for the Suaeda maritima
community. Organic matter contents were 1.6% and 1.5%
for Phragmites communis and Zoysia sinica communities,
respectively, and 1.3% and 1.2% for Limonium tetragonum and Artemisia fukudo communities, respectively. The
organic matter content was the lowest for the Suaeda
maritima community at 0.6%. The Phragmites communis
community showed the highest salinity of 10.0 ppt. Salinities of Zoysia sinica , Limonium tetragonum , Suaeda maritima , and Artemisia fukudo communities were 7.0 ppt, 4.4
ppt, 3.8 ppt, and 3.7 ppt, respecti vely. Similar to salinity
results, EC was the highest for the Phragmites communis
community, followed by those for Zoysia sinica , Limonium
tetragonum , Suaeda maritima , and Artemisia fukudo communities. The highest sand content was 78.0% recorded
for the Limonium tetragonum community, followed by
75.9% for the Suaeda maritima community, 72.6% for the
Artemisia fukudo community, 71.8% for the Zoysia sinica community, and 68.4% for the Phragmites communis
community.
Halophyte communities
Halophyte communities in this survey area were assessed and described using a synthesis table (Table 1)
according to the table manipulation method. The Phragmites communis community, Zoysia sinica community,
Suaeda maritima community, Zoysia sinica-Artemisia
fukudo community, and Artemisia fukudo community
were major dominant communities.
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Fig. 2. Physicochemical characteristics of soil by vegetation community in Hampyeong Bay, Korea (average values
from 2016 to 2020). Pc: Phragmites communis , Zs: Zoysia sinica , Sm: Suaeda maritima , Lt: Limonium tetragonum , Af:
Artemisia fukudo .
In 2016, plants in the Phragmites communis community
had a height range of 106–269 cm, a cover rate of 95%,
and an average number of species of 1.0. In 2020, these
plants had a height range of 155–220 cm, a cover rate
of 100%, and an average number of species of 1.0. This
community was developed on the edge of the coast where
freshwater was available near the coastal embankment.
In 2016, plants in the Zoysia sinica community had a
height range of 8–32 cm, a cover rate of 80%, and an average number of species of 2.0. Species that appeared in this
community were Zoysia sinica , Suaeda maritima , Artemisia
fukudo , Limonium tetragonum , and Atriplex gmelinii . In 2020,
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these plants had a height range of 15.5 cm to 23.5 cm, a
cover rate was 70%, and an average number of species of
2.3. Species that appeared in this community were Suaeda
maritima , Salsola komarovii , and Salicornia europaea .
In 2016, plants in the Suaeda maritima community had
a height range of 4–18 cm, a cover rate of 80%, and an
average number of species of 2.5. Species that appeared
in this community were Suaeda maritima , Zoysia sinica ,
Artemisia fukudo , Limonium tetragonum , Suaeda glauca , and Salicornia europaea . In 2020, these plants had an
average height range of 8.8 cm to 15 cm, a cover rate was
90%, and the average number of species of 2.3. Species that
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Table 1. Synthesis table of halophyte communities in the Hampyeong Bay, Korea
Community type*
Year
Average number of species

1
16
1.0

1
20
1.0

2
16
2.0

2
20
2.3

3
16
2.5

3
20
2.3

4
16
2.3

4
20
3.0

5
16
1.3

5
20
1.3

6
16
1.0

6
20
·

7
16
1.5

7
20
·

Differential species of community
Phragmites communis
Zoysia sinica
Suaeda maritima
Zoysia sinica-Artemisia fukudo
Artemisia fukudo
Limonium tetragonum
Suaeda glauca

5.5
·
·
·
·
·
·

5.5
·
·
·
·
·
·

·
5.5
2.2
·
1.1
+
·

·
4.4
+
·
1.1
·
·

·
1.1
5.5
·
+
+
+

·
·
4.4
·
+
·
·

·
3.3
+
4.4
2.2
+
·

·
2.2
·
4.4
1.1
·
·

·
1.1
+
·
3.3
·
·

·
1.1
+

·
·
+
·

4.4
·
·

3.3
·

·
·
·
·
·
·
·

·
+
·
·
·
·
2.2

·
·
·
·
·
·
·

Companions
Atriplex gmelinii
Salicornia herbacea
Salsola komarovii

·
·
·

·
·
·

+
·
·

·
+
+

·
·

·
·

·
·
·

·
·
·

·
·
·

·
·
·

·
·
·

·
·
·

+
·
·

·
·
·

*1: Phragmites communis Community, 2: Zoysia sinica Community, 3: Suaeda maritima Community, 4: Zoysia sinica-Artemisia fukudo
Community, 5: Artemisia fukudo Community, 6: Limonium tetragonum Community, 7: Suaeda glauca Community.

appeared in this community in 2020 were Suaeda maritima
and Artemisia fukudo . The distribution area of this community was centered around areas where sand was deposited
along the coast. This community was determined to be a
community of coastal salt marsh halophytes that develops
around sand dunes formed along the coast.
In 2016, plants in the Zoysia sinica-Artemisia fukudo
community had a height range of 8–65 cm, a cover rate of
70%, and an average number of species of 2.3. Species that
appeared in this community were Zoysia sinica , Suaeda maritima , and Limonium tetragonum . In 2020, these plants had
an average height range of 13.1 cm to 19.6 cm, a cover rate
was 70%, and an average number of species of 3.0. Species
that appeared in this community in 2020 were Zoysia sinica and Artemisia fukudo . This community was developed
around areas where sand marshes were formed along the
coast.
In 2016, plants in the Artemisia fukudo community had a
height range of 23–47 cm, a cover rate of 50%, and an average number of species of 1.5. Species that appeared in this
community were Artemisia fukudo , Zoysia sinica , and Suaeda
maritima . In 2020, these plants had an average height range
of 14.9 cm to 21.3 cm, a cover rate of 80%, and an average
number of species of 1.3. Species that appeared in this community in 2020 were Artemisia fukudo , Zoysia sinica , and
Suaeda maritima . This community was developed around
areas where sand marshes were formed along the coast.
The Limonium tetragonum community only appeared in
2016. Plants in this community had an average height of
10–29 cm, a cover rate of 30%, and an average number of
species of 1.0. Its companion species was Suaeda maritima .
This community appeared around areas where sand mars-
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hes were formed along the coast. Furthermore, this community of halophytes distributed in brackish water salt
marshes formed sloppy communities on low and high
tide level lines of the deposited sandy soil.
The Suaeda glauca community only appeared in 2016.
Plants in this community had an average plant height of
16–52 cm, a cover rate was 20%, and an average number of species of 1.5. Its companion species were Zoysia
sinica and Atriplex gmelinii . This community was centered around the dry terrain on the edge of the coastal
embankment. Furthermore, this community of halophytes
distributed in coastal salt marshes developed around dry
habitats on the lower bank of the coastline (where desalinization proceeded from the upper area of the high-water
line) and on the lower section of the embankment.
Germination rates
According to monthly investigations of germination
rates of dominant halophyte species in the Hampyeong
Bay in the period of 2016–2020, Suaeda maritima and
Artemisia fukudo had the highest germination rates in
May (91.8% and 88.1%, respectively), Zoysia sinica and
Phragmites communis had the highest germination rates
in June (92.1% and 88.5%, respectively), and Limonium
tetragonum had the highest germination rate in July
(84.4%) (Fig. 3). Suaeda maritima and Artemisia fukudo
had a rather early germination period. The tendency to
decline was greater in Suaeda maritima than in Artemisia
fukudo . Phragmites communis , Zoysia sinica , and Limonium tetragonum as perennial plants were found to proceed with later germination than Suaeda maritima and
Artemisia fukudo known as biennial plants.

223

Sang-Hak Han et al.

Fig. 3. Monthly changes in germination rates of halophytes
(average values for the period of 2016–2020). Pc: Phragmites
communis; Zs: Zoysia sinica ; Sm: Suaeda maritima ; Lt:
Limonium tetragonum ; Af: Artemisia fukudo .
Changes in vegetation
In 2016, our vegetation survey covered the distribution
of seven communities: Phragmites communis , Zoysia sinica , Zoysia sinica-Artemisia fukudo , Limonium tetragonum ,
Suaeda glauca , Artemisia fukudo , and Suaeda maritima .
The Suaeda maritima community was the most widely distributed one, accounting for 43.3% (6,128.5 m2) of the
total vegetation area (Table 2). In 2017, 284.0 m2 (2.0%
of the total vegetation area) of the Suaeda maritima-Limonium tetragonum community was newly formed in or
near the Suaeda maritima community. Other communities

showed no significant changes in their distribution areas.
In 2018, the narrowly distributed Suaeda glauca community (36.9 m2) disappeared, while the area covered by
Zoysia sinica community, which accounted for 20% of the
total vegetation area in 2016–2017, increased to 4,619.3
m2 (36.9%) in 2018 (Fig. 4).
The Suaeda maritima community accounted for
42.5% (6,128.5 m2) of the total vegetation area in 2017.
However, the area covered by this community decreased
dramatically to 23.6% (2,949.9 m2) of the total vegetation
area in 2018. The area covered by this community was
partially increased in the sand-deposited terrain adjacent
to seawater in the northern part of the study site.
However, it was decreased significantly in the southern
part of the study site. It also decreased in areas where it
competed with the Zoysia sinica community.
In 2019, the area covered by the Suaeda maritima
community that was distributed around the Zoysia sinica
community was gradually decreased. The area adjacent
to seawater on the northern part of the study site was
also largely decreased. Although the coverage area by the
Suaeda maritima community was further reduced in areas
where it competed with the Zoysia sinica community, its
coverage area on the southern part of the study site was
actually increased.
In 2020, areas covered by the Suaeda maritima
community on the southern part of the study site were
decreased, while these areas on the northern part were
increased, resulting in a slight overall increase in the total
area covered by this community. In the case of Limonium

Table 2. Area and ratio of vegetation in the study site of Hampyeong Bay (2016 – 2020)
Vegetatio

2016

2017

2018

2019

n*

2

2

2

2

Area (m ) Ratio (%) Area (m ) Ratio (%) Area (m ) Ratio (%) Area (m ) Ratio (%) Area (m2) Ratio (%)

Pc
Zs
Sm
Sm-Lt
Sm-Af
Zs-Af
Zs-Sm
Zs-Lt
Af
Lt
Sg
Total

3,092.3
3,024.1
6,128.5
0.0
0.0
1,479.1
0.0
0.0
298.1
93.8
36.9
14,152.8

21.8
21.4
43.3
0.0
0.0
10.5
0.0
0.0
2.1
0.7
0.3
100.0

3,092.3
3,024.1
6,128.5
284.0
0.0
1,479.1
0.0
0.0
298.1
93.8
36.9
14,436.8

21.4
20.9
42.5
2.0
0.0
10.2
0.0
0.0
2.1
0.6
0.3
100.0

2,532.3
4,619.3
2,949.9
272.9
0.0
1,057.5
170.5
229.1
602.5
80.9
0.0
12,514.9

20.2
36.9
23.6
2.2
0.0
8.4
1.4
1.8
4.8
0.6
0.0
100.0

2,825.6
4,696.7
2,439.0
887.3
143.7
798.0
34.1
236.5
572.4
43.9
0.0
12,677.3

2020

22.3
37.0
19.2
7.0
1.1
6.3
0.3
1.9
4.5
0.3
0.0
100.0

2,926.5
5,276.2
3,182.4
199.6
222.5
812.7
0.0
0.0
623.0
0.0
0.0
13,242.9

22.1
39.8
24.0
1.5
1.7
6.1
0.0
0.0
4.7
0.0
0.0
100.0

* Pc: Phragmites communis , Zs: Zoysia sinica , Zs-Af: Zoysia sinica -Artemisia fukudo , Zs-Sm: Zoysia sinica -Suaeda maritima ,
Zs-Lt: Zoysia sinica-Limonium tetragonum , Sm: Suaeda maritima , Sm-Lt: Suaeda maritima-Limonium tetragonum , Sm-Af:
Suaeda maritima-Artemisia fukudo , Af: Artemisia fukudo , Lt: Limonium tetragonum , Sg: Suaeda glauca .
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Fig. 4. Changes in vegetation coverage at the study site of
Hampyeong Bay (2016–2020). Pc: Phragmites communis ;
Zs: Zoysia sinica ; Zs-Af: Zoysia sinica-Artemisia fukudo ;
Zs-Sm: Zoysia sinica-Suaeda maritima ; Zs-Lt: Zoysia sinicaLimonium tetragonum ; Sm: Suaeda maritima ; Sm-Lt:
Suaeda maritima-Limonium tetragonum ; Sm-Af: Suaeda
maritima-Artemisia fukudo ; Af: Artemisia fukudo ; Lt:
Limonium tetragonum ; Sg: Suaeda glauca .

tetragonum community, which was distributed in small
areas, sand spits were found to have expanded twice, leading to destruction of this community. The covering area of
this community that was found to have expanded on the
southern part of the study site was also confirmed to be
destroyed as a consequence of this expansion (Fig. 5).

Discussion

https://doi.org/10.22920/PNIE.2021.2.4.219

According to our observations of changes in halophyte
vegetation in the study site over a five-year period, the
area covered by the Phragmites communis community remained stable, the area covered by the Zoysia sinica community was gradually increased, while the area covered
by the Suaeda maritima community was gradually decreased. In the meantime, narrowly distributed Limonium
tetragonum and Suaeda glauca communities disappeared.
Even in this short study period of five years, vegetation
in the Hampyeong Bay salt marsh underwent significant
changes.
The Phragmites communis community was distributed around the edge of the coastal line adjacent to land.
According to Jang et al . (2013), the physicochemical soil
environment of reed-dwelling areas has a combination
of mud, silt, and clay with high moisture content, high
soil salt concentration, and high organic matter content.
In the present study, soil salinity was found to be the
highest for the Phragmites communis community, which
seemed to be related to soil texture characteristics. When
the sand content in the soil is high, soil desalinization
often occurs due to freshwater inflow or precipitation
from the ground. However, when soil silt or clay content is high, it can have a contrasting effect with a poor
drainage, resulting in high salt concentrations (Lee et al .,
2009).
The Suaeda maritima community was distributed
around sand spits where sand was deposited due to frequent disturbances caused by external physical factors
such as typhoons and waves, rather than having distribution in coastal areas adjacent to land where its primary settlement would be difficult because Phragmites
communis and Zoysia sinica communities were already
dominant in these areas. Although the development of
main roots in early stages of plant growth was slow, the
development of lateral roots progressed rapidly with a
tendency to maintain stable settling in unstable subsoil
environments after April (Lee, 2005). The present study
also showed an average germination rate of 91.8% for
Suaeda maritima in May. This species was discovered
to be the fastest-germinating species among all plant
species in the area. In the same coastal salt marsh, species with earlier germination periods have an advantage
during interspecific competition (Fischer & Miles, 1973;
Ross & Harper, 1972). In the present study, Suaeda maritima appeared earlier than other plant species, including
Zoysia sinica and Artemisia fukudo , which was why it was
able to occupy the area earlier, providing it an advantage
for growth and development. This implied an ecological
significance of prematurely settling in the habitat (Harper,
1977; Mack & Harper, 1977). In addition, our analysis of
soil factors in areas inhabited by Suaeda maritima showed
the lowest organic matter and soil moisture contents, sug-
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Fig. 5. Photograph showing the loss of Limonium tetragonum (Lt) communities due to two consecutive expansions of
sand spits. Pc: Phragmites communis ; Zs: Zoysia sinica ; Zs-Af: Zoysia sinica-Artemisia fukudo ; Zs-Sm: Zoysia sinicaSuaeda maritima ; Zs-Lt: Zoysia sinica-Limonium tetragonum ; Sm: Suaeda maritima ; Sm-Lt: Suaeda maritima-Limonium
tetragonum ; Sm-Af: Suaeda maritima-Artemisia fukudo ; Af: Artemisia fukudo ; Lt: Limonium tetragonum ; Sg: Suaeda
glauca .
gesting that this species could grow under unfavorable
conditions with low levels of nutrients and moisture.
Therefore, compared to other plants, it has a higher
chance of early settlement in coastal salt marshes.
In contrast, in areas where Zoysia sinica and Suaeda
maritima were distributed together, the area covered by
Suaeda maritima was gradually decreased due to competition between these two species. This seemed to be
the result of difference in germination durability between them. The germination rate of Suaeda maritima
decreased dramatically after May (91.8%) (June: 52.3%,
July: 38.3%). However, the germinate rate of Zoysia sinica showed a slow decline (84.4% in May, 92.1% in June,
and 80.7% in July). Therefore, if these two species were
in a competitive relationship, habitat expansion would be
difficult for Suaeda maritima due to continuous competition between their seedlings.
Aerial photographs taken prior to this study showed
that sand spits on the northern part of the study site had
gradually expanded (Fig. 6). This indicated that the sand
transported by tides had been continuously deposited,
leading to an increase in the area inhabitable by plants (B-
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oyd et al ., 1992). In particular, Suaeda maritima , which
has adapted to early growth in coastal salt marshes, is expected to be the first one to settle in this area in the future. Contrarily, due to the influence of waves caused by
strong winds such as typhoons, sand can cover the habitat of plants that are already growing here. Thus, these
plants could be destroyed. Such phenomenon seemed to
have occurred for the Limonium tetragonum community,
which was narrowly distributed. Therefore, it can be concluded that tides and waves in coastal salt marshes are
important factors influencing the environment for halophyte growth.
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ABSTRACT
Iris dichotoma Pall. found on Daechung Island in Korea has been designated as an endangered species. To aid in conservation efforts
of this species, this study investigated its germination characteristics and seed dormancy type. Four sets of seeds were incubated at
different temperatures (4/1°C, 15/6°C, 20/10°C, and 25/15°C). One set of seeds was cold stratified (4 weeks at 4/1°C). The final germination rate and mean germination time showed that the optimal germination temperature was 25/15°C. Final germination rates
were ~70%, showing no significant difference among temperature treatments. However, mean germination time were significantly different among all temperature treatments except for 4/1°C. Mean germination time for seeds with temperature treatments of
15/6°C, 20/10°C, and 25/15°C were 3.2, 2.1, and 1.5 weeks, respectively. At 25/15°C, the mean germination time was half of that
at 15/6°C. Seeds of I. dichotoma had fully developed embryos at the time of dispersal. No additional growth of the embryo was observed. Cold stratification did not affect the final germination rate or the mean germination time. This study shows that seeds of I.
dichotoma have no physiological or morphological dormancy, unlike other members of the Iris genus known to have seed dormancy
that needs a relatively high incubation temperature (≥25/15°C) for mass propagation to occur. These results will be useful for understanding ecophysiological mechanisms related to the species’ habitat. They are also useful for mass propagation of I. dichotoma for
the purpose of conserving this endangered species.
Keywords: Ecophysiology, Final germination rate, Mass propagation, Mean germination time, Seed morphology

Introduction
External factors (such as habitat destruction, exploitation, and pollution) and internal factors (such as ecophysiological adaption, reproduction, and growth rates) are
associated with decreased biodiversity (Kang et al ., 2010).
According to International Union for Conservation of Nature (IUCN), 5,727 plant species and 3,325 plant species
were listed as endangered and critically endangered, respReceived June 25, 2021; Revised August, 6, 2021;
Accepted August 10, 2021
*Corresponding author: Nam Young Kim
e-mail skadud2@nie.re.kr
https://orcid.org/0000-0002-4196-8515

ectively, in 2020. In Korea, a total of 88 species were listed as endangered species in 2020, with 11 species listed
as endangered I and 77 listed as II (National Institute of
Biological Resources (NIBR), 2021). There are four endangered Iris species native to Korea. Among these, Iris dichotoma Pall. is an endangered species distributed on the
Daechung Island and islands off the west coast of Korea.
Presently, as this species and its habitat are restricted, ex
situ conservation is important to conserve I. dichotoma .
Research studies on its propagation and habitat restoration are warranted due to insufficient previous studies.
Propagation using seed germination provides a large
number of plant individuals at once. However, since each
species has different germination characteristics, further
research is needed. This is especially true for seeds that re-
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quire a specific environment during dormancy, e.g., cold
temperature or hormone treatment. Such seeds will not
germinate until particular conditions are met, even if they
are in a favorable environment (Finch-savage & Leubner-Metzger, 2006). Seed dormancy types are classified
into five main categories: 1) physical dormancy, 2) physiological dormancy, 3) morphological dormancy, 4) morphophysiological dormancy, and 5) combinational dormancy
(physical dormancy + physiological dormancy). These five
categories of seed dormancy are subdivided based on the
depth and pattern of dormancy (Baskin & Baskin, 1998;
Finch-savage & Leubner-Metzger, 2006). Seed dormancy
plays a decisive role in controlling germination timing and
adaption of seeds to natural environments (Geneve, 2003).
However, seeds of species in the same genus can exhibit
various types of dormancy and germination characteristics
(Hidayati et al ., 2000; Park et al ., 2019). In a research study
conducted by Park et al . (2019), four Lonicera species native to Korea showed different germination characteristics
and dormancy types under four temperature treatments,
although they were the same species native to different regions. Seeds of eight Veronica species native to Korea also
exhibited interspecific germination responses that varied
under identical temperature treatments (Song et al ., 2018).
Thus, classification of seed dormancy and investigation of
germination characteristics are needed to provide insight
into how each species adjusts to different natural habitats
(Park et al ., 2019).
In previous studies, seeds of species in the Iris genus
showed physiological dormancy. Such seed dormancy is a
typical characteristic of plant species native to the Northern
Hemisphere (Baskin & Baskin, 1998). Seeds with physiological dormancy can germinate when gibberellic acid concentration in seeds increases due to particular conditions, such
as a cold or a warm stratification treatment. Seed dormancy
of I. suaveolens Boiss can be broken via stratification treatments, especially with 2 weeks of cold followed by 6 weeks
of warmth (Hajyzadeh et al ., 2019). NaOH scarification and
stratification can effectively break seed dormancy and improve seed germination of I. lactea Pall (Sun et al ., 2006).
Although previous research has examined germination rates
of I. dichotoma and I. setosa Pall according to seed storage
method (Lee et al ., 2015), studies about seed dormancy
type of irises native to Korean seeds are insufficient.
Thus, the objective of the present study was to investigate germination characteristics under various temperatures
(4/1°C, 15/6°C, 20/10°C, and 25/15°C) and cold stratification treatment (4/1°C at 4 weeks). Seed morphology was
observed and seed dormancy was classified for I. dichotoma . Results of this study can improve our understanding
of seed ecophysiological mechanisms in a natural habitat.
They could be used for mass propagation of I. dichotoma .

230

Materials and Methods
Plant materials
This study was carried out at the Endangered Resources
Center in Yeong-yang, Korea. Fruits of I. dichotoma were
collected in 2020 from plants growing at the center’s greenhouse. These seeds were dehisced, and dried at an ambient
room temperature (~25°C) for 2 weeks, and then stored at 4°C
until further analysis.
Temperature treatments
To investigate seed germination characteristic and type of
dormancy of I. dichotoma , three replicates of 50 seeds were
placed in 10-cm-diameter Petri dishes on top of two sheets
of filter papers moistened with distilled water. All Petri dishes were sealed with Parafilm to prevent water loss during the
experiment. Temperature- and light-controlled multiroom
chambers were used in this study. These chambers were set
at 4/1°C, 15/6°C, 20/10°C, and 25/15°C, respectively. Cool
white florescent lamps were set to an alternating 12-h/12-h
light/dark photoperiod.
Germination investigation was carried out once per week.
Germinated seeds were removed from Petri dishes. Distilled
water was frequently supplied to Petri dishes to prevent
water loss. Rotten seeds were excluded from the calculation
of germination rate. Measured traits included final germination rate (FGR) and mean germination time (MGT). They
were calculated with the following equations:
FGR = (N/S) × 100
MGT = ∑(ti × n)/N
where N was the total number of germinated seed, S was
the total number of seed sown, ti was the number of days
from sowing, and n was the number of seeds newly germinated at time t.
Seed morphology
To investigate morphological characteristics, seed morphology characterization was carried out on June 8, 2021.
Iris seeds were incubated at 25/15°C. These seeds were
halved using a surgical blade (stainless blade; Feather Safety
Razor Co., LTD). Lengths of the embryo of each seed at dispersal and just before germination were measured using a
USB microscope (AD7013MZT Dino-Lite; AnMo Electronics
Co., Taiwan). The embryo–seed ratio (E:S ratio) was then calculated and compared.
Cold stratification
Cold stratification treatment was conducted to investigate its effect on seed germination. Seeds were placed in
10-cm-diameter Petri dishes on two filter papers moistened
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with distilled water. These seeds were stored in a chamber
set to 4/1°C with a 12-h alternating light and dark cycle for
4 weeks. They were moved to the chamber at 25/15°C after
4 weeks of cold stratification. Germinated seeds were counted every week and removed from Petri dishes. Distilled water
was frequently supplied to Petri dishes to prevent water loss.
Rotten seeds were excluded from the calculation of germination rate.
Statistical analysis
Statistical analysis software version 9.4 (SAS Institute
Inc., Cary, NC, USA) was used for all statistical analyses of
the data. Differences between mean FGRs of seeds under
four temperature treatments were assessed using Tukey’s
honestly significant difference tests. Differences between
E:S ratios of seeds at dispersal and just before germination were assessed using paired t-tests. Results with p
values < 0.05 were considered statistically significant.

Results and Discussion
Seed morphology
The seed morphology experiment showed that seeds
of I. dichotoma had fully linearly developed embryos at
dispersal (Fig. 1). This embryo type is well-presented in
gymnosperms, monocots, and dicots (Martin, 1946). E:S
ratios of seeds were 0.70 ± 0.03 and 0.75 ± 0.02 at dispersal and just before germination, respectively (Fig. 2).
There was no significant difference in the E:S ratio between dispersal and just before germination. In general,
seeds with underdeveloped embryos have morphological
dormancy or morphophysiological dormancy (Baskin
& Baskin, 1998; 2004). Seeds with morphological dormancy and morphophysiological dormancy will disperse
with underdeveloped embryos. Their embryos then show
additional growth until just before germination within
30 days. Seeds of I. dichotoma have no morphological
dormancy. Thus, they will germinate without additional
growth of the embryo within 30 days.

Fig. 1. Internal seed morphology of Iris dichotoma Pall.
Fully developed embryos at seed dispersal (A) and at just
before germination (B) are shown. pr, pericarp; sc, seed
coat; en, endosperm; em, embryo. Scale bars are 0.5 mm.
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Fig. 2. Embryo:seed ratio (E:S ratio) in the seeds of
Iris dichotoma Pall at seed dispersal and at just before
germination. The seeds of I. dichotoma were incubated
at 25/15°C. The vertical error bars represent SE (n = 10).
Each E:S ratio at dispersal and just before germination
was compared using paired t test.
Temperature treatments
At 15/6°C, seeds of I. dichotoma started to germinate
at 3 weeks after sowing. At 5 weeks after sowing, the
FGR of seeds was 81.3%. At 20/10°C, freshly matured
seeds started to germinate at one week after sowing. At
5 weeks after sowing, the FGR of seeds was 75.3%. At
25/15°C, seeds started to germinate at one week after
sowing. At 2 weeks after sowing, the FGR was 80.0% (Fig.
3). Its seeds did not germinate when they were incubated
at 4/1°C. Final germination rates showed no significant
differences among all temperature treatments except for
4/1°C. Seeds germinated within 2 weeks. According to
Baskin and Baskin (2004), seeds with physiological dormancy will not germinate within ~30 days even in an
optimal environment. To break the physiological dormancy, seeds need particular conditions, such as a cold or a
warm stratification, or treatment with germination-improving chemicals such as GA3, KNO3, and so on. Several
previous studies have reported that seeds of the Iris genus exhibit a typical physiological dormancy. They germinate when germination inhibitors are removed. They also
need optimal conditions of light, temperature, and so on
(Lashkarian et al ., 2012; Lee et al ., 2015). Seeds of I. lactea require NaOH scarification and cold stratification to
break dormancy and experience greater rates of germination than the control (Sun et al ., 2006). Combined alternate cold-warm stratification could effectively break the
seed dormancy of I. suaveolens (Hajyzadeh et al ., 2019).
In this study, however, seeds of I. dichotoma germinated
within 30 days after all temperature treatments except
for the treatment at 4/1°C. These results indicate that the
seeds of I. dichotoma have no physiological dormancy,
unlike other species of the Iris genus.

231

Hyeong Bin Park et al.

Thus, METs of seeds of I. dichotoma in laboratory and natural habitat can be predicted depending on MGT and the
temperature of the environment. In natural habitats with
relatively higher temperatures, seeds of I. dichotoma are
expected to germinate faster than in habitats with relatively
moderate temperatures. These results are helpful for mass
propagation of I. dichotoma for the purpose of restoration.

Fig. 3. Cumulative germination rate in seeds of Iris
dichotoma Pall at four various temperatures (4/1°C,
15/6°C, 20/10°C and 25/15°C). The vertical error bars
represent SE (n = 3). The different letters represent
statistically significant differences, as determined by
Tukey’s HSD tests (p < 0.05).
It is theorized that in the evolution of seed dormancy, morphological dormancy and morphophysiological
dormancy belong to the primitive dormancy class. Seeds
with morphophysiological dormancy evolved as nondormant seeds with larger embryo size and lost physiological
dormancy (Baskin & Baskin, 1998; FinchSavage & Leubner-Metzger, 2006; Nikolaeva, 2004). Therefore, nondormant seeds with fully developed embryo were hypothesized
to have more evolved seed physiological characteristics.
Thus, in this study, interspecific differences in seed dormancy type might have resulted from the evolution of seed
dormancy in the Iris genus.
Seeds of I. dichotoma showed different MGTs under
four temperature treatments (Fig . 4). MGTs of the seeds
at 15/6°C, 20/10°C, and 25/15°C were 3.2, 2.1, and 1.5
weeks, respectively. There were significant differences in
MGTs of these seeds under the four temperature treatments. As the temperature increased, the MGT decreased
significantly. The MGT at 25/15°C was twice as fast as that
at 15/6°C. MGT is not the only the parameter to predict the
rate of germination. Plant growth post germination (e.g.,
root length, stem length, etc.) is also predictive (Demir et
al ., 2008; Matthews & Hosseini, 2006). In particular, MGT
is highly correlated with mean emergence time (MET) and
higher temperature (Demir et al ., 2008; Demirkaya et al .,
2020). In maize (Zea mays L.), there was a high correlation
between MGT and MET. Root length was higher at lower
MGT (Matthews & Hosseini, 2006). In a study on seeds of
eight Veronica species native to Korea, MGT was found to
be decreased with a higher temperature (Song et al ., 2018).
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Fig. 4. Mean germination time of Iris dichotoma Pall
under four temperature treatments. The vertical error
bars represent SE (n = 3). The different letters represent
statistically significant differences, as determined by
Tukey’s HSD tests (p < 0.05). An asterisk (*) indicates that
no information was available for this field.

Fig. 5. Germination response of Iris dichotoma Pall
according to cold stratification treatment (4 weeks
at 4/1°C). The vertical error bars represent SE (n = 3).
The different letters represent statistically significant
differences, as determined by Tukey’s HSD tests (p < 0.05).
Cold stratification
Cold-stratified seeds of I. dichotoma started to germinate
at one week after the temperature was raised to 25/15°C. At
6 weeks after sowing, the FGR was 77.3%. There was no significant difference in the FGR be tween 0 week of cold stratification and 4 weeks of cold stratification (Fig . 5). Previous
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studies have shown that cold stratification can break physiological dormancy by removing germination inhibitors and
improve germination improving hormone concentration
(likely GA3). However, in the present study, the temperature experiment showed that seeds of I. dichotoma had no
physiological dormancy. Although cold stratification did not
enhance the FGR, the highest FGR was maintained during
cold stratification. The seed germination rate of I. dichotoma
was the highest when seeds were stored at 2°C for 60 days
among all treatments (Lee et al ., 2015). Therefore, in natural
habitats, seeds of I. dichotoma can disperse from October to
November. These seeds can become cold stratified in the soil.
As temperature increases in the following year, seeds can
germinate without a decrease in germination rate.
Conclusion
Results of this study demonstrate that seeds of I. dichotoma
have no seed dormancy, whereas seeds of other species in
the Iris genus have physiological dormancy. This interspecific
variation of seed dormancy in the same genus is considered
to be due to the evolution of seed dormancy. I. dichotoma is
considered to be a species that has differentiated or evolved
more recently compared with other species of the Iris genus
with seed dormancy. The FGR of I. dichotoma seeds was not
affected by temperatures, although temperatures did affect
MGT, which was the lowest at 25/15°C. In natural habitats,
seeds of I. dichotoma can disperse with fully linearly developed embryos from October to November. These seeds then
experience cold stratification in the soil. As temperature
increases in the following year, seeds can germinate without
a decrease in germination rate. Our results are helpful for
understanding seed ecophysiological adaptions and mass
propagation of I. dichotoma .
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ABSTRACT
This study investigated the impact of baseflow on fish community in the Ungcheon stream (16.5 km long) located downstream of
the Boryeong Dam, Korea. Based on field monitoring, there were five dominant fish species in the Ungcheon Stream accounting for
75% of the total fish community: Zacco platypus, Zacco koreanus, Tridentiger brevispinis, Rhinogobius brunneus , and Pungtungia
herzi . These five fish species were selected as target species. HydroGeoSphere (HGS) and River2D models were used for hydrologic and
hydraulic simulations, respectively. A habitat suitability index model was used to simulate fish habitat. To assess the impact of baseflow, each representative discharge was examined with or without baseflow. The HGS model was used to calculate baseflow within
the study reach. This baseflow was observed to increase gradually with longitudinal distance. Validation of the hydraulic model dem
onstrated that computed water surface elevated when baseflow was included, which was in good agreement with measured data, as
opposed to the result when baseflow was excluded. Composite suitability index distributions and weighted usable area in the study
reach were presented for target species. Simulations indicated that the baseflow significantly increased habitat suitability for the entire fish community. These results demonstrate that there should be a substantial focus on the baseflow for physical habitat simulation.
Keywords: Baseflow, Composite suitability index, Fish community, HydroGeoSphere model, Weighted usable area

Introduction
Baseflow in a waterway is defined as groundwater contribution to streamflow. Historically, baseflow and surface water have been perceived and managed as isolated
resources. A scientific understanding of the contribution
of baseflow to streams and watershed processes is critical
when addressing water policy and management issues.
Previous studies have emphasized the importance of
baseflow intrusion into aquatic ecosystem processes and
biodiversity in rivers (Beatty et al ., 2010; Malcolm et al .,
2004; Power et al ., 1999). Baseflow often influences the
surface channel and hyporheic zones that maintain stream
productivity, provide habitat availability, facilitate aquatic
species migration, and influence water quality (Malcolm et
al ., 2004; Power et al ., 1999; Vrdoljak & Hart, 2007). The
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degree of baseflow dependency is important to maintain
compositions and functions of aquatic ecosystems (Hatton
& Evans, 1998; Humphreys, 2006; Murray et al ., 2003).
At present, baseflow cannot be measured using direct
methods. As such, it is commonly estimated using a variety of indirect methods (Hall, 1968; Smakhtin, 2001;
Tallaksen, 1995). The conventional approach to assess
baseflow is typically based on the analysis of a hydrograph over a long-term period, such as the displacement
recession curve technique (Rutledge & Mesko, 1996),
curve-fitting method (Molugaram et al ., 2017), Water
Table Fluctuation (WTF) method (Healy & Cook, 2002),
hydrograph-separation method (Pettyjohn & Henning,
1979; Sloto & Crouse, 1996), the program PART (Rutledge,
1998), baseflow separation method (BaseFlow, BFlow)
(Arnold & Allen, 1999), and web Geographic Information
Systems (GIS)-based Hydrograph Analysis Tool (Lim et al .,
2005). There are several fundamental assumptions underlying these analysis methods. However, these assumptions
are not always correct. An alternative to these approaches
is the use of computational flow dynamics analysis. This
approach may be used to identify detailed mechanisms

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/bync/4.0), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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associated with the entire terrestrial portion of the hydrologic cycle (Hwang et al ., 2014; Therrien et al ., 2010).
Flow regulated by an upstream impoundment can
change the natural flow regime and alter surface and
sub-surface waters, which is extremely different from the
natural flow regime. Flow regimes might also be altered
through the pumping or extraction of surface water and
groundwater (Beatty et al ., 2010; Richter et al ., 1996;
Wills et al ., 2006). Of all environmental changes that occur from impoundments, changes to the flow regime can
disrupt habitat connectivity and freshwater biodiversity
in reaches downstream of these impoundments (Poff et
al ., 1997; Postel & Richter, 2003). Physical habitat simulations have been used to investigate the impact of these
environmental changes on aquatic ecosystems. They have
been largely applied to various environmental issues such
as river restoration (Booker & Dunbar, 2004; Im et al .,
2011; Moir et al ., 2005), the estimation of environmental
flows (Ceola et al ., 2018; Im et al ., 2018; Mcgregor et al .,
2018), and the impact of hydraulic structures (Boavida et
al ., 2015; Choi & Choi, 2018; Kang & Choi, 2018; Yi et
al ., 2014; Zolezzi et al ., 2011). However, the impact of
baseflow on both changes in stream flow and aquatic ecosystems has rarely been investigated. This is the rationale
underpinning the present study.
This study aims to investigate the impact of baseflow
on fish habitats downstream of an impoundment using
physical habitat simulation. The study area consisted of a
16.5 km reach downstream of the Boryeong Dam, Korea.
Results from fish monitoring showed that there were five
dominant fish species in the study reach: Zacco platypus , Zacco koreanus , Tridentiger brevispinis , Rhinogobius
brunneus , and Pungtungia herzi . The HydroGeoSphere
(HGS) model was used to optimize baseflow from the
seepage of groundwater into the river. Additionally, River2D and Habitat Suitability Index (HSI) model were used
for hydraulic and habitat simulations, respectively. Habitat
Suitability Curves (HSCs) of target species were constructed using the method described by Gosse (1982). The hydraulic model was validated by comparing the predicted
flow with measured data. Two habitat variables, flow
depth and velocity, were used in physical habitat simulations. Composite Suitability Index (CSI) and Weighted
Usable Area (WUA) under two scenarios, dam discharge (no
baseflow) and dam discharge with baseflow, were compared and discussed.

Materials and Methods
Study area and monitoring data
Fig. 1 illustrates the study area, a 16.5 km long reach
that is downstream from the Boryeong Dam, Korea. The
Ungcheon Stream is a tributary of the Geum River that
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extends from the dam to the closed estuary. The average
bed slope of the study reach is approximately 0.00369. This
reach is regulated by the Boryeong Dam. The dam was constructed in 1998. It has a total storage of 116.90 ×106 m3.
This dam has been releasing water to generate hydroelectric
power, accompanied by the intake of river flow for approximately one year. Its discharge rates for drought flow (Q355),
low flow (Q275), normal flow (Q185), and averaged-wet flow
(Q95) are 0.04, 0.51, 1.39, and 3.28 m3/s, respectively (Ministry
of Land, Transport and Maritime Affairs, 2011). Here, Qn
denotes the average flow discharge that is exceeded on n
days of the year.

Fig. 1. Study area.
Hydrologic and monitoring datasets for the study reach
were collected through government research and development projects for the period of 2007-2010 (Ministry of
Land, Transport and Maritime Affairs, 2011; Ministry of
Science and Technology, 2007). Monitoring data included information on the date, flow depth, velocity, substrate, and number of individuals. Fish monitoring in the
field was conducted using cast nets and kick nets within
the study reach. This monitoring found that there were
five dominant fish species in the study reach: Z. platypus
(31%), Z. koreanus (16%), T. brevispinis (15%), R. brunneus (8%), and P. herzi (5%). These species accounted for
75% of the total fish community within the study reach.
It is often assumed that distributions of fish species have
respective data prevalence. For this reason, these five fish
species were selected as the target species in this study.
Hydraulic and hydrologic simulation
The River2D model was used to simulate hydraulic conditions in the study reach. The model was developed by
Steffler and Blackburn (2002) at the University of Alberta
in Canada. The River2D model can solve two dimensional
(2D) depth-averaged hydrodynamic equations using the
finite element method (Steffler & Blackburn, 2002). The
continuity and momentum equations in the x-y horizontal plane can be expressed using Equations (1) to (3):
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where t is the time; x and y are stream-wise and transverse directions, respectively; H is the flow depth; U and
V are depth-averaged velocities in x -and y -directions,
respectively; q x (=HU ) and q y (=HV ) are respective unit discharges in x -and y -directions, respectively; S 0i and S fi are
the friction slope in x - and y -directions, respectively; g is
gravitational acceleration; p is water density; and T ij is the
horizontal stress tensor. The x and y components of the
friction slope were estimated using Equations (4) and (5):

where n was the Manning’s roughness coefficient.
The HGS mode was used for hydrologic simulation.
This model is an integrated surface water, variably saturated baseflow, and transport simulator developed by
Therrien et al . (2010). The HGS model is a three-dimensional (3D) control-volume finite element simulator
designed to simulate the entire terrestrial portion of the
hydrologic cycle (Hwang et al ., 2014; Therrien et al ., 2010).

Validation of the HGS model was performed using an
approach described by Hyun et al . (2017). To validate the
HGS model, various results such as groundwater depth
related to hydraulic conductivity, flow rate, and reservoir
water level were compared with measured data (Hyun et
al ., 2017). A steady-state model was investigated to estimate baseflow changes in the study reach. It was calibrated with field measurements. The simulated baseflow from
the HGS model was inputted into the River2D model to
analyze the flow depth and velocity.
Fig. 2 shows changes in discharge along the downstream direction. This figure plots two distributions for
different discharges such as the averaged dam discharge
(no baseflow) and the averaged dam discharge with baseflow. The dam discharge with the baseflow profile was
computed using the HGS model. Fig. 2 shows that in
general, the baseflow increases gradually with longitudinal distance. This figure also showed that although the volume and rate of baseflow changed from time to time, the
averaged release from the dam was maintained at all time
at approximately 2.66 m3/s. Baseflow is known to play an
important role in maintaining biodiversity, habitat connectivity, and ecosystem integrity in rivers (Beatty et al .,
2010; Danehy et al ., 2017; Hitchman et al ., 2018; Isaak et
al ., 2007).

Fig. 2. Longitudinal
distribution of discharge.
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Habitat simulation
The HSI model was used to perform habitat simulation for fish and benthic macroinvertebrates, in which the
model described the relationship between habitat variables and habitat suitability. The HSI model is a numerical
tool that can quantify habitats for target species, with HIS
ranging from 0 to 1 representing unsuitable and optimal
habitats, respectively (US Fish and Wildlife S ervice, 1981).
The HSCs for the target species were constructed using a
method described by Gosse (1982). We evaluated the HSI
model based on the range and distribution of the calculated suitability index. This method gives suitability index
values of 1.0, 0.5, 0.1, and 0.05 to the range of habitat variable (flow depth and velocity) that encompasses
50%, 75%, 90%, and 95% of the number of individuals,
respectively.
The WUA spatially integrates values of the HSI. It can
be computed with Equation (6):

WUA = ∑ j CSI j A j

(6)

where CSI j is the combined suitability index for velocity and flow depth (HSI v x HSI H ), and A j is the area of the
j -th computation cell. To calculate the WUA in Equation
(6), a multiplicative aggregation method was used with
two habitat variables (i.e., flow depth and velocity). The
stream substrate was excluded from the analysis as the
target species did not have a clear preference for a specific substrate (Choi & Choi, 2015; Hur et al ., 2011; Hur &
Seo, 2011; Yeom et al ., 2007).
Prior to performing physical habitat simulations, HSCs
for each target species were constructed using the method described by Gosse (1982). Results are shown in Fig.
3. These HSCs could later be used to predict CSIs using
the multiplicative aggregation method. The total number
of data points for the constructed HSCs was 2395. The
total number of monitored individuals was plotted in the
equally-divided range for each habitat variable in Fig. 3.
Table 1 summarizes the preferred range for each habitat
variable. Target fish species were grouped into three categories: (1) Z. platypus and R. brunneus known to prefer
runs; (2) Z. koreanus and P. herzi known to prefer riffles;
(3) T. brevispinis known to prefer pools (Hur et al ., 2011;
Hur & Seo, 2011). For target species that favored runs,
preferred ranges for flow depth and velocity were 0.15 –
0.30 m and 0 – 0.40 m/s, respectively. Preferred ranges
for flow depth and velocity for target species favoring riffles were 0.15 – 0.45 m and 0.00 - 0.25 m/s, respectively.
For the target species that favored pools, preferred ranges for flow depth and velocity were 0.35 – 0.70 m and 0
– 0.20 m/s, respectively. These preference ranges for each
type of hydraulic habitat demonstrated clear differences
in ranges applicable to flow depth and velocity.
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Table 1. Target species and their preferred ranges of physical
habitat variables
species

flow depth (m)

Velocity (m/s)

Remark

Zacco platypus

0.25 – 0.30

0.00 – 0.40

Run

Zacco koreanus

0.15 - 0.41

0.00 – 0.25

Riffle

Tridentiger brevispinis

0.35 – 0.70

0.00 – 0.20

Pool

Rhinogobius brunneus

0.15 – 0.25

0.18 – 0.40

Run

Pungtungia herzi

0.30 – 0.45

0.00 – 0.25

Riffle

Results and Discussion
Fig. 4 presents water surface elevation and velocity
distributions in the study area. Fig. 4(a) presents longitudinal distribution of water surface elevation with or without baseflow for the downstream direction. Distributions
for the water surface elevation on September 18, 2012
and June 04, 2013 were obtained and compared. The
water released from the dam had a volume flow rate of
21.3m3/s on September 18, 2012 and 11.2m3/s on June
04, 2013. For stage measurements, six stations located 2.92, 6.11, 9.17, 12.25, 14.46, and 15.56 km downstream from the Boryeong Dam were used. To measure
water surface elevation, radar water and air purge level
gauges were utilized. The predicted water surface elevation was averaged over the width. The river water intake
and groundwater were located between 3.2 and 11.4 km
downstream from the dam. There were five sites (namely Samgok, Subu, Subu-2, Nocheon, and Nocheon-3) for
water intake in the study reach, accounting for approximately 0.35 m3/s of water. The calibrated roughness coefficient for different field flow conditions and the proposed
Manning’s n range of 0.030-0.046 were adopted. Results
showed that the predicted water surface elevation without baseflow was underestimated compared to measured
data at 2.92, 14.46, and 15.56 km, but not underestimated compared to measured data at 6.11, 9.17, or 12.25
km. The averaged relative error between the predicted and
measured data was 8.16%. However, the predicted water
surface elevation when baseflow was included showed a
good agreement with the measured data. This indicated
that baseflow compensated the difference between dam
discharge and water intake in the river. Fig. 4(b) shows
computed distribution of the depth-averaged velocity on
June 4, 2013. Here, velocity distributions obtained from
the hydraulic simulation with and without baseflow were
compared. On June 4, 2013, the velocity ranged from 0.0
to 1.5 m/s at a dam discharge of 11.2 m3/s. Fig. 4(b) illustrates a general trend in which the velocity distribution is
lower than the velocity distribution with baseflow when
baseflow is excluded. This indicates that the inclusion of

PNIE 2021;2(4):235-246

Impact of Baseflow on Fish Community

Fig. 3. Habitat suitability curves for target
species; (A) Zacco platypus , (B) Zacco koreanus ,
(C) Tridentiger brevispinis , (D) Rhinogobius
brunneus , (E) Pungtungia herzi.
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baseflow can lead to significant improvements in predictions from the 2D flow model largely by reducing the
number of under- or over-predictions. Notably, these
results emphasize that the baseflow effect should be considered in hydraulic simulations. It is anticipated that the
baseflow and water extraction for human activities will
affect CSI and WUA for the target species.
To observe the model performance during validation,
Mean Absolute Percent Errors (MAPE) were calculated:

where H p and H m were predicted and measured flow
depths, respectively.
Fig. 5 shows the predicted versus measured flow Distributions of water surface elevation and velocity; (A) Longitudinal distribution of the cross section-averaged water
surface elevation, (B) Distribution of velocity. depths to

Fig. 4. Distributions of water surface elevation and velocity; (a) Longitudinal distribution of the cross sectionaveraged water surface elevation, (b) Distribution of velocity.
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validate the 2D flow model. In Fig. 5, the validation data
were sourced from Fig. 3. The 45-degree line indicated a
perfect agreement. Predicted flow depths with and without
baseflow are marked by open circles and crosses. MAPE
values for the two scenarios were 4.12% and 11.68%, respectively. This indicates that the 2D flow model can predict flow depths very accurately when baseflow is included.

Fig. 6. Dam discharge and dam discharge with baseflow.

Fig. 5. Predicted versus measured flow depth.
Fig. 6 shows dam discharge without baseflow and dam
discharge with baseflow in the study reach. The discharge
data in Fig. 6 consisted of observed and calculated values aligning to the dam discharge without baseflow and
dam discharge with baseflow, respectively, for 2015. Time
series data of the dam discharge were used as references.
Fig. 6 shows that the dam discharges 2.66 m3/s for both
hydroelectric power generation and water supply throughout the year. The dam discharge with baseflow was approximately 3.73 m3/s, which meant the total discharge
of inflow to Ungcheon Stream was 1.1 m3/s. Baseflow is
known to affect biodiversity and ecosystem integrity in
streams (Beatty et al ., 2010; Danehy et al ., 2017; Hitchman et al ., 2018; Isaak et al ., 2007). It is expected to
maintain habitat connectivity and suitability for the target
species.
Fig. 7 shows CSI distributions predicted by the HSI model
for dam discharge without baseflow and dam discharge
with baseflow. Combined with HSCs shown in Fig. 5, CSIs
for the target species were predicted using the multiplicative aggregation method. CSI ranges from 0 to 1, indicating the poorest and the most optimal habitat conditions,
respectively. Predicted CSI distributions were averaged
over the year. As shown in Fig. 7, CSI with baseflow was
significantly higher than that without baseflow. Interestingly, habitats for the target species were more widely
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distributed when there was a baseflow compared to those
when there was no baseflow. This was because the dam
discharge at the upstream end and the baseflow at each
node in the study reach were considered. R. brunneus
inhabits midstream and downstream reaches. They prefer
shallow water and high velocity. This means that when
baseflow is considered, the velocity increases, which improves the habitat suitability. For Z. platypus and Z. koreanus , their habitat suitability was high in the river bend.
Results also showed that habitat suitability was underestimated for these three target species because the flow
depth and velocity were in favorable ranges of these target species. However, for other species such as T. brevispinis and P. herzi , the overall habitat was not significant.
This is because they are lentic fish that prefer deep water
and low velocity. These results indicate that physical habitats of R. brunneus and T. brevispinis are the most and
least affected by the baseflow, respectively. These results
also highlight that baseflow has a significant effect on
habitat suitability and connectivity, consistent with findings from previous studies (Beatty et al ., 2010; Hitchman
et al ., 2018).
Fig. 8 presents changes in WUA with discharge for the
target species. Fig. 8(a) and 8(e) illustrate the WUA for
each species predicted with the conventional HSI model.
This prediction was based on HSCs shown in Fig. 5, the
CSI using the multiplicative aggregation method, and the
WUA for each target species. In general, the HSI model
without baseflow significantly under-estimated the WUA
when compared with the HSI model with baseflow. However, for each target species, discharges that yielded the
maximum WUAs were almost identical. The WUA with
baseflow was larger than that without baseflow, consistent with results shown in Fig. 7. Quantitatively, dam
discharge with baseflow increased the WUA by approximately 13.69%, 15.26%, 9.36%, 19.88%, and 10.98% for
Z. platypus , Z. koreanus , T. brevispinis , R. brunneus , and P.
herzi , respectively. This indicates that the effect of baseflow should be considered in the assessment of aquatic
habitat suitability, particularly for streams that are heavily
influenced by baseflow.
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Fig. 7. The CSI distributions for the target
species; (A) Zacco platypus , (B) Zacco koreanus ,
(C) Tridentiger brevispinis , (D) Rhinogobius
brunneus , (E) Pungtungia herzi .
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Fig. 8. Change of WUA with discharge; (A) Zacco
platypus , (B) Zacco koreanus , (C) Tridentiger
brevispinis , (D) Rhinogobius brunneus , (E) Pungtungia
herzi .
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Conclusions
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ABSTRACT
To understand restoration and conservation projects conducted in Korea for endangered freshwater fishes and amphibians/reptiles,
information about Request for Protocols-related studies on restoration, breeding, and release were collected. Trends of studies were
visualized via word clouds and VOSviewer program using a text mining technique. Analysis of restoration projects for endangered
freshwater fishes elucidated that most research studies conducted to date were focused on genetics and release through captive
breeding that could be classified into captive breeding and habitat environments. As for research projects related to amphibians/reptiles, monitoring projects had the highest number, followed by genetic, translocation, and monitoring studies. In addition, restoration
projects for amphibians/reptiles included a large number of post-capture translocation projects. Thus, many projects were confirmed
by public institutions rather than by the Ministry of Environment. Network analysis revealed that it was largely classified into capture, translocation, and Kaloula borealis . Based on these results, limitations, achievements, and challenges associated with projects
conducted thus far are highlighted. Research directions for future restoration and conservation of endangered freshwater fishes and
amphibians/reptiles in South Korea are also suggested.
Keywords: Conservation, Network analysis, Recovery, Restoration, VOSviewer, Word cloud

Introduction
Global biodiversity has been decreasing consistently due to various human-induced disturbances such as
climate change and indiscriminate development of infrastructure (Barbarossa et al ., 2021; Becker et al ., 2007;
Gibbons et al ., 2000; Halliday, 2021; He et al ., 2019). Up
to one million plant and animal species face extinction,
with many approaching it within the next few decades
(Tollefson, 2019). To prevent species extinction, the International Union for Conservation of Nature (IUCN) has
created a red list of threatened species, based on which
many countries have enacted laws on endangered species
(e.g., United States, Endangered Species Act; United KingReceived June 30, 2021; Revised September 30, 2021;
Accepted October 1, 2021
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dom, Wildlife Countryside Act; Canada, Species at Risk
Act ; Australia, Environment Protection and Biodiversity
Conservation Act). The Ministry of Environment (MOE) in
South Korea has also legislated the “Wildlife Protection
and Management Act” to prevent the extinction of wildlife by systematically protecting and managing wildlife
and their habitats, to maintain the ecosystem by promoting biodiversity, and to ensure a healthy natural environment in which wildlife coexists with human beings.
Amphibians are among the most endangered animals
in the world. Approximately 41% species face extinction
(IUCN, 2021). Freshwater fish are listed as the second
most endangered animals after amphibians. Global management strategies are urgently needed to protect them
(Bruton, 1995). The median extinction rate of freshwater
fish due to climate change conditions is projected to be
approximately 7% higher than the median background
extinction rate (Tedesco et al ., 2013). More than 7% of all
amphibians will become extinct within the next century
(Alroy, 2015). The Fish and Wildlife Service (FWS) in the
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United States has been conducting restoration for endangered species based on a species restoration plan that
incorporates both habitats and populations (US Fish and
Wildlife Service (USFWS), 2019; 2020; 2021). The MOE in
Korea has desi gnated 27 species of freshwater fish and
eight species of amphibians and reptiles as endangered
species for protection (MOE, 2017). Restoration projects
have been conducted to conserve their habitats and populations. The MOE in Korea has recently established a
master plan for endangered species restoration and emphasized the importance of habitat restoration.
Text mining is a tool for extracting significant information from atypical words. Extension of text mining and
knowledge discovery are possible (Fayyad & Smyth, 1996;
Simoudis, 1996). This tool was first suggested by Feldman
(Feldman & Dagan, 1995). It has been mainly applied to
analyze trends of certain study subjects or fields, such
as publishing, information technology, pharmaceuticals,
and healthcare. It is currently used in various study areas
(Bolasco et al ., 2005; Gupta & Lehal, 2009; Zhang et al .,
2015). Because most text mining tools provide visualized
results, they are effective in identifying changes and trends
of targeted studies. Text mining has also been used to
investigate current status of restoration studies for endangered species (Guerrero et al ., 2021; Wang et al ., 2021).
To achieve effective restoration of endangered freshwater fishes, amphibians, and reptiles, appropriate species-specific restoration plans are necessary. Such restoration plans should be prepared based on analysis of
pre-conducted restoration projects. Therefore, the aim of
this study was to analyze contents of Request for Protocols (RFP) of endangered species restoration projects for
freshwater fishes, amphibians, and reptiles announced by
national institutes or engineering companies using text
mining tools to identify changes in restoration trends in
Korea. Based on results obtained, outcomes, limitations,
and problems of restoration plans in Korea were determined and future directions for restoration strategies to
effectively conserve endangered species were suggested.

Materials and Methods
Data collection
We collected RFPs from 2002 to 2020 for endangered
freshwater fishes and from 2007 to 2020 for amphibians/
reptiles to understand restoration and conservation of
studies endangered freshwater fishes and amphibians/reptiles conducted in Korea. Data were retrieved from PRISM,
the Korea ON-Line E-Procurement system (http://www.
g2b.go.kr/), Policy Research Information & Management
(https://www.prism.go.kr/), ScienceOn, Science & Technology Infrastructure (https://scienceon.kisti.re.kr/), and Google search engine (https://www.google.com) were searched
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using “endangered freshwater fishes”, “endangered amphibians”, and “endangered reptiles”, as well as national
and scientific names of concerned endangered freshwater
fishes and amphibians/reptiles. Data related to restoration,
breeding, and release were chosen as secondary filters of
primary secured data to analyze restoration research and
conservation status by species for endangered freshwater
fishes and amphibians/reptiles. In this study, species-specific journal papers were excluded from the analysis to
determine aspects of restoration and conservation projects.
Data analysis
To understand research trends, we used the text mining technique. The title, content, and scope of the RFP
secured by animal taxa groups were translated into English and extracted to build a corpus for analysis. For the
analysis of the corpus, we used word cloud visualization,
a method mainly used in text mining. Network analysis
was performed between keywords in the corpus using the
VOSviewer program. Network analysis was performed between the keywords in the corpus, and the weighted and
density of the keywords were represented using network
visualization and a word density map to view the analysis
results.
A word cloud is a program that uses text mining techniques and visualization based on weights and frequencies of keywords, with higher frequencies presented with
larger font sizes. An online generator WordClouds.com
(Zygomatic, Netherlands) was used to create a cloud of
the corpus (WordClouds.com). VOSviewer 1.6.16 (Leiden
University, Netherlands) was used to visualize co-occurrence of keywords and to identify their connectivities. This
program builds a map using the VOS mapping technique
based on the co-occurrence of keywords and visualizes
it (Van Eck & Waltman, 2007). VOSviewer can construct
a two dimensional distance-based map of co-occurrence
keywords (Van Eck & Waltman, 2010). It is mainly used
when analyzing references due to its advantages of being
simple and convenient when expressing bibliometric maps
(Van Eck & Waltman, 2010).

Results
Trends of Endangered species recovery projects
Freshwater fishes
A total of 34 research projects related to the recovery
of endangered freshwater fishes were carried out from
2002 to 2020, showing an upward trend since 2010 (Fig.
1a). It was confirmed that most projects conducted to date
were mainly focused on genetic and release through captive breeding. Projects related to the recovery of endangered species were found to be increased after the Four
Major Rivers Project. The release of breeding individuals
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Fig. 1. Number of research projects presented year-wise. a) Freshwater fish; b) amphibians and reptiles.

Fig. 2. Proportions of study fields under the restoration projects conducted. a) Freshwater fish; b) amphibians and reptiles.
was resumed in 2018. There was no release in 2013 to
2017. For each species, breeding and restoration studies
were conducted on 15 of 27 endangered freshwater fish
species and 14 species were released into the wild (Table
S1). For research projects on freshwater fish recovery,
58.8% were projects on breeding only, 26.5% on genetic
diversity, 2.9% on monitoring, and 2.9% of projects on
both breeding and monitoring (Fig. 2a). Studies on habitat restoration and identification of the cause of habitat
destruction have not been conducted until recently. The
first study focusing on ecological characteristics and conservation of endangered species (Kichulchoia brevifasciata,
Gobiobotia macrocephala, Microphysogobio rapidus, and
Pseudobagrus brevicorpus ) was conducted in 2019. Project-related breeding was mainly carried out by the MOE.
The Ministry of Land, Infrastructure and Transport (MOLIT)

https://doi.org/10.22920/PNIE.2021.2.4.247

also placed an order for some projects during the Four
Major Rivers project. However, recovery projects were no
longer supported after completion.
Amphibians/Reptiles
A total of 31 research projects related to the recovery
of endangered amphibians and reptiles were carried out
from 2007 to 2020, with most projects being performed
in 2018 (Fig. 1b). Research projects on breeding were conducted on all eight endangered amphibian species (Table
S2). Regarding amphibian-related projects, monitoring projects showed the highest frequency (25.8%), followed by genetic projects (22.6%) and translocation and monitoring
projects (19.4%) (Fig. 2b). Regarding habitat restoration
projects, only one project was carried out for freshwater
fishes in 2019. However, two projects (“Restoration Work
of Pelophylax chosenicus’s habitat in Ansan Suin line” and
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“Restoration project of Ilwol Reservoir, the habitat of
Dryophytes suweonensis ”) related to habitat for endangered amphibians (P. chosenicus and D. suweonensis ) were
carried out. Additionally, recovery projects for amphibian/
reptiles included a large number of capture and translocation projects. Thus, a number of projects ordered by public corporations other than the MOE were confirmed.
Analysis of endangered species business contents
through text mining analysis
Freshwater fishes
Upon identifying the RFP related to restoration of
endangered freshwater fishes by word cloud, “release” was

found to have the highest frequency of 67, followed by
“breeding” and “captive” (identified 63 and 53 times,
respectively), while “habitat” and “genetic” were identified 43 and 39 times, respectively. In addition, words such
as “monitoring” and “restoration” exhibited a high frequency (Fig. 3a). Results of network analysis were similar to those using word cloud. It is broadly classified into
two groups: captive breeding and habitat environments.
Captive breeding showed strong relationships with release
monitoring, release, and restoration, while habitat environments were strongly related to environmental factors
(Table 1, Fig. 4).

Fig. 3. Word clouds of the most frequently used terms in a) freshwater fish restoration projects and b) amphibians
and reptiles restoration projects. Free online word cloud generator and tag cloud creator WordClouds.com. Retrieved
December 30, 2020 from https://www.wordclouds.com/.

Fig. 4. Visualization map of restoration projects for endangered freshwater fishes. a) Network visualization map based on
document-weights; b) density visualization map based on total link-weights.
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Amphibians/Reptiles
As a result of identifying the RFP related to restoration
of endangered amphibians/reptiles via word cloud, “habitat” appeared 117 times, “Kaloula borealis ” appeared 110
times, while “plan” and “monitoring” appeared 98 and 79
times, respectively. Additionally, “survey” and “breeding”
were performed 63 and 59 times, respectively (Fig. 3b). As
a result of network analysis, it was confirmed that it was
largely classified into three categories: capture, translocation, and K. borealis . With regards to capture, plan and
habitat showed strong relationships with each other. In
addition, relationships between translocation and release
were high. There was a link between K. borealis and the
management plan (Table 1, Fig. 5).

Discussion
To successfully restore endangered species, various fac-

tors such as ecology, genetics, habitat, distribution, impairment diagnosis, and monitoring should be considered
in tandem (Barnas et al ., 2015; Campbell et al ., 2002;
Jachowski & Singh, 2015; Lawler et al ., 2002; Moyle et
al ., 2003; Norris & Mcculloch, 2003). In addition, they
should be systematically applied to each restoration step
(Cochran-Biederman et al ., 2015). Projects conducted
for endangered species restoration in Korea were focused
on the development of captive breeding techniques for
various species (Fig. 2 and 3). As most projects ordered by
national institutes in Korea should be finished within the
fiscal year (normally end of December of a certain year),
tasks that can be achieved in short-term periods such as
captive breeding and release were mainly conducted. Such
biased restoration studies could result in decreased restoration efficiency. Restoration in the U.S. has shown the
same problem (U. S. Government Accountability Office,
2006). Until now, no restoration or recovery plans for species

Table 1. Top 5 keywords identified by network analysis using VOSviewer. Total link strength (TLS) attributes represent the
number of links of an item with other items (Links) and the total strength of the links between an item and other items
(Occurrences)
Freshwater Fishes
Keyword

Amphibians/Reptiles

TLS

Links

Occurrences

captive

59

17

17

release

39

17

9

Gobiobotia

41

14

water depth

36

14

substrate
composition

33

15

4

Keyword

TLS

Links

Occurrences

monitoring

68

13

13

capture

66

13

14

6

plan

66

13

16

4

habitat

64

13

15

wildlife

53

13

10

Fig. 5. Visualization map of restoration projects for endangered amphibians and reptiles. a) Network visualization map
based on document-weights; b) density visualization map based on total link-weights.
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have made reckless restoration. However, ineffectiveness
and duplicated expenses for restorations have frequently
occurred. Therefore, master plans and species recovery
plans with consistent release are urgently required to improve the effectiveness and stability of species restoration.
The main goal of restoration projects for freshwater
fishes was to augment captive breeding populations.
Therefore, studies on breeding techniques and genetic diversity have been mainly conducted. However, important
factors such as cause of degradation and habitat improvement were not considered at all, making it difficult to
find successful restoration, although the restoration was
conducted for more than 10 years (e.g., P. brevicorpus ).
Habitat-related plans for rehabilitation, conservation, and
improvement should be urgently prepared for species recovery. Additional captive breeding techniques for massive
breeding and supporting the entire life cycle (F1 → F2)
are still insufficient. Therefore, appropriate recovery plans
for freshwater fish species that account for all aforementioned information should be prepared in the near future
for systematic and successful restoration.
In most restoration projects conducted for amphibians
and reptiles, animals, especially K. borealis , were captured
and translocated due to land developments. However,
complete restoration studies with captive breeding are
insufficient, despite genetic diversity being highly mentioned. Although the development of captive breeding
techniques is important for species recovery and conservation, relatively fewer studies have been conducted for
amphibians as compared to those for freshwater fishes. As
ment ioned above, various factors related to restoration
should be considered simultaneously for successful restoration of a species. For the restoration of amphibians
and reptiles in Korea, factors such as the entire area of
restoration fields, ecology, captive breeding, and cause of
degradation among others should be considered as such
information will be helpful for preparing highly scientific
and professional recovery plans.
Endangered species restorations are normally conducted by national governments or institutes because most
restorations take a long time to reach their goal (Arha &
Thompson, 2012; Fischman et al ., 2018; Nagle, 2017).
Species restoration is a long-term project, which means
it requires a considerable budget. As a result, restoration
often becomes stagnant. In some cases, private companies
were supporting (e.g., Samsung Electronics, Eremias argus
in 2012; Hankook Tire, Pseudopungtungia nigra in 2018).
However, most of them were temporary. Most restoration
projects for endangered freshwater fish were supported by
MOE, except for some cases where projects were conducted by the MOLIT during the Four Major Rivers project.
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The MOE also supported restoration of amphibians and
reptiles for the development of breeding techniques.
However, capture and transportation projects were mainly
conducted by engineering companies. For the success of
restoration, securing the budget is an important aspect.
Therefore, discovery of budget support methods (procuring funds) supported by national institutes or engineering
companies is required. In the case of national natural
monuments (Cobitis choii , P. brevicorpus , and Mauremys
reevesii ), working with the Cultural Heritage Administration is highly recommended as it could improve the progress and effectiveness of the restoration process. It is also
recommended to secure compensation expenses when
land development is conducted in habitats for endangered
species under MOLIT & Housing Corporation.
Various factors can impact the successful recovery of
endangered freshwater fishes and amphibians/reptiles.
Systematization of projects is the most important factor
to consider. If the recovery is performed according to the
division of work for each institution and a restoration
plan is established through system composition such that
endangered species recovery can be carried out continuously, then complete recovery can be accomplished. In
addition, upon sufficient advancement of mass breeding
technology, achievement of efficient release through
natural adaptation training, and establishment of habitat
improvement guidelines via identification of causes of endangered species degradation, future recovery projects can
be expected to improve drastically. Furthermore, social
value of endangered species conservation and recovery
projects can be increased by establishing a public relation
plan and promoting citizen participation and awareness.
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Supplementary Table S1. List of restoration projects for endangered freshwater fishes
Projects title

Species

Organization

Year

Restoration project of Brachymystax lenok

BL

local cooperation 2020-2022(3yrs)

Research on the ecological characteristic and conservation of endangered
species

KB, GM, MR, PB

MOE

2019-2020(1yr)

Research on Current status and restoration of Acheilognathus somjinensis

AS

MOE

2018-2020(3yrs)

Research on the conservation plan for endangered freshwater fishes,
Microphysogobio rapidus and Pseudobagrus brevicorpus

MR, PB

MOE

2018-2019(1yr)

Genetic diversity of animal resources

RP, AS, I. Pumila, PP

MOE

2018(1yr)

Research on the breeding and restoration of Rhodeus pseudosericeus

RP

MOE

2017-2019(3yrs)

Research on the conservation plan of endangered freshwater fishes,
Pseudobagrus brevicorpus

PB

MOE

2017(1yr)

The study of ecological health of Naesong river for conservation and
restoration of endangered freshwater fishes

GN

MOE

2016-2017(10mths)

Research on the restoration and recovery of aquatic animal in inland waters

PB

MMAF

2016(1yr)

Research on the application of stem cell for breeding of endangered fishes

CC

MOE

2016(1yr)

Development of master plan for conservation of endangered freshwater fishes endangered freshwater fishes MOE

2015(1yr)

Mass release of fry Gobiobotia naktongensis for Restoration

GN

KWRC

2014-2016(2yrs)

Captive breeding project for conservation of Pseudobagrus brevicorpus in upper
flow of Baekgok Reservoir

CC

KRC

2014-2016(2yrs)

Monitoring of endangered freshwater fishes and Research of management plan
(2014)

KN, GM, GB, PT, TS

MOE

2014(1yr)

The Genetic and Genomic Evaluation of Indigenous Biological Resources

BL

MOE

2014(1yr)

2013 Breeding, Re-introduction and Monitoring of Endangered freshwater
fishes

KN, GM, GB, PT, TS

MOE

2013 (1yr)

The Genetic Evaluation of Important Biological Resources

I. pacifica

MOE

2013 (1yr)

The Genetic Evaluation of Important Biological Resources - Genetic Diversity
Research of Important Animal Resources-

AK, SM

MOE

2013 (1yr)

Research on the ex situ conservation of freshwater species

AS, MK

MAFF

2011-2012(2yrs)

Research on the breeding and restoration of endangered freshwater fishes

LO, PN, CC, KN, TS

MOE

2011-2012(1yr)

Research on the breeding and restoration of endangered fresh water fishes
(2011)

PB

MOE

2011(1yr)

The Genetic Evaluation of Important Biological Resources - '11 Genome
Research of Endangered species

LO, TS

MOE

2011(1yr)
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Species

Organization

PS

MEST

2011(1yr)

Research on the breeding and restoration of endangered freshwater fishes in 4
major river basins in Korea

GN, LR, GB, PT

MLTMA

2010-2012(3yrs)

Research on the breeding and restoration of endangered freshwater fishes from
4 major river in Korea

LO, TS

MOE

2010(1yr)

Breeding and restoration of endangered freshwater fishes from 4 major river
basins in Korea

GN, GB, PT

MLTMA

2010(1yr)

Research on the breeding and restoration of Pseudopungtungia nigra

PN, CC

MOE

2009-2010(1yr)

Breeding and Restoration of endangered freshwater fishes

PB, PN

MOE

2009-2010(1yr)

MOE

2009(1yr)

Projects title
Genetic analysis and research of major biological resource: Analysis of genetic
diversity in Endangered species

The Genetic Evaluation of Important Biological Resources -Genome and
Genetic diversity Research of Endanger and Endemic species -

OO, MR, CB, RS,
I. Pumila, KB, RP, AM

Year

Genetic analysis and research of major biological resources : For 16 Endangered
species

GN, LC, LR

MOE

2009(1yr)

Development project of Tanakia as aqua-pet

TS

MAF

2008(1yr)

Genetic analysis and research of major biological resources : 2008 : For 30
endangered species and endemic species

GB, MK, GM, PT, AS

MOE

2008(1yr)

Study of the genetic diversity, captive breeding and development of ecological
restoration technique for Endangered freshwater fishes, Pseudobagrus
brevicorpus

CC

MOE

2006-2009(3yrs)

Development of conservation, restoration and breeding technique for
endangered Korean endemic fishes

PB, PN, LO

MOE

2002-2005(3yrs)

MR, Microphysogobio rapidus; PB, Pseudobagrus brevicorpus; CC, Cobitis Choii; PN, Pseudopungtungia nigra; RP, Rhodeus pseudos ericeus; LO, Liobagrus
obesus; KB, Kichulchoia brevifasciata; GM, Gobiobotia macrocephala; KN, Koreocobitis naktongensis; GB, Gobiobotia brevibarba; PT, Pseudopungtungia t
enuicorpa; TS, Tanakia signifer; GN, Gobiobotia nakdongensis; LR, Lethenteron reissneri; MK, Microphysogobio koreensis; AS, Acheil ognathus somjinensis;
BL, Brachymystax lenok; I. Pumila, Iksookimia pumila; PP, Phoxinus phoxinus; OO, Odontobutis obscura; CB, Culter brevicauda; RS, Rhynchocypris
semotilus; AM, Acheilognathus majusculus; I. pacifica, Iksookimia pacifica; SM, Squalidus multimaculatus; LC, Lethenteron camtschaticum; AK,
Acheilognathus koreensis; PS, Pungitius sinensis
MOE, Ministry of Environment; MAF, Ministry of Agriculture and Forestry; MMAF, Ministry of Maritime Affairs and fisheries; Ministry of Agriculture,
fisheries and Food; KWRC, Korea Water Resources Corporation; KRCC, Korea Rural Community Corporation
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Supplementary Table S2. List of restoration projects for endangered amphibians and reptiles
Organization

Year

Establishment of conservation plan for Kaloula borealis in Anyang and execution service

GH

2020(1yr)

Capture, translocation and monitoring service of Kaloula borealis in Suwon Arboretum

Suwon-si

2020(1yr)

Capture, translocation and monitoring service of Kaloula borealis in Uiwang Gocheon

KLHC

2020(1yr)

Monitoring service report of the alternative habitat for Pelophylax chosenicus in Guseong District

KRCC

2019(1yr)

Molecular phylogeography, genetic diversity, and population genetic structure of Salamanders of the
genus Hynobius in the Northeast Asia

MSIT

2019(1yr)

Project report of breeding and conservation of Elaphe schrenckii

KNPS

2019(1yr)

Monitoring service of the amphibian in Multifunctional administrative city

KLHC

2018-2021(4yrs)

Bioinformatic analysis in large scale genomic data of Mauremys reevesii (and another 1 species) using
GBS technology

MOE

2018(1yr)

Capture, translocation and monitoring service of Kaloula borealis in Dangjin Daedeoksucheong
District

KLHC

2018(1yr)

Genetic diversity of animal resources

MOE

2018(1yr)

Capture, translocation and monitoring service of Kaloula borealis in Former Real Estate Gosaek 2
District

KRCC

2018(1yr)

Capture and translocation service of Kaloula borealis in Gwangju Station Area Urban Development
Project Pwanji District

Gwangju-si

2018(1yr)

Capture, translocation and monitoring service of Kaloula borealis in Hwaseong Byeongjeom
Complex Town

KLHC

2017-2020(3yrs)

Monitoring service report of Kaloula borealis in Boueong Park

K-eco

2017(1yr)

Capture, translocation and monitoring of Kaloula borealis in Nodeul Island

Seoul-si

2017(1yr)

Monitoring service of the alternative habitat of Kaloula borealis in Chungbuk Headquarters

KEPCO

2016(1yr)

Management and academic service of Kaloula borealis in Dalseong Wetland

Daegu-si

2016(1yr)

Research on the genetic diversity of endemic biological resource

MOE

2015(1yr)

Restoration Work of Pelophylax chosenicus habitat in Ansan Suin line

KWRC

2014(1yr)

Restoration project of Ilwol reservoir the habitat of Pelophylax chosenicus

KRCC

2014(1yr)

Breeding and restoration of Dryophytes suweonensis

MOE

2013-2014(2yrs)

Monitoring service for habitat of Kaloula borealis

MOD

2013(1yr)

Detail inspection of Endangered amphibian Kaloula borealis and Research on the improvement of
analysis after breeding and restoration project

MOE

2012(1yr)

Projects Name
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Organization

Year

The genetic evaluation of important Biological resource - Genomic research of endangered species

MOE

2010(1yr)

Capture, translocation and monitoring service of Kaloula borealis in Dangjeong Neighborhood Park

Gunpo-si

2010(1yr)

Research on the breeding and restoration of Mauremys reevesii

MOE

2009-2011(3yrs)

Developing Standard Rearing Protocols of Endangered Endemic Reptiles and the Study of their Basic
Ecology

MOE

2009-2011(3yrs)

Capture and translocation of Pelophylax chosenicus in National Institute of Ecology center

MOE

2009(1yr)

The genetic evaluation of important Biological resource -For 16 endangered species

MOE

2009(1yr)

The genetic evaluation of important Biological resource -For 20 endangered species

MOE

2007(1yr)

Monitoring of flora and fauna in Yeongjong City to protect bird and Kaloula borealis

KLC

2007(1yr)

Projects Name

MOE, Ministry of Environment; MEST, Ministry of Education, Science and Technology; MLTMA, Ministry of Land, Transport and Maritime Affairs;
KLHC, Korea Land & Housing Corporation; KLC, Korea Land Corporation; KNPS, Korea National Park Service; MSIT, Ministry of Science and ICT; K-eco,
Korea Environment Corporation; KEPCO, Korean electric power corporation; MOD, Ministry of National Defense
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Stable Carbon Isotope Signature of Dissolved
Inorganic Carbon (DIC) in Two Streams with
Contrasting Watershed Environments: A Potential
Indicator for Assessing Stream Ecosystem Health
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National Institute of Ecology, Seocheon, Korea
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ABSTRACT
We conducted a study to investigate the characteristics of the carbon cycle of two streams (located in Shig a Prefecture, Japan), having similar size, namely, the Adokawa stream (length: 52 km, area: 305 km2 , watershed population: 8,000) and the Yasukawa stream
(length: 62 km, area: 380 km2 , watershed population: 120,000), but with different degree of human activity. Samples were collected
from these two streams at 14 (Adokawa stream) and 23 (Yasukawa stream) stations in the flowing direction. The dissolved inorganic
carbon (DIC) concentration and the stable carbon isotope ratio of DIC (δ13C-DIC) were measured in addition to the watershed features
and the chemical variables of the stream water. The δ13C-DIC (-9.50 ± 2.54‰), DIC concentration (249 ± 76 µM), and electric conductivity (52 ±13 µS/cm) in Adokawa stream showed small variations from upstream to downstream. However, the δ13C-DIC (-8.68 ±
2.3‰) upstream of Yasukawa stream was similar to that of Adokawa stream and decreased downstream (-12.13 ± 0.43‰). DIC concentration (upstream: 272 ± 89 µM, downstream: 690 ± 37 µM) and electric conductivity (upstream: 69 ± 17 µS/cm, downstream:
193 ± 37 µS/cm) were higher downstream than upstream of Yasukawa stream. The DIC concentration of Yasukawa stream was significantly correlated with watershed environmental variables, such as, watershed population density (r = 0.8581, p<0.0001, n = 23),
and forest area percentage of the watershed (r = -0.9188, p<0.0001, n = 23). δ13C-DIC showed significant negative correlation with
the DIC concentration (r = -0.7734, p<0.0001, n = 23), electric conductivity (r = -0.5396, p = 0.0079, n = 23), and watershed population density (r = -0.6836, p = 0.0003, n = 23). Our approach using a stable carbon isotope ratio suggests that DIC concentration
and δ13C-DIC could be used as indicators for monitoring the health of stream ecosystems with different watershed characteristics.
Keywords: Dissolved inorganic carbon, Stable carbon isotopes, Streams, Stream ecosystem health, Watershed

Introduction
Stream ecosystems are dependent on the characteristics
and changes of the watershed environment. Studies have
been conducted to determine the effects of changes in
the watershed environment, especially the increase in human activity, on the river ecosystem (Clément et al ., 2017;
Li et al ., 2018; Yirigui et al ., 2019).
Received June 30, 2021; Revised October 7, 2021;
Accepted October 8, 2021
*Corresponding author: Chulgoo Kim
e-mail ecorest@nie.re.kr
https://orcid.org/0000-0001-8669-0580

Several evaluation methods, namely, the Bellan’s pollution Index (Bellan, 1967), the Saprobic Index (Zelinka &
Marvan, 1961), the Shannon-Wiener Index (Shannon &
Wiener, 1963), and the Index of Biotic Integrity (Clark et
al ., 2003) based on characteristics, such as, water quality
measurement (dissolved oxygen (DO), chemical oxygen
demand (COD), biological oxygen demand (BOD), pH,
and electric conductivity (EC)) and biological community
species composition, biomass, and production, are used
to investigate the status of stream ecosystems. However,
biological methodologies (e.g., diversity index and species
number), as well as chemical and physical approaches, are
insufficient for assessing the health of stream ecosystems
(An et al ., 1992; Karr, 1981).

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/bync/4.0), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Since the ecosystem metabolism is an integrated measure of the gross primary production and ecosystem respiration, the metabolic balance provides basic information
for understanding the overall ecosystem status (Young
& Matthaei, 2008). In a stream ecosystem, gross primary
production uptakes CO2 and releases O2 , whereas ecosystem respiration is a reverse process in principle. CO2 in
water exists in various forms, such as, HCO3- , CO32- , CO2, and
their compounds, depending on the pH condition, and
they are collectively known as dissolved inorganic carbon
(DIC). Therefore, in stream ecosystems, DIC is directly
related to biological photosynthesis and organic matter
degradation. However, the DIC concentration in stream
water can also be changed by chemical weathering and
degassing.
Information regarding which of these is the major
mechanism is estimated by determining the correlation
between the DIC concentration change and other accompanying variables. However, more direct information
can be obtained using the stable carbon isotope ratio of
DIC (δ13C-DIC) (Nagata & Miyajima, 2008). For example,
if photosynthesis, which is a biological process, is active
in the water body, the DIC concentration will decrease
and δ13C-DIC will increase (Finlay, 2004; Herczeg, 1987;
Hollander & KcKenzie, 1991; Quay et al ., 1986; Stiller &
Nissenbaum, 1999; Wang & Veizer, 2000). On the other
hand, it is expected that the DIC concentration will increase and δ13C-DIC will decrease in a respiration dominated waterbody (Atekwana & Krishnamurthy, 1998).
These are explained by the isotope fractionation in the
photosynthesis and respiration processes.
Rubisco enzyme fixes carbon in photosynthesis, adding
CO2 to a five-carbon compound to form a six-carbon sugar. The lighter carbon (12C) reacts faster in this kinetic reaction with bond formation and the kinetic isotope effect
is -29 per mill (Fry, 2006). Therefore, the kinetic isotope
effect increases δ13C value for DIC. However, the isotope
fractionation by respiration is very insignificant (Nagata
& Miyajima, 2008). Hence, δ13C of organic substances
used as a substrate for respiration is generally very low
(-25~-30‰) and δ13C of the decomposition product, DIC,
has a low value.
Increase in human activity in the watershed affects
streams in two ways, namely, nutrient pollution and organic pollution. In stream ecosystem dominated by nutrient pollution, active photosynthesis decreases the DIC
concentration and increases the δ13C-DIC. However, in
stream ecosystem dominated by organic pollution, active
respiration increases DIC concentration and decreases δ13
C-DIC.
Despite this theoretical establishment, variation patterns
of the δ13C-DIC values in actual streams are diverse and
complex. Previous studies have shown that in some cases,
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δ13C-DIC increased in the river flowing direction (Finlay,

2003; Telmer & Veizer, 1999) and decreased in some other
cases (Aucuor et al ., 1999), and these were mostly explained by the geological and hydrological characteristics
of the watershed (Aucour et al ., 1999; Das et al ., 2005;
Telmer & Veizer, 1999).
Furthermore, it has been shown that if artificial land
use (agriculture, urban) at the watershed increased, the
DIC concentration in the river would increase too (Barnes
& Raymond, 2009). Such an increase might be due to the
inflow of high concentrations of DIC in the watershed
or might be due to the inflow of organic matter, which
would accelerate organic decomposition in the river.
Therefore, in this study, we tested the suitability of
DIC concentration and δ13C-DIC values as indicators for
monitoring the health of stream ecosystems by analyzing
the watershed environment, water quality variables, and
the DIC concentration and δ13C-DIC values of the stream
water of two streams, namely, the Yasukawa stream and
the Adokawa stream, which have watershed environments
with contrasting artificial impacts.

Materials and Methods
Watershed status
This study was conducted at the Adokawa stream
and the Yasukawa stream, two river streams located in
the same river system with contrasting watershed environments. Adokawa stream has a length of 52 km and a
watershed area of 305 km2 , and Yasukawa stream has a
length of 62 km and a watershed area of 380 km2 . The
size of the two streams is roughly similar but the population size differs (8,000 and 120,000 people for the
Adokawa stream and the Yasukawa stream, respectively).
The research stations for each stream are shown in
Fig. 1. Field measurements and sampling were conducted at 14 stations for the Adokawa stream on May 28 and
29, 2004, and 23 stations for the Yasukawa stream on
September 27 and 28, 2004. We referred to Kobayashi et
al . (2009) for the geographic and demographic features.
Catchment area
Yasukawa stream was divided as upstream (St. Y1–Y7),
midstream (St. Y9–Y11), and downstream (St. Y12-Y23) with
catchment area ranges of 1.2–70 km2, 119–152 km2, 283–
380 km2, respectively. Adokawa stream was divided as
upstream (St. A1–A6), midstream (St. A7–A9), and downstream (St. A10–A14) with catchment ranges of 0.3–66
km2, 156–183 km2, and 281–305 km2, respectively (Table
S1, Table S2).
Yasukawa stream branches Y8’ (47.5 km2), Y15’ (11.2
2
km ), and Y18’ (23.4 km2) had catchment areas similar to
the upstream catchment area size, and Y13’ (117 km2) had
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Fig. 1. Map of study sites in
the Yasukawa stream and the
Adokawa stream draining the Lake
Biwa basin. Sampling stations
are indicated by solid circles (•).
Branches are indicated by a prime
added to the site code. Background
satellite image reproduced from
ESRI.

a catchment area similar to that of the midstream.
Adokawa stream branches had a catchment area similar
to that of the upstream.
Population density
The population density increased noticeably (0–321
people/km2) at Yasukawa stream along with the increase in
the flow distance, and three of the four branches, excluding Y8’ (67 people/km2), showed high population densities,
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similar to that of the downstream watershed (198–540 people/km2) (Table S1, Table S2). On the other hand Adokawa
stream, including the branches, showed a decreasing trend
in the downstream direction (4–43 people/km2) (Fig. 2).
Land use
The forest percentage along the Yasukawa stream
watershed significantly decreased, following this order,
upstream (90.9 ± 3.6%), midstream (78.6 ± 5.0%), and
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downstream (61.0 ± 1.8%) (Table 1, Fig. 3), but, the urban
and rice field percentages increased (Table 1). Branches
Y8’ (80.8%) and Y15’ (78.3 %) showed forest percentages
similar to the upstream and midstream watershed, respec

tively. Y13’ (54.0%) and Y18’ (41.4%) showed the highest urban (Y13’ = 6.6%, Y18’ = 10.1%) and rice field (Y13’
= 27.2%, Y18’ = 27.5%) percentages among all stations
(Table S1).

Fig. 2. Longitudinal changes of
watershed features in the Adokawa
and Yasukawa streams.
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Table 1. Summary of environmental variables in the Yasukawa and Adokawa streams. Variables are averaged for the Total
(T), upstream (U), midstream (M), downstream (D), and branch (B) sites of each stream in order to examine downward
trends. C.A.: catchment area (km2); P.D.: population density (Peop./km-2); EC: electric conductivity (µScm-1); DIC: dissolved
inorganic carbon in stream water (µM); δ13C-DIC: carbon stable isotope ratio of dissolved inorganic carbon (‰). C.A. and P.D.
data from Kobayashi et al . (2009)
C.A.

P. D.

(km2)

(Peop.
(km- 2)

Forest

Rice
Field

Urban

Yasu
kawa

T
Y1~Y23
U
Y1~Y7
M
Y9~Y11
D
Y12~Y23
B Y8’,Y13’,Y15’,Y18

1.2-380
1.2-70
119-152
283-380
11-117

0-321
0-34
52-96
205-321
67-540

72.8±15.8
90.9±3.6
78.6±5.0
61.0±1.8
63.6±19.1

12.1±9.3
1.1±1.6
8.8±2.8
19.4±0.3
17.1±11.8

3.7±2.9
0.4±0.5
2.2±0.5
5.8±0.6
5.6±3.6

Ado
kawa

T
U
M
D
B

0.3-305
0.3-66
156-183
281-305
1.8-78

4-43
31-43
20-23
22-25
4-43

96.6±2.6
97.1±2.6
95.9±0.5
92.7±1.2
97.1±2.6

0.02±0.01
0.01±0.01
0.01±0.00
0.03±0.00
0.01±0.01

0.36±0.22
0.27±0.16
0.30±0.06
0.62±0.09
0.21±0.22

Stream
name

Zone

Sites No.

A1-A14
A1-A6
A8, A9
A11-A14
A5’,A7’,A10’

Land cover (%)

EC

DIC

δ13C-DIC

(µScm-1)

(µM)

(‰)

8.0±0.6
7.9±0.2
8.0±0.2
8.2±0.9
7.8±0.5

151±90
69±17
129±14
193±37
215±166

546±208
272±89
553±109
690±37
696±151

-10.80±2.03
-8.68±2.3
-10.95±1.21
-12.13±0.43
-11.42±1.39

7.4±0.4
7.3±0.6
7.4±0.1
7.5±0.1
7.3±0.1

52±13
47±20
55±0.1
59±0.6
47±12

249±76
246±120
278±1
277±2
199±56

-9.50±2.54
-10.47±3.77
-9.31±0.13
-9.60±0.14
-7.87±2.68

pH

Fig. 3. Box plots of longitudinal changes
of watershed features in the Adokawa and
Yasukawa streams.
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The forest percentage at the Adokawa stream watershed was highest (96.6 ± 2.6%), and the percentages rice
field (0.02 ± 0.01%) and urban (0.36 ± 0.22%) activities
were similar or less than those upstream of the Yasukawa
stream (Table 1, Fig. 3).
On-site measurement of chemical variables

All chemical variables excluding the DIC were measured
by Kobayashi et al . (2009). DIC concentrations were measured with a TOC-5000A total organic carbon analyzer
(Shimadzu) (Kim et al ., 2006; Maki et al ., 2010).
The δ13C values of DIC were determined using the
headspace equilibration method, using an online system
consisting of a gas chromatograph (GC-6890, Thermo Fis-

Fig. 4. Longitudinal changes of environmental
variables in the Adokawa and Yasukawa streams.
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her), combustion furnace (Combustion III, Thermo Fisher),
and isotope ratio mass spectrometer (252, Finnigan MAT)
(Maki et al ., 2010; Miyajima et al ., 1995).
Isotope ratios were obtained relative to a high-purity CO2 reference gas and were determined in standard δ
notation as the difference in parts per thousand (‰) rela-

tive to international standards (Pee-Dee Belemnite):
δX = [(Rsample/Rstandard)-1] × 103,

13

where, δ X is δ13C, and Rsample and Rstandard are
C/ C ratios of the sample and the standard, respectively
12

Fig. 5. Box plots of longitudinal changes of
environmental variables in the Adokawa and
Yasukawa streams.
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(Maki et al ., 2010; Miyajima et al ., 1995).

In all sections of the Adokawa stream, a low DIC concentration (249 ± 76 µM) was recorded, similar to that of Yasukawa stream upstream (272 ± 89 µM).

Results
Chemical variables of stream water
pH
From the Yasukawa stream, it was observed that pH increased following this order: upstream (7.9 ± 0.2) < midstream (8.0 ± 0.2) < downstream (8.2 ± 0.9), but there was
no significant difference (Fig. 4, Fig. 5, Table 1). In Adokawa
stream, the difference in pH (7.4 ± 0.4) between stations
was smaller than in Yasukawa stream (Fig. 4, Fig. 5, Table 1).
EC
EC is widely used as an indicator of the effects of human
activities. EC in the Yasukawa stream significantly increased
in the direction of upstream (69 ± 17 µS/cm), midstream (129
± 14 µS/cm), and downstream (193 ± 37 µS/cm) (Fig. 4, Fig.
5, Table 1), whereas, in the Adokawa stream, low EC level (52
± 13 µS/cm) was maintained, similar to that of Yasukawa
stream upstream (Fig. 4, Fig. 5, Table 1).
DIC
The DIC concentration in Yasukawa stream significantly
increased (Fig. 5) in the following direction: upstream (272
± 89 µM) < midstream (553 ± 109 µM) < downstream (690
± 37 µM). However, Y18’ showed the highest value (885
µM).

δ13C-DIC

In the Yasukawa stream, δ13C-DIC significantly decreased
in the following direction: upstream (-8.68 ± 2.3 ‰) > midstream (-10.95 ± 1.21 ‰) > downstream (-12.13 ± 0.43 ‰).
In all sections of Adokawa stream, low δ13C-DIC level (-9.50
± 2.54 ‰) was recorded, similar to that of Yasukawa stream
upstream (-8.68 ± 2.3 ‰).
Correlation analysis
Catchment area vs. other variables
The catchment areas at each station of Yasukawa stream
and Adokawa stream were positively correlated with the
percentages of rice field and urban activities, and negatively
correlated with the percentage of forest. When the mainstream data of Yasukawa stream only were analyzed, the
population density, EC, and DIC were positively correlated
with catchment area, and negatively correlated with δ13CDIC. Theses correlations increased further when Y1 was excluded (Table 2, Table S3).
In the case of the Adokawa stream, catchment area of the
mainstream data was positively correlated with the percentage of rice field and negatively correlated with the percentage of forest at a significant level (Table 2, Table S4).

Table 2. Results of correlation analyses of the relationships between watershed features and environmental variables in the
Yasukawa and Adokawa streams. Significantly correlated variables were collected (p<0.001). Abbreviations as in Table 1.
Total data
Yasukawa stream
positive correlation
C.A. (km2)
P. D. (Peop.km- 2)
EC (µScm- 1)
DIC (µM)
13
δ C-DIC (‰)

Rice filed, Urban
Rice filed, Urban
P.D., Rice field, Urban, DIC
P.D., Rice field, Urban, EC
Forest

Adokawa stream

negative correlation

positive correlation

negative correlation

Forest
Forest
Forest
Forest
P.D., Rice field, Urban, DIC

Rice filed, Urban
pH
pH, EC
-

Forest
-

Mainstream data
Yasukawa stream
positive correlation
C.A. (km2)
P. D. (Peop.km- 2)
EC (µScm- 1)
DIC (µM)
δ13C-DIC (‰)
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P.D., Rice filed, Urban, EC, DIC
C.A., Rice filed, Urban, EC, DIC
C.A., P.D., Rice field, Urban, DIC
C.A., P.D., Rice field, Urban, EC
Forest

negative correlation
Forest, δ13C-DIC
Forest, δ13C-DIC
Forest, δ13C-DIC
Forest, δ13C-DIC
C.A., P.D., Rice field, Urban,
EC, DIC

Adokawa stream
positive correlation

negative correlation

Rice filed
pH, DIC
pH, EC
-

Forest
-
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Population density vs. other variables
The population densities at each station of the Yasukawa
stream were positively correlated with the percentage of
rice field and urban activities, and negatively correlated with the percentage of forest. When the mainstream
data of the Yasukawa stream only were analyzed, the
catchment area, EC, and DIC were significantly correlated to the population density, and the correlations further
increased when Y1 was excluded. In this case, in addition
to the percentage of forest, δ13C-DIC also became a variable with a negative correlation (Table 2, Table S3).
In the case of the Adokawa stream, population densities were not significantly correlated to the other variables
(Table 2, Table S4).
EC vs. other variables
The EC at each station of the Yasukawa stream were
positively correlated with the population density, DIC,
percentages of rice field and urban activities, and negatively correlated with the percentage of forest. When the
mainstream data of the Yasukawa stream only were analyzed, the catchment area was significantly correlated to
the EC, and the correlations increased further when Y1
was excluded. In this case, in addition to the forest percentage, δ13C-DIC also became a variable with a negative
correlation (Table 2, Table S3).
In the case of the Adokawa stream, only pH was significantly positively correlated with EC (Table 2, Table S4).
DIC concentration vs. other variables
The DIC at each station of the Yasukawa stream was
positively correlated with the population density, EC, the
percentage of rice field and urban activities, and negatively correlated with the percentage of forest. When the
mainstream data of the Yasukawa stream only were analyzed, the catchment area have a significant correlation
with DIC, and the correlations increased further when Y1
was excluded. In this case, in addition to forest percentage, δ13C-DIC also became a variable with a negative correlation (Table 2, Table S3).
In the case of Adokawa stream, pH and EC were significantly positively correlated with EC (Table 2, Table S4).
δ13C-DIC vs. other variables
The δ13C-DIC at each station of the Yasukawa stream

was positively correlated with the forest percentage, and
negatively correlated with the population density, DIC,
the percentage of rice field and urban activities. When the
mainstream data of the Yasukawa stream only were analyzed, the catchment area also became a variable with a
negative correlation (Table 2, Table S3).
In the case of the Adokawa stream, δ13C-DIC was not
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significantly correlated to other variables (Table 2, Table
S4).

Discussion
The DIC concentration and isotope ratio in the flow-direction of a stream can be altered by different mechanisms, such as, air-water CO2 exchange, kinetic isotope
effect of CO2 dissolution, isotope conversion and equilibrium with CO2 , CO2 consumption by photosynthesis, and
CO2 generation by respiration (Nagata & Miyajima, 2008).
In the present study, the DIC concentration between
Y1 and Y2 increased, and δ13C-DIC sharply increased
because of the CO2 evasion mechanism of CO2 over-saturation due to high CO 2 in the soil. The δ13C of dissolved CO2 was ≥ 8 per mill lower compared to the co
-existing HCO3- . Therefore, the δ13C of the residual DIC
increased due to the degassing of dissolved CO2 (Nagata
& Miyajima, 2008). This phenomenon was also confirmed
in the change between A1 and A2, the uppermost stations
of the Adokawa stream.
On the other hand, the change in the DIC concentration was insignificant between Y3 (271.4 µM) and Y4
(263.7 µM), and between Y5 (324.2 µM) and Y6 (334.7
µM), but, δ13C-DIC increased. This is likely because of the
isotope fractionation caused by the active photosynthesis between these stations. Kobayashi et al . (2009) reported that the concentration of chlorophyll a in epilithon at
these stations increased more rapidly at Y4 (0.792 µg cm-2)
and Y6 (2.366 µg cm-2) compared to Y3 (0.263 µg cm-2)
and Y5 (2.573 µg cm-2), respectively, implying a relatively
more active photosynthesis.
However, while the overall DIC concentration increased
in the river flowing direction in the Yasukawa stream,
δ13C-DIC showed an inversely proportional decreasing
trend (Fig. 2, Fig. 6). Furthermore, the DIC concentration
was significantly positively correlated with the BOD and
DOC concentrations (Fig. 7) due to active respiration of
living organisms in the stream water. The δ13C of CO2 generated by respiration was almost identical to the δ13C-DIC
of carbon that constituted organic matter, which became
food, or decaying organic matter, and generally had a
value between -25 and -30 per mill (Clark & Fritz, 1997;
Nagata & Miyajima, 2008).
Therefore, as shown by the high level of correlations
with the population density, land use, EC, BOD, and DOC
in the watershed, the increase in human activity in the
watershed led to an increase in the supply of organic
matter to the stream. δ13C-DIC demonstrated a possibility
that the DIC concentration could have increased because
of actively decomposing them.
However, as shown by Kobayashi et al . (2009) in a study
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Fig. 6. Relationship between the DIC concentration and
carbon stable isotope ratio of DIC (δ13C-DIC).

produced by the decomposition of autochthonous organic
matter theoretically offset each other, the net increase in the
DIC would be due to the decomposition of allochthonous
organic matter in addition to autochthonous organic matter.
However, in the Adokawa stream, there was almost no
change in the DIC concentration and δ13C-DIC in the river flowing direction. Furthermore, the DIC concentration
showed no significant correlation with the BOD and DOC
concentrations (Fig. 7). The Adokawa stream showed very
little changes in population density, land use, and EC in
the flowing direction of the stream, which might explain
the negligible effects of human activity in the watershed.
Consequently, there was almost no change in the DIC concentration and δ13C-DIC (Fig. 6).
It is interesting to note that DOC and BOD concentrations
showed a significant positive correlation in the Yasukawa
stream (r2 =0.60, p<0.0001, n=23), whereas in the Adokawa
stream, this was not the case (r2 =0.04, p<0.50, n=14) (Fig. 8).

Fig. 8. Relationship between the DOC and BOD concentration.

Fig. 7. Relationships between the organic matter (DOC,
BOD) and DIC concentration.
which investigated nutrient pollution (nitrogen and phosphorus inventories) and organic pollution (DOC, BOD) by comparing the upstream and downstream of the Yasukawa stream,
there was no clear evidence which proved that organic
matter used in respiration inside the stream was derived
from other sources due to the organic pollution or that
the organic matter produced was related to nutrient pollution. Nevertheless, since the DIC consumed during the internal
production process by the nutrient pollution and the DIC
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In addition, in the Yasukawa stream, both BOD (r2=0.31,
p<0.05, n=23) and DOC (r2=0.71, p<0.0001, n=23) showed
a significant positive correlation with DIC, whereas in the
Adokawa stream, this was not the case (BOD: r2=0.13,
p<1.752, n=14; DOC: r2=0.04, p<0.54, n=14) (Fig. 7).
This is because labile organic matter contributed to the
increase of organic matter in the Yasukawa stream, which was
significantly affected by human activities, but in the Adokawa
stream, where the percentage of forest was significant, refractory organic matter contributed to the increase in DOC.
In stream ecosystems, the impacts of the watershed might
change quantitatively and qualitatively in the flowing direction of the stream. Nevertheless, the metabolism is in equilibrium in the ecosystems that stably accommodate environmental changes of watersheds. In other words, gross primary
production and ecosystem respiration are in equilibrium at
the ecosystem level, and as shown in the case of the Adokawa
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stream, the variation range of DIC concentration and δ13C
-DIC remained stable. On the other hand, as shown by the
large changes in the DIC concentration and δ13C-DIC in the
river flowing direction of the Yasukawa stream, the environmental changes of watersheds exceeded the accommodating
capacity of the river ecosystem.
Therefore, this study suggests the possibility of using DIC
concentration and δ13C-DIC as indicators for monitoring
whether ecosystems with different watershed characteristics
can accommodate the effects of artificial changes.
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Supplementary Table S1. Geographic and demographic features and environmental variables at the sampling sites of the
Yasukawa stream. Dis.: distance from mouth (km); Alt.: altitude (m); C.A.: catchment area (km2); P.D.: population density (Peop.
km-2); EC: electric conductivity (µScm-1); BOD: biological oxygen demand in stream water (mgL-1); DOC: dissolved organic
carbon in stream water (µM); DIC: dissolved inorganic carbon in stream water (µM); δ13C-DIC: carbon stable isotope ratio of
dissolved inorganic carbon (‰). Watershed features, BOD, and DOC data from Kobayashi et al . (2009).
Watershed features

Sites
Position
Y1
Y2
Y3
Y4
Y5
Y6
Y7
Y8’
Y9
Y10
Y11
Y12
Y13’
Y14
Y15’
Y16
Y17
Y18’
Y19
Y20
Y21
Y22
Y23

35°00.525’N,
35°00.083’N,
34°59.332’N,
34°58.617’N,
34°57.293’N,
34°57.500’N,
34°56.487’N,
34°55.872’N,
34°56.112’N,
34°57.153’N,
34°57.922’N,
34°58.345’N,
34°57.587’N,
34°59.012’N,
34°59.190’N,
34°53.492’N,
35°00.113’N,
35°00.353’N,
35°00.870’N,
35°01.667’N,
35°02.662’N,
35°04.483’N,
35°06.083’N,

136°24.462’E
136°23.522’E
136°22.145’E
136°20.752’E
136°19.592’E
136°18.143’E
136°16.278’E
136°16.780’E
136°15.635’E
136°13.020’E
136°11.132’E
136°07.777’E
136°08.353’E
136°07.253’E
136°06.770’E
136°06.473’E
136°05.753’E
136°05.603’E
136°04.217’E
136°01.933’E
136°01.093’E
136°00.382’E
135°53.387’E

Land use (%)

Environmental variables

Dis. Alt. C.A.
P.D.
(km) (m) (km2) (Peop.km- 2) Etc Urban Forest

Rice
field

pH

61.9
59.8
55.4
52.6
48.5
45
39
38.2
37.6
33.8
29.2
24.8
23.9
22.8
21.2
20.6
18.2
18.1
16.9
12.4
10
6.7
2.9

0.0
1.5
2.1
4.2
8.0
6.1
8.6
11.7
18.8
27.2
19.5
5.8
19.1
19.2
27.5
19.7
19.7
19.7
19.5
19.4

8.0
7.8
7.7
7.9
7.8
8.3
7.8
7.9
8.0
7.9
8.2
7.5
8.5
7.5
7.5
7.5
7.5
7.3
8.9
9.4
9.3
8.9
7.3

710
480
400
360
300
260
220
220
215
200
170
140
140
140
140
140
130
130
130
110
105
95
87

1
6
18
33
51
57
70
47.5
119
136
152
283
117
291
11
307
308
23
344
364
366
378
380

0
0
0
3.6
26.6
23.7
34.4
66.5
52.4
74.5
96.4
204.9
289.3
232.7
197.8
241.5
243.2
540.2
277.7
308.2
308
321.1
319.9

4.1
14.7
7.1
7.1
6.3
6.7
7.3
9.1
8.5
10.9
11.9
12.6
12.3
12.8
12.4
12.9
13.0
21.0
13.9
14.1
14.3
14.9
15.3

0.1
0.9
0.8
1.1
2.1
1.7
2.3
2.7
4.8
6.6
5.3
3.4
5.4
5.4
10.1
6.0
6.3
6.3
6.5
6.5

95.9
85.3
92.9
92.8
91.4
90.5
87.4
80.8
83.8
78.2
73.8
63.8
54.0
62.4
78.3
62.6
62.4
41.4
60.4
59.9
59.6
59.1
58.8

EC
BOD DOC DIC
δ13C-1
-1
(µScm ) (mgL ) (µM) (µM) DIC(‰)
43.19
57.96
62.34
66.04
76.05
82.07
93.60
148.83
117.20
125.33
144.57
163.13
140.10
150.53
108.43
152.23
152.40
462.63
213.93
235.23
229.93
220.13
220.33

0.3
0.3
0.3
0.3
0.4
0.9
0.5
0.3
0.4
0.2
0.6
0.6
1.1
0.7
1.2
0.8
0.6
0.9
0.7
0.8
0.7
0.7
0.6

36.4
35.2
30.3
60.6
58.6
75
46.4
59.5
64
46.7
165.5
93.2
188.9
138.9
130.5
135.9
134.6
223.2
138.4
130.8
126.1
124.3
119.5

128.0
194.5
271.4
263.7
324.2
334.7
389.9
645.2
477.8
503.2
678.0
681.2
727.1
732.0
525.4
696.3
698.4
885.4
691.3
679.2
637.3
643.8
752.8

- 10.13
- 5.20
- 9.20
- 7.73
- 9.56
- 6.79
- 12.13
- 9.77
- 10.11
- 10.40
- 12.34
- 12.48
- 13.03
- 12.14
- 10.97
- 11.59
- 11.92
- 11.92
- 11.81
- 12.02
- 11.87
- 12.31
- 13.03

Supplementary Table S2. Geographic and demographic features and environmental variables at sampling sites of the
Adokawa stream. Abbreviations as in Table S1. Watershed features, BOD, and DOC data from Kobayashi et al . (2009).
Watershed features

Sites
Position
A1
A2
A3
A4
A 5’
A6
A 7’
A8
A9
A10’
A11
A12
A13
A14

35°09.600’N,
35°10.788’N,
35°12.582’N,
35°14.427’N,
35°14.875’N,
35°15.858’N,
35°15.892’N,
35°18.070’N,
35°21.065’N,
35°21.312’N,
35°21.773’N,
35°20.988’N,
35°20.353’N,
35°19.553’N,

135°47.950’E
135°49.669’E
135°51.330’E
135°51.885’E
135°52.015’E
135°52.448’E
135°52.287’E
135°53.213’E
135°55.147’E
135°55.212’E
135°58.257’E
136°00.040’E
136°02.132’E
135°03.798’E

Land use (%)

Environmental variables

Dis. Alt. C.A.
P.D.
(km) (m) (km2) (Peop.km- 2) Etc Urban Forest

Rice
field

pH

50.1
46.5
39.4
35.1
34.2
31.5
31.3
23.7
20.1
19.4
11.4
8.1
4.5
1.6

0.01
0.01
0.01
0.01
0.02
0.01
0.02
0.02
0.02
0.03
0.03
0.03

6.2
7.2
7.6
7.7
7.3
7.6
7.3
7.4
7.3
7.4
7.4
7.4
7.5
7.6

645
555
405
315
310
280
280
195
170
165
120
105
90
85
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0.274
14.39
24.48
48.5
1.78
65.74
76.06
156.1
183.3
77.81
281.1
296
304.5
305.1

42.8
42.2
42.7
31.3
42.8
34.3
3.9
20.1
23.4
13.1
22.3
24.7
25.2
25.3

1.75
1.83
2.44
0.00
2.80
3.55
3.48
4.09
4.65
5.23
6.53
7.39
7.57

0.29
0.26
0.43
0.37
0.18
0.26
0.35
0.44
0.48
0.65
0.66
0.68

100.0
97.9
97.9
97.1
100.0
96.8
96.3
96.2
95.5
94.9
94.3
92.8
91.9
91.7

EC
BOD DOC DIC
δ13C-1
-1
(µScm ) (mgL ) (µM) (µM) DIC(‰)
20.8
30.8
63
61.3
35.2
59.4
45.9
55.2
55.1
58.6
58.7
59.3
59.6
60.1

0.5
0.3
0.1
0.2
0.1
0.1
0.5
0.4
0.3
0.4
0.4
0.5
0.3
0.3

50.4
60.1
47.4
55.7
40.1
43
49.9
46.5
93.3
127.9
69.3
87.4
140.3
158.6

85.7
152.7
361.4
316.6
143.6
314.0
199.2
278.2
276.9
255.6
276.7
278.0
278.1
274.1

- 17.10
- 9.15
- 9.71
- 7.99
- 4.79
- 8.40
- 9.18
- 9.21
- 9.40
- 9.64
- 9.42
- 9.77
- 9.62
- 9.59
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Supplementary Table S3. Results of correlation analyses between watershed features and environmental variables in the
Yasukawa stream. Bold type indicates p<0.001.
Total data
Population density
(Peop.km- 2)
Catchment area
(km2)
Population density
(Peop.km- 2)
Forest
Land use
(%)

Rice field
Urban
pH

EC
(µScm-1)
DIC
(µM)

r
p
r
p
r
p
r
p
r
p
r
p
r
p
r
p

0.5917
0.0029

Forest
-0.6632
0.0006
-0.9619
p<0.0001

Land use (%)
Rice field
0.6913
0.0003
0.925
p<0.0001
-0.982
p<0.0001

Urban
0.6465
0.0009
0.9906
p<0.0001
-0.9845
p<0.0001
0.9655
p<0.0001

pH

EC
(µScm-1)

DIC
(µM)

δ13C-DIC
(‰)

0.3818
0.0722
0.1454
0.508
-0.1562
0.4767
0.1874
0.3918
0.163
0.4575

0.4164
0.0481
0.9048
p<0.0001
-0.8513
p<0.0001
0.7893
p<0.0001
0.8861
p<0.0001
0.1189
0.5888

0.6352
0.0011
0.8581
p<0.0001
-0.9188
p<0.0001
0.9238
p<0.0001
0.9062
p<0.0001
0.0519
0.8139
0.7892
p<0.0001

-0.6206
0.0016
-0.6836
0.0003
0.7093
0.0002
-0.7705
p<0.0001
-0.7303
0.0001
-0.1001
-0.6495
-0.5396
0.0079
-0.7734
p<0.0001

pH

EC
(µScm-1)

DIC
(µM)

δ13C-DIC
(‰)

0.3285
0.1697
0.3543
0.1367
-0.269
0.2654
0.2481
0.3057
0.3205
0.181
1

0.9618
p<0.0001
0.9555
p<0.0001
-0.935
p<0.0001
0.924
p<0.0001
0.9556
p<0.0001
0.4993
0.0295
1

0.9179
p<0.0001
0.8818
p<0.0001
-0.9359
p<0.0001
0.9544
p<0.0001
0.9217
p<0.0001
0.1407
0.5657
0.8803
p<0.0001
1

-0.7497
0.0002
-0.7267
0.0004
0.7185
0.0005
-0.7842
0.0001
-0.7579
0.0002
-0.1043
0.671
-0.7283
0.0004
-0.8018
p<0.0001

pH

EC
(µScm-1)

DIC
(µM)

δ13C-DIC
(‰)

0.3383
0.1697
0.3614
0.1406
-0.2787
0.2628
0.2529
0.3114
0.3284
0.1834
1

0.9579
p<0.0001
0.9547
p<0.0001
-0.9256
p<0.0001
0.9161
p<0.0001
0.952
p<0.0001
0.5248
0.0253
1

0.9156
p<0.0001
0.8838
p<0.0001
-0.9296
p<0.0001
0.9608
p<0.0001
0.9237
p<0.0001
0.1453
0.5651
0.8633
p<0.0001
1

-0.7714
0.0002
-0.7394
0.0005
0.7471
0.0004
-0.8055
0.0001
-0.7768
0.0001
-0.103
0.6842
-0.7571
0.0003
-0.8692
p<0.0001

Main stream data
Population density
(Peop.km- 2)
Catchment area
(km2)
Population density
(Peop.km- 2)
Forest
Land use
(%)

Rice field
Urban
pH

EC
(µScm-1)
DIC
(µM)

r
p
r
p
r
p
r
p
r
p
r
p
r
p
r
p

0.9944
p<0.0001
1

Land use (%)
Forest
Rice field
-0.9796
p<0.0001
-0.9704
p<0.0001
1

0.9815
p<0.0001
0.9665
p<0.0001
-0.988
p<0.0001
1

Urban
0.9984
p<0.0001
0.9942
p<0.0001
-0.9835
p<0.0001
0.9866
p<0.0001
1

Main stream data, head water data was excluded (Y1)
Population density
(Peop.km- 2)
Catchment area
(km2)
Population density
(Peop.km- 2)
Forest
Land use
(%)

Rice field
Urban
pH

EC
(µScm-1)
DIC
(µM)
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r
p
r
p
r
p
r
p
r
p
r
p
r
p
r
p

0.9951
p<0.0001
1

Land use (%)
Forest
Rice field
-0.978
p<0.0001
-0.9715
p<0.0001
1

0.9796
p<0.0001
0.9641
p<0.0001
-0.9881
p<0.0001
1

Urban
0.9984
p<0.0001
0.9941
p<0.0001
-0.9835
p<0.0001
0.9852
p<0.0001
1
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Supplementary Table S4. Results of Pearson’s correlation analyses between watershed features and environmental variables
in the Adokawa stream. Bold type indicates p<0.0001.
Total data
Population density
(Peop.km- 2)
Catchment area
(km2)
Population density
(Peop.km- 2)
Forest
Land use
(%)

Rice field
Urban
pH

EC
(µScm-1)
DIC
(µM)

r
p
r
p
r
p
r
p
r
p
r
p
r
p
r
p

-0.4516
0.105
1

Forest
-0.9225
p<0.0001
0.578
0.0304
1

Land use (%)
Rice field
0.864
0.0001
-0.5648
0.0353
-0.9678
p<0.0001
1

Urban
0.8236
0.0003
-0.3614
0.2043
-0.9324
p<0.0001
0.8959
p<0.0001
1

pH

EC
(µScm-1)

DIC
(µM)

δ13C-DIC
(‰)

0.3294
0.2502
-0.2631
0.3634
-0.4811
0.0816
0.4428
0.1129
0.5832
0.0286
1

0.5511
0.0411
-0.4221
0.1327
-0.6703
0.0087
0.5864
0.0275
0.7275
0.0032
0.8392
0.0002
1

0.3955
0.1616
-0.2298
0.4294
-0.499
0.0693
0.423
0.1318
0.6085
0.0209
0.8148
0.0004
0.9577
p<0.0001
1

0.026
0.9298
-0.0921
0.7543
-0.078
0.7911
0.0612
0.8354
0.1278
0.6632
0.7663
0.0014
0.3783
0.1823
0.3349
0.2418

pH

EC
(µScm-1)

DIC
(µM)

δ13C-DIC
(‰)

0.3427
0.3022
-0.4049
0.2167
-0.5144
0.1054
0.4773
0.1376
0.6613
0.0267
1

0.5156
0.1045
-0.5741
0.0647
-0.606
0.0481
0.5077
0.1109
0.669
0.0244
0.8925
0.0002
1

0.2848
0.396
-0.3871
0.2395
-0.3918
0.2334
0.3099
0.3536
0.4845
0.131
0.8901
0.0002
0.9638
p<0.0001
1

0.2671
0.4273
-0.4151
0.2043
-0.4191
0.1995
0.4041
0.2177
0.5701
0.0671
0.9404
p<0.0001
0.7489
0.008
0.7548
0.0072

pH

EC
(µScm-1)

DIC
(µM)

δ13C-DIC
(‰)

-0.0846
0.8162
0.1017
0.7799
-0.0545
0.8812
-0.1129
0.7562
0.2291
0.5243
1

0.3575
0.3105
-0.3775
0.2822
-0.3605
0.3061
0.158
0.6628
0.3567
0.3117
0.7504
0.0124
1

-0.029
0.9367
-0.0536
0.8831
0.0248
0.9458
-0.1961
0.5872
-0.0047
0.9898
0.774
0.0086
0.913
0.0002
1

-0.5737
0.0829
0.2069
0.5662
0.5216
0.122
-0.6809
0.0302
-0.3085
0.3858
0.3976
0.2552
-0.021
0.954
0.1046
0.7737

Main stream data
Population density
(Peop.km- 2)
Catchment area
(km2)
Population density
(Peop.km- 2)
Forest
Land use
(%)

Rice field
Urban
pH

EC
(µScm-1)
DIC
(µM)

r
p
r
p
r
p
r
p
r
p
r
p
r
p
r
p

-0.8284
0.0016
1

Land use (%)
Forest
Rice field
-0.9574
p<0.0001
0.7481
0.0081
1

0.9102
0.0001
-0.6368
0.0351
-0.9627
p<0.0001
1

Urban
0.8326
0.0015
-0.6119
0.0454
-0.9421
p<0.0001
0.913
0.0001
1

Main stream data, headwater data (A1) excluded
Population density
(Peop.km- 2)
Catchment area
(km2)
Population density
(Peop.km- 2)
Forest
Land use
(%)

Rice field
Urban
pH

EC
(µScm-1)
DIC
(µM)

r
p
r
p
r
p
r
p
r
p
r
p
r
p
r
p
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-0.792
0.0063
1

Land use (%)
Forest
Rice field
-0.9604
p<0.0001
0.6663
0.0354
1

0.9021
0.0004
-0.5138
0.1287
-0.9474
p<0.0001
1

Urban
0.8203
0.0037
-0.459
0.1821
-0.9243
0.0001
0.8747
0.0009
1
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ABSTRACT
Road structures play an important role in collisions involving vehicles and wildlife. Our study aimed to determine the effect of various
types of road structures on the risk associated with roadkill. We surveyed 50 previously identified roadkill hotspots, ranked from one
to five according to roadkill density. We collected nine types of road structure data on each hotspot road section. Structures with
similar characteristics were grouped together, resulting in five categories, namely, median barrier, high edge barrier, low edge barrier,
speed, and visibility. We examined the existence of each road structure category at each hotspot rank. The cumulative link model
showed that the absence of bottom blocked median barrier increased the roadkill hotspot rank. Our study concluded that a visual obstacle in the middle of roads by the median barrier decreases wildlife road crossing attempts and roadkill risk. We suggest that future
roadkill mitigation plans should be established considering these characteristics.
Keywords: Korea roadkill observation system, Mammal, Roadkill hotspot, Road structure, Spatial analysis

Introduction
Since the majority of wildlife habitats are fragmented
by linear structures, the occurrence of unwanted dangerous encounters that happen on roads worldwide is
common. Roadkill is among the most significant threats
of wildlife and humans safety. Annually, two million vertebrate and 600 thousand mammal roadkills are estimated
to occur in the Republic of Korea (Choi, 2016), indicating
the urgent need for roadkill mitigation plans for humans
and wildlife.
Numerous factors make roads more prone to roadkills.
Parameters linked to road composition, such as, road
width, curvature, and structure, affect the spatial patterns of roadkills (Byun et al ., 2016; Clevenger & Kociolek,
2013; Kim et al ., 2019a). In particular, road structures that
Received June 8, 2021; Revised October 12, 2021;
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interfere with the behavior of wildlife, such as, road crossing, could be a critical factor in determining the spatial patterns of roadkills. For example, wildlife fencing is considered
as one of the most effective roadkill mitigation measures,
as it prevents wildlife from invading roads (Rytwinski et al .,
2016). However, when fence length is not long enough,
roadkill risk significantly increases at fence ends (Plante et
al ., 2019). Various types of fencing structures at the road
edge, such as, rock fall fences or noise fences, have similar
effects. On the other hand, obstacles with lower heights at
road edges, such as, guard rails, do not significantly contribute to avoiding wildlife from invading roads (Byun et al .,
2016).
When animals are already on the road other types of
barriers can prevent them from crossing the road. For
example, the median barriers reduce the permeability of
roads to wildlife and the barrier effect increase roadkill
risk (Clevenger & Kociolek, 2013). The median barrier may
exhibit different effects depending on the body size of
the animal and the structure or material of the barrier. in
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addition, visibility also influences roadkill (Collinson,
2013; Ignatavicius & Valskys, 2018; Kioko et al ., 2015;
Smith-Patten & Patten, 2008). Reduced visibility on
roadways at night is considered dangerous to nocturnal
wildlife (Braunstein, 1998). Therefore, understanding how
these factors influence the spatial characteristics of roadkills is crucial when establishing mitigation plans (Kim et
al ., 2019a).
A total of 21,397 roadkills were collected from the Korea
Roadkill Observation System (KROS) in the Republic of Korea
in 2019 (Kim et al ., 2019b). Based on these data, Song et al .
(2020) analyzed 50 roadkill hotpots on national highways
throughout the country using the kernel density estimate
with 1 km search radius. Subsequently, the 50 hotspots were
hierarchically divided into five categories, from rank one (low
density) to five (high density) according to the z-value. In the
present study, we surveyed the 50 roadkill hot spots previously identified by Song et al . (2020) and collected data on
nine types of road structures which might influence roadkill
risk. Our study aimed to identify road structures which might
affect the risk of roadkills in order to suggest future roadkill
mitigation plans in the Republic of Korea.

sence and absence of eight types of road structures, namel
y, median barrier, bottom blocked median barrier, guard
rail, bottom blocked guard rail, rock fall fence, noise fence,
light, and bridge. The data were classified into five categories according to their characteristics for statistical analyses
(Table 1, Fig. 2).

Materials and Methods
We surveyed the previously identified 50 roadkill
hotspots which were ranked from one to five according to
roadkill density from April to June 2020 (Fig. 1). Of the
50 hotspots, 4, 8, 8, 11, and 19 hotspots were ranked as
one, two, three, four, and five, respectively. The average
number of cases involving roadkill was 2.7, 4.1, 5.9, 13.2,
and 23.1 cases per kilometer for rank one to five respectively (www.nie-ecobank.kr). We collected data on the pre-

Fig. 1. Map of the study area. Five ranked road-kill hotspot
are presented differently by each colour.

Table 1. Nine types of road structures and descriptions recorded from roadkill hotspot field survey
Category

Road structure

Abbreviation

Median barrier

MB

Bottom blocked
median barrier

MB_BB

Guard rail

GR

Bottom blocked
guard rail

GR_BB

Rock fall fence

RF

Longitudinal barrier that protects road by preventing rocks fall into road way

Noise fence

NF

Longitudinal barrier to reduce noise produced from road way

Visibility

Light

LG

Keeps roadway bright when dark

Bridge

Bridge

BR

A structure built to span a physical obstacle without blocking the way underneath

Median

Edge_low

Edge_high

Description
Longitudinal barrier that distinguish two side of traffic in the middle of roads

Longitudinal barrier that keeps vehicles within the roads
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cluded a lower percentage (12.5 % in rank two, 14.3 % in
rank three, 0 % in rank four, and 6.3% in rank five) (Table
2). When visually investigating the patterns between road
structure sand roadkill ranks, bottom blocked guard rail
was negatively correlated to roadkill hotspot rank (50 % in
rank two, 28.6 % in rank three, and 14.3 % in rank four),
but no bottom blocked guard rail was observed in ranks
one and five (Table 2). The highest percentage of noise
fence was observed in roadkill hotspot rank two (62.5 %)
and the lowest percentage was found in rank three (14.3 %),
without any positive or negative tendency. The percentage
of rock fall fence was the highest in rank five (43.8 %) and
the lowest in rank one (0 %). Light was the most frequently observed in rank three (42.9 %) and was the lowest in
rank four (21.4 %). Finally, the percentage of hotspot rank
with bridge was the highest in hotspot rank five (43.8 %),
however, no particular tendency was observed (Table 2).
Table 2. Percentage of each road structure type on each
roadkill hotspot rank. The number of each roadkill hotspot
rank is 5 for rank 1, 8 for rank 2, 7 for rank 3, 14 for rank 4,
and 16 for rank 5
Fig. 2. Typical form of (a) bottom blocked median barrier,
(b) bottom blocked guard rail, (c) rock fall fence (d) noise
fence, (e) light and (f) bridge.
To investigate the effects of road structures on the
probability of roadkills, we conducted a cumulative link
model (CLM) using the function CLM from the ordinal
package. We used the roadkill rank (one–five) as the variable response. Among the 50 roadkill hotspots, median
barrier and guard rail were present in 46 and 48 sections,
respectively and were therefore removed from the analysis
due to low representation. To test the effects of barriers at
the center and edge of the road, the presence of bottom
blocked median barrier and bottom blocked guard rail were
included in the model as predictors named ‘median’ and
‘edge_low’ (Table 1). We considered the presence of either
noise fence or rock fall fence as a high barrier and included
the presence of a high barrier (presence of noise fence or
rock fall fence) in the model as the predictor named ‘edge_
high’ (Table 1). Furthermore, we included light in the model as a predictor to test the effect of visibility-related structure named ‘visibility’ (Table 1). Finally, we included bridge
in the model as a predictor named “bridge” to test how
disconnection between road surface and surrounding landscape might influence roadkill rank (Table 1).

Results and Discussion
In general, 60 % of the roadkill hotspot rank one had
bottom blocked median barrier, whereas the other ranks in-
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MB_BB GR_BB RF NF
(%)
(%)
(%) (%)

SC TL
(%) (%)

40.0

LG BR
(%) (%)

Rank 1 60.0

0.0

0.0

0.0 20.0 40.0

0.0

Rank 2 12.5

50.0

37.5 62.5 37.5 0.0

Rank 3 14.3

28.6

14.3 14.3 28.6 28.6 42.9 42.9

Rank 4

0.0

14.3

42.9 35.7 42.9 21.4 21.4 35.7

Rank 5

6.3

0.0

43.8 43.8 25.0 25.0 31.3 43.8

Average 18.6

18.6

27.7 39.3 26.8 19.0 32.1 32.0

25.0 37.5

The model for investigating the effects of road structures on roadkill rank was significant compared to the null
model (x2 = 12.416, df = 5, p = 0.029). The roadkill rank
was significantly (p = 0.026) higher in the absence of median category (Table 3, Fig. 3). No effect on the other parameters of the roadkill rank was observed (Table 3).
Table 3. The effects of road structures on the roadkill rank
using cumulative link model
Parameter

Estimate

S.E

z value

P

Median (MB_BB)

-2.236

1.003

-2.229

0.026

Edge_low (GR_BB)

-1.112

0.742

-1.500

0.134

Edge_high (RF+NF)

-0.349

0.587

-0.594

0.552

Visibility (LG)

-0.321

0.598

-0.536

0.592

Bridge (BR)

1.095

0.608

1.800

0.072
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Fig. 3. Estimated marginal means
depending on the absence/presence
of MB_BB, GR_BB, EDGE_high,
Visibility, and bridge. It indicates
when the estimated marginal mean
is higher, the road kill probability is
higher. The bars indicate confident
interval in 95%.
Although the model that contained all five road structure categories indicated significance, besides median,
other parameters were not significantly affecting the
roadkill rank. Similar to our result, other studies also have
revealed that animals were less likely to cross roads when
median barriers were present (Barnum, 2003; Gunson et
al ., 2011; Malo et al ., 2004). In contrast, Clevenger and
Kociolek (2013) concluded that low permeability due to
median structures on roads increased the risk of roadkill.
In the Republic of Korea, the standard size of the concrete
median barrier is 140.6 cm (Kim et al ., 2009). According
to a previous study conducted by Park et al . (2018), the
deterrence rate at a wildlife fence of 140 cm was 83.3 %
with respect to water deer (Hydropotes inermis), which
is the most frequent victim of roadkills in the Republic
of Korea. Thus, the study concluded that median barrier
decreased road crossing attempts by wildlife and roadkill
risk.
Even though our result did not reveal the significant
effect of bottom blocked guard rail, we reported a negative tendency of bottom blocked guard rail with respect
to roadkill rank (Table 3, Fig. 3). Song et al . (2011) also reported that a two-layer guard rail with a height of 90 cm,
referred to as bottom blocked guard rail in this study,
was effective in preventing roadkills on an expressway. In
contrast, Byun et al . (2016) concluded that the guard rail
had little contribution in reducing roadkills. In addition,
it was reported that, in the Republic of Korea, the deterrence rate of a fence below 100 cm was zero with respect
to water deer (Park et al ., 2018). Thus, there is need for
more detailed study concerning the effect of guard rail or
bottom blocked guard rail on roadkill mitigation. Furthermore, our result also showed that roadkill probability decreased in the presence of bridges (Table 3, Fig. 3). So far,
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many studies have been focusing on wild life crossings
which connect both sides of fragmented habitats. These
types of bridges help wild animals to avoid roadkills and
enabled safe crossing of roads (Williams et al ., 2019).
Bridge disconnects road surface and surrounding landscape, thereby excluding wild animals from roads and
lowering roadkill risk.
Our research showed that the existence of bottom
blocked median barrier decreased roadkill risk. Spatial
patterns of roadkill depends on various factors, such as,
wildlife density, seasonality, and landscape change (Kim
et al ., 2019a; Saeki & Macdonald, 2004; Seo et a l., 2015).
Thus, we believe that consistent monitoring and analysis are necessary to respond to the changes in roadkill
hotspots. For further studies, we recommend researchers
to investigate how road structures affect roadkill risk by
comparing roadkill hotspots and coldspots, which refers
to road sections with low roadkill density. In addition,
quantitative analysis between the number of roadkills and
the presence of road structures may also give an insight
for management of roadkill mitigation plans.
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Hibernation Durations Affect Life-history Traits of
Gymnopleurus mopsus (Coleoptera: Scarabaeidae),
an Endangered Dung Beetle
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ABSTRACT
The dung beetle, Gymnopleurus mopsus (Coleoptera: Scarabaeidae), is one of endangered species in South Korea. It was last recorded
in 1971. To restore this species, we introduced G. mopsus populations from eastern and southern regions of Mongolia in July 2019
and August 2019, respectively. One of the main tasks for the restoration of endangered insects is to develop breeding techniques to
eventually incorporate these insects into the restoration system. In a series of laboratory experiments, we investigated effects of short
-term hibernation periods on life-history traits of G. mopsus . Adult G. mopsus that had hibernated for 30, 60, and 90 days had lower
survival rates than adults that had hibernated for 120 days. We also compared developmental time of these four experimental groups
and found a significant difference in the egg - phase. However, the duration of hibernation did not affect the fecundity, brood-ball
size, or body size of F1 adults. Follow-up studies are currently being conducted to further investigate the effect of a short-term hibernation period on population growth of G. mopsus under laboratory conditions.
Keywords: Captive breeding, Developmental time, Ecological restoration, Fecundity, Laboratory rearing

Introduction
Due to rapid industrialization and urbanization
through the nineteenth to twenty-first centuries, global
environment has changed significantly, leading to habitat
fragmentations, nitrogen depositions, and climate changes (Butchart et al ., 2010; Ceballos et al ., 2017; Maxwell et
al ., 2016; Sánchez-Bayo & Wyckhuys, 2019). Human activities can also negatively affect threatened or ecologically important species in various environments. Threatened
species worldwide are gradually disappearing because they
are highly vulnerable to rapid changes in the ecosystem.
Threatened species in the Red List of International Union
for Conservation of Nature (IUCN) are important members
for biodiversity. Vié et al . (2009) reported that of 44,837
species assessed in 2008, at least 17,038 (38%) were clasReceived June 30, 2021; Revised October 12, 2021;
Accepted October 13, 2021
*Corresponding author: Young-Joong Kim
e-mail yjkim@nie.re.kr
https://orcid.org/0000-0001-5569-2065

sified as threatened and 804 (1.8%) species were classified as extinct. Recently, over 130,000 species are on the
Red List and almost 40,000 species have been classified
as threatened (IUCN, 2021). In the Korea Red Data Book,
6.6% of threatened species were classified based on evaluation of the risk of extinction for targeted 8,037 species
(National Biodiversity Center, 2020). Salomão et al . (2019)
have demonstrated that the abundance of coprophagous
species and species diversity indices of ball-rolling dung
beetles are negatively affected by urbanization.
In the present study, we focused on Gymnopleurus
mopsus Pallas, an endangered dung beetle widely distributed in grasslands and deserts throughout Eurasia (Kang
et al ., 2018). This species has gradually disappeared in
many countries. In particular, there is a sharp decline in
G. mopsus populations in the Iberian Peninsula (including
Portugal and Spain) and Western European countries such
as Italy and France (Carpaneto et al ., 2007; Lobo, 2001;
Sánchez-Bayo & Wyckhuys, 2019). In South Korea, it was
one of the most dominant dung beetles before 1970 (Paik,
1976). After the last report of G. mopsus in 1971, it has
not been reported in South Korea. The Ministry of Enviro-
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nment (2013) reported that populations of G. mopsus had
declined rapidly owing to habitat destruction, a decrease
in grazing livestock, and the abuse of chemicals such as
pesticides. In addition, it is an important detritivore for
livestock dung in pasture environments. Knowledge on
the influence of abiotic factors such as hibernation, which
is directly involved in the life cycle of G. mopsus , is an
important part of the restoration process. Hibernation
period is one of crucial factors for the reproduction and
survival of G. mopsus . Thus, we focused on effects of
hibernation periods on life-history traits of G. mopsus in
the present study to determine whether the survival, fecundity, and offspring of G. mopsus could be affected by
hibernation periods by comparing the survival, fecundity,
larval developmental time, and body sizes of F1 adults
under different hibernation periods.

Materials and Methods
Collection and introduction of dung beetles
In this study, we investigated a Mongolian species
mainly because of its genetic homogeneity (Yoon et al .,
2017). We collected a total of 200 G. mopsus adults
from two grazing lands, Saikhandulaan (44°58’18.8”N,
110°05’53.5”E) and Khankhongor (43°39’37.91”N,
104°35’40.58”E) in Mongolia between July 2019 and
August 2019. Dung beetles were collected by hand or forceps and placed into a plastic jar to prevent escape. These
collected beetles were brought to the laboratory. Small
invertebrates (e.g., acari species) attached to each dung
beetle’s body were removed using a brush. When importing G. mopsus colonies into South Korea, dung beetles
should be inspected under strict quarantine processes
in accordance with quarantine laws and procedures so
that exotic pests are not included in the body of a dung
beetle.
Dung beetle culture
A starter population of G. mopsus has been cultured
at the National Institute of Ecology (Yeongyang, South
Korea) since July 2019. Dung beetles were maintained in
ventilated 60 L plast ic boxes with 40 L of artificial soil.
Artificial soil was prepared by mixing river sand and vermiculite (Verminuri, Green Fire Chemicals, Hongseong,
South Korea) at a 1:1 ratio. Fresh horse dung (300 g) was
provided every 2 d as food. These food items were collected from a horse farm located on Jeju Island. We also
checked dung food resource for the presence of pesticides
and antibiotics. Distilled water was sprayed onto the artificial soil to maintain moisture content. Food items were
stored at -24°C in a freezer for more than 8 d before use
to minimize dung-borne pests. Eight dung beetles were
reared in each plastic box. The culture was maintained under
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laboratory conditions at temperature of 25 ± 1°C [16:8
(L:D)] with a relative humidity of 45 ± 10%.
Hibernation
In September 2019, before the beginning of hibernation, dung beetles were sequentially exposed to low temperatures of 22 ± 1 °C [14:10 (L:D)], 20 ± 1 °C [12:12 (L:D)]
and 18 ± 1 °C [10:14 (L:D)] for 14 d to adapt to low temperature conditions. After the adaptation process, dung
beetles grown in plastic boxes were transferred to an
incubator (MLR-352H, Panasonic, Japan) maintained at 5
± 1 °C [0:24 (L:D)] with a relative humidity of 60 ± 10%.
We began our experimental hibernation trials with a dung
be etle colony of 32 dung beetles (sex ratio, 1:1) divided into four equal groups according to hibernation periods (30, 60, 90, and 120 d). After the hibernation course,
dung beetles were re-transferred from the incubator to
the laboratory. They were then sequentially exposed to
high temperatures of 18 ± 1 °C [10:14 (L:D)], 20 ± 1 °C
[12:12 (L:D)], and 22 ± 1 °C [14:10 (L:D)] for 14 d each
in reverse order of the initial temperature exposure.
Survival and fecundity under different hibernation
periods
This trial was conducted to investigate life history traits
of G. mopsus under different hibernation periods with a
focus on adult survival and fecundity. Fresh horse dung
(150 g) was placed in a customized transparent plastic
culture vessel (17.0 cm in diameter, 40 cm in height) covered with a ventilated nylon mesh (Fig. 1). Culture vessels
were filled with artificial soil (2.5 L) that provided a habitat for dung beetles. Water was supplied adlibitum to an
artificial soil to maintain soil moisture content. One pair
of dung beetles raised on horse dung were placed in each
culture vessel. To obtain eggs, we collected dung balls
made by G. mopsus and buried them in the ground at one
day after confirming the behavior of dung beetles making
dung balls (Fig. 1). Data collection was terminated when
dung beetles reached the adult stage.
Dung beetle life history traits: Larval development
and morphological characters
This trial was conducted to investigate basic life history traits of G. mopsus feeding on horse dung with a focus
on larval development and adult growth (body size). Frozen horse dungs were thawed at 25 °C for 8 h before use.
Thawed horse dung was divided into 10 g and placed in a
customized transparent plastic bottle (2.8 cm in diameter,
3.5 cm in height). One egg laid on a dung ball was placed
in a plastic bottle filled with horse dung using a small
spoon. When transferring an egg, a portion of the dung
ball surrounding the egg was also transferred together.
This is because the maternal gift made by adult females is
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of normality and homogeneity, respectively. All statistical
analyses were conducted using STATISTICA v. 8.0 (Statsoft, USA).

Results and Discussion

Fig. 1. Experimental design and Gymnopleurus. mopsus . A:
Culture vessels, B: Dung chamber measurement, C: A pair
of G. mopsus (left, female, right, male) with dung chamber,
D: 3rd instar larvae of G. mopsus .
known to be an important factor for larval growth (Shukla
et al ., 2016). Daily monitoring was performed. The upper
part of the dung chamber was artificially opened so that
the inside of the plastic-dung bottle was visible for the
observation of larval growth. In addition, we artificially
re-opened the upper part of the dung chamber on each
day of survey because when we opened the chamber, larvae always re-blocked the hole. We determined developmental time based on larval head width. Body length
and thorax width were measured when dung beetle larvae
became adults. Morphological traits of larval development
and adult dung beetles were measured using a dissecting microscope connected to a digital camera (Tcapture
5.1.1 software, TrueChrom IIS, Tucsen Photonics Co.,
Ltd., China). In the case of larval development monitoring, we worked partly with 30-, 60-, and 90-d treatments.
However, some parts of 60-, 90-d, and 120-d treatments
were not monitored because larval mortalities were high
in 30-, 60-, and 90-d treatment groups. We presumed
that such high mortalities were caused by the daily artificial opening of the chamber. Data collection was terminated when dung beetles reached the adult stage.
Data analysis
Adult survival was assessed using the Kaplan–Meier
method. A log-rank test was applied to test for significant
differences among the four hibernation period groups.
Sizes and weights of dung beetle-made brood balls and
newly emerged adults and the duration of larval developmental time were analyzed using one-way ANOVA followed by Tukey’s HSD tests. All data were evaluated using
the Shapiro–Wilk W test and Levene’s test for assumptions
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Effects of hibernation periods on adult dung beetle
survival
In our study, the survival of hibernated G. mopsus
adults was reduced by approximately 40% in 30-, 60-,
and 90-d hibernation groups compared to that in the
120-d hibernation group (100% survival). However, no
statistical difference was found because of a low number
of replicates (log-rank test, p = 0.389, Fig. 2). Our results
indicate that hibernation duration is an important factor
for the survival of G. mopsus . This finding is consistent
with previous studies showing that insects such as ladybugs, bees, and dung beetles need hibernation for their
survival (Bang et al ., 2004; Bosch & Kemp, 2003; Jean et
al ., 1990). Bosch and Kemp (2003) have reported that the
survival of 30-d hibernated Osmia lignaria is lower than
that of the group that has hibernated for longer periods
of time. In addition, Bang et al . (2004) have found that
larvae of the dung beetle (Copris ochus ) without a hibernation are not developed and dead.

Fig. 2. Overall survival of Gymnopleurus mopsus , an
endangered dung beetle, under different hibernation periods
(30-d, red; 60-d, green; 90-d, purple; and 120-d, black).
Data were derived from Kaplan-Meier curves (N = 8). Adult
beetles surviving for more than 108 days are censored.
Eﬀects of hibernation periods on dung beetle fecundity
The total number of eggs in the 30-d hibernation group
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was only 45%, 32%, or 62% of that in the 60-, 90-, or
120-d hibernation group, respectively. However, the difference was not significant owing to the low number of
replicates (p = 0.086, Fig. 3).

time was significantly delayed after the 30-d treatment
compared to that with the 60-d treatment. In addition,
the duration of hibernation did not affect the developmental time in the 1st instar, 3rd instar, pupation, or egg
to adult stages (Table 2). When considered as a whole
(i.e., egg to adult), hibernation period had no effect on
development time. Differences in developmental time in
some developmental stages might be caused by other factors such as handling effects and diet quality rather than
hibernation periods of their parents. However, this still
clearly demonstrated the development time of each instar
for G. mopsus from egg stage to adult stage. To the best
of our knowledge, this is the first report of a detailed life
history of G. mopsus .

Conclusions

Fig. 3. Number of eggs per female of Gymnopleurus
mopsus when hibernated at 5 ± 1°C for 30, 60, 90, or 120
d. Black circles represent individual values. Red vertical
lines represent means (N = 3).
Many Coleopteran species are known to require hibernation during the winter season for ovarian maturation
(Gittings & Giller, 1997; reviewed in Hodek, 2012; Sakurai et al ., 1992). Sakurai et al . (1992) have reported that
ovarian maturation of the ladybug (Harmonia axyridis )
is rapidly induced during hibernation. Gittings and Giller
(1997) have also demonstrated that two Aphodius dung
beetle species (A. depressus and A. errattcus ) do not have
ovarian development before overwintering. Our preliminary study confirmed that non-hibernated G. mopsus adults
did not lay eggs. In contrast, Jang et al . (2018) have reported that the fecundity of Protaetia brevitarsis is not affected
by the duration of hibernation under laboratory conditions.
In the case of P. brevitarsis , it overwinters as 3rd instar larvae, whereas G. mopsus overwinters as the adult. Therefore,
these differences might be due to differences in species and
growth stage.
Eﬀects of hibernation periods on sizes of oﬀspring
Brood-ball sizes (length, width, and weight) and adult
sizes (body length, thorax width, and weight) were similar
among the four hibernation treatment groups (Table 1).
Tukey’s HSD tests showed that the developmental time of
the egg stage was significantly delayed in the 60-d treatment group compared to that in the 30- or 90-d treatment group. In the case of the 2nd instar, developmental
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In this study, the number of replicates was relatively
low to determine significant differences between experimental groups. Most individuals of the dung beetle population collected from Mongolia were not included in this
study. We hypothesized that the short hibernation period
could have a negative effect on dung beetles. Moreover,
shortening of the hibernation period could be a key to
increase its rearing efficiency. Our laboratory experiment
with hibernation periods, horse dung, and G. mopsus provides a useful design for the establishment of a recovery
system and guidelines for an endangered dung beetle.
Results of this study indicate that G. mopsus can develop
on horse dung as an exclusive diet from eggs to adults.
Our preliminary study showed that eight adults consumed
approximately 300 g of horse dung every 2 d and made
dung balls for oviposition. Therefore, G. mopsus can be
reared successfully exclusively on horse dung prey. Effects
observed under conditions of a short hibernation period
might negatively affect the survival and fecundity of G.
mopsus . These findings from the life history traits and the
mode of hibernation of G. mopsus might provide important information for establishing successful breeding techniques for the restoration of endangered dung beetles.
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Table 1. Measurements of the external size and weight of brood balls and newly emerged adults of Gymnopleurus mopsus
with different hibernation periods
30 days

Factors
Ball length (mm)
Ball width (mm)
Ball weight (g)
Adult body length (mm)
Adult thorax width (mm)
Adult weight (g)

60 days

90 days

F

p-value

0.865
1.631
0.926
0.490
1.170
1.903

0.461
0.185
0.430
0.691
0.330
0.142

120 days

19.48±1.25 (13) 19.73±0.38 (36) 19.99±0.32 (57) 18.84±0.31 (28)
17.38±0.86 (13) 17.51±0.30 (36) 18.28±0.27 (57) 17.09±0.21 (28)
3.42±0.52 (13) 3.44±0.16 (36) 3.84±0.17 (57) 3.13±0.16 (28)
11.00±0.03 (3) 11.94±0.42 (11) 11.58±0.33 (22) 11.81±0.30 (14)
7.73±0.82 (3)
8.38±0.36 (11) 8.15±0.25 (22) 8.74±0.24 (14)
0.14±0.01 (3)
0.20±0.03(11)
0.22±0.05 (22) 0.22±0.02 (14)

Values are presented as mean ± SE (N). N is the number of replicates. All factors were analyzed using one-way ANOVA.
Table 2. Time (days) spent as each instar of development for Gymnopleurus mopsus from egg to adult emergence.
30 days

60 days

90 days

120 days

F

p-value

4.7±0.3(9)a
2.0±0.3(8)a
4.9±0.5(7)b
11.0±3.3(4)a
18.5±(3)a
39.5±4.5(3)a

6.5±0.6(15)b
2.0±0.3(13)a
3.4±0.3(13)a
15.1±1.1(8)a
20.5±3.0(4)a
41.0±0.9(12)a

4.1±0.2(15)a
2.0±0.3(12)a
3.8±0.4(12)ab
16.3±2.9(3)a
16.0(1)a
40.2±1.1(25)a

40.3±2.0(15)a

9.878
0.0
3.148
2.075
0.633
1.016

<0.001
1.0
0.058
0.168
0.569
0.393

Factors
Egg
1st instar
2nd instar
3rd instar
Pupation
Egg to adult

Values are presented as mean ± SE (N). N is the number of replicates. All factors were analyzed using one-way ANOVA.
Values with the same letter are not significantly different (Tukey’s HSD test, p > 0.05).
ogy, Republic of Korea.
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ABSTRACT
We investigated habitat use and home range of a rescued and released white-naped crane using GPS tracking technology in Cheorwon, South Korea, from October 2016 to March 2017. Four types of roosting sites were identified: frozen reservoirs, paddy fields,
rivers, and wetlands. Upon arrival, the white-naped crane preferred wetlands in the Demilitarized Zone (DMZ). In late wintering season, it showed a tendency to change main roosting sites in the following order: rice paddies, rivers, and frozen reservoirs. Among 14
sleeping places, Civilian Control Zone (CCZ) with various type of available habitats was more preferred than the DMZ. Places outside
of CCZ were rarely used due to anthropogenic disturbances during the night. The tracked white-naped crane widely chose daytime
feeding sites while moving around all over rice paddies in the CCZ. Mean diurnal movement distance was 10.5 km with a maximum
of 24.8 km. Its home range measured with Minimum Convex Polygon (MCP) and Kernel Density Estimation (KDE) was 172.30 km2
with MCP, 159.60 km2 with KDE 95%, 132.48 km2 with KDE 90%, and 42.45 km2 with KDE 50%. All estimated values of home
ranges were higher in the early and later winter than those in the middle period.
Keywords: Grus vipio , Cranes, Habitat use, Home range, Movement, Cheorwon

Introduction
As one of internationally endangered birds in the East
Asian region, the white-naped crane has been listed in
the Red List of International Union for Conservation of
Nature’s (IUCN) (BirdLife International, 2018). It is legally
protected in South Korea as an Endangered Species Rank
II by the Ministry of Environment and as the Natural
Monument No. 203 by the Cultural Heritage Administration. Its breeding areas include southeast Russia, northeast China, and eastern Mongolia (BirdLife International,
2018; Gilbert et al ., 2016). Its wintering grounds are
distributed in South Korea, Japan, and central and eastern
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China (BirdLife International, 2018; Higuchi et al ., 1996;
2004). In South Korea, wintering sites of the white-naped
crane include Cheorwon, Yeoncheon, Paju, the Han River
Estuary, and Junam Reservoir, while the greatest number
goes to the Demilitarized Zone (DMZ) and the Civilian
Control Zone (CCZ) in Cheorwon Basin (Lee et al ., 2001;
National Institute of Biological Resources (NIBR), 2020).
In general, cranes are known to choose their roosting sites
in wetlands or in shallow water (BirdLife International,
2018). White-naped cranes choose their sleeping sites in
wetlands, rivers, and reservoirs in DMZ (Pae, 1994; 2000;
Yoo et al ., 2011). They forage in rice paddies during the
day and gather back to a certain resting place in the evening, where tens or hundreds of them sleep together (Pae,
2000; Yoo, 2004; Yoo et al ., 2009b).
Previous studies of white-naped cranes in Choerwon
have examined the distribution and density of the wintering population, behavioral responses to disturbances, habitat use, and micro feeding site preference (Lee et al ., 2001;
2007; Yoo et al ., 2007; 2009a; 2011; 2014a; 2014b; 2015).
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However, due to spatiotemporal limitations to access both
DMZ and CCZ with the lack of individual-based tracking
research, little is known about patterns of their habitat
use, home range, and daily travel distances. GPS tracking
method is appr opriate to study migratory animals. It has
been used to collect data of migration routes, stopover
sites, and movement distances (Harris et al ., 2000; Higuchi et al ., 1998; 2004). As recent technological advancement allows researchers to collect precise location data
with short-term intervals, GPS tracking is widely used in
regional scale habitat use studies. The objective of this
study was to utilize GPS tracking to determine habitat
use patterns of a white-naped crane in both roosting and
feeding sites and its home ranges in Cheorwon, Korea
during the wintering period.

Materials and Methods
Target individual and methods
After the Gyeonggi-do Wildlife Rescue Center rescued and treated a white-naped crane that was straggled
by power line collision, it was released to Jinwi Stream,
Pyeongtaek, on March 22, 2016. From body measurement, feather moult, and DNA analysis, we confirmed
that it was a young female crane at two years old. Before
releasing the bird, we attached a GPS telemetry (WT-200,
GPS-Wideband Code Division Multiple Access Telemetry
System built-in Solar System, KoEco, Korea) to the back
of the crane using Teflon tape harnesses (Higuchi et al .,
1996). The device was set to store GPS data 12 times a
day (every two hours). We also attached a white band (eng-

raved letter as K01) for individual marking on its leg.
On April 10th, 2016, the released K01 migrated northward to the breeding grounds and spent the summer in
Dalnerechensk and Lake Khanka in Russia. It came to its
wintering ground, Cheorwon, on October 24th, 2016.
After that, the bird stayed in Cheorwon Basin continuously during the winter. It migrated again to Russia on March
16th, 2017. From every fieldwork during the study period,
we observed that K01 stayed within a flock (from tens to
hundreds) without a mate or juveniles.
Data analysis
In order to figure out K01’s habitat preferences, we
put the acquired coordinate data on Google Earth’s satellite map and classified the information by regional types
(DMZ, CCZ, or outside CCZ) and habitat types (feeding
and roosting sites). By classifying nighttime roosting sites
into four habitat types (wetlands, reservoir, paddy fields,
and rivers), we analyzed the frequency of habitat use. For
regional classification, the entire habitat was grouped
into four categories: the Sapsongbong (SSB) region (also
known as the Ice Cream Hill) in the middle, the Daemari (DMR) region on the west (including Sanmyeong Lake),
the Yugok-ri (YGR) region on the east (including Togyo
Reservoir), and the Hantan River (HTR) region on the
south outside the CCZ (Fig. 1). Its daily movement distance was calculated by summing all distances between
GPS coordinate collected every two hours. To measure its
home range, we used Minimum Convex Polygon (MCP)
and Kernel Density Estimation (KDE). We calculated 50%,
90%, and 95% KDE and examined changes of home range

Fig. 1. Map of the study site and
four regional classifications (DMR:
Daema-ri, SSB: Sapsongbong;
YGR: Yugok-ri; HTR: Hantan River)
in Cheorwon, Korea. Numbers
indicate sleeping places of a GPS
tracked white naped crane during
wintering period in Table 2.
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areas by having five periods with four weeks intervals
since October 24, 2016. The analysis was performed using
R version 3.5.1 (R Development Core Team, 2018) and
QGIS version 3.16 (QGIS Development Team, 2021).

Results and Discussion
From October 24th, 2016 to March 16th, 2017, we expected 1,712 GPS coordinates from a total of 143 days.
We were able to collect 1,677 data points (98.0%). Although data was intermittently lost at night from 8 PM to
6 AM, we collected all expected daytime coordinates from
10 AM to 6 PM. During the study period, the total movement distance of K01 was 1,515.05 km.
Habitat use
K01 was mostly located in the CCZ (n = 1235, 72.2%),
followed by the DMZ (n = 346, 20.2%) and the outside
area of CCZ (n = 96, 5.6%). K01 chose the DMR the most
as feeding and roosting places (n = 838, 50.0%; Table 1).
The SSB was the second most frequent choice (n = 617,
36.8%). As a feeding place, SBB (n = 292, 44.1%) and DMR
(n = 305, 46.1%) were similarly preferred. The frequency of
using HTR outside the CCZ was the lowest (5.7%).
Patterns of habitat use in roosting and feeding sites
Most of the time, K01 started to move to its roosting
places at around 6 PM and arrived at the destination by
8 PM at the latest. For 140 days (97.9%) out of a total of
143 days, it stayed within a 100 m of its sleeping place
during the night. In three cases, K01 flew away more than
1 km from its sleeping places. A total of 14 sleeping places were identified (Table 2, Fig. 1). There were four sites
where the bird stayed more than 20 days out of a total
143 days: the Yeokgok River (27 days, 18.9%), the Togyo
Reservoir (26 days, 18.2%), the Baekma paddy field (23
days, 18.2%), and the Sanmyeong Lake (22 days, 15.4%).
Among the four types of roosting places (reservoir, rice,
paddy, river, and wetland), the most preferred sleeping

places were frozen reservoirs where the bird stayed for 52
days (36.4%). The next preferred sleeping places were paddy fields, where K01 stayed for 36 days (25.2%). In particular, it stayed the longest for 23 days (16.1%) at a paddy
field near the DMR within the CCZ. The third preferred
sleeping places were rivers where the bird stayed for 34
days (23.8%). The wetlands were all located in the DMZ.
They were used by the for 21 days (14.7%). The wetland
habitat was a small-sized wetland with areas of 0.01~0.03
km2 or a palustrine wetland. K01 showed a tendency to
change its roosting sites over time. During the first one
to two weeks upon arrival, it used wetlands in DMZ for
sleeping places. However, up to the 9th week since then,
it had a high tendency to use flooded rice paddies. After
the temperature fell below the freezing point, K01 preferred rivers and reservoirs but avoided frozen paddy fields
and wetlands. In the later period, when the ice started to
melt down, K01 chose wetlands and paddy fields more
frequently. During the day between 8 AM and 6 PM, K01
mainly foraged in rice paddies (Fig. 2). It is well known
that white-naped cranes take post-harvest remained grains
from the paddy fields during the wintering period and prefer vegetable food types compared to red-crowned cranes
(Koo, 1980). Although its movement to feeding sites started around 8 AM, the bird tended to stay in the roosting
sites longer from late December to mid-February when the
temperature was low. The foraging duration was short (8
hours) between December and January or 6 hours when
the temperature was low. After February, the bird stayed in
feeding sites even at 6 PM, with its foraging duration getting longer up to 12 hours. Besides the elongated daytime,
we assume that this might be a behavioral strategy so that
it can store more energy in preparation for the long-distance migration to breeding grounds (Zhou et al ., 2010).
Movement distance
During the overwintering period, K01 moved 10.72 ± 5.12
(SD) km per day on average (n = 140, range, 1.80~26.27
km). From 8 AM to 8 PM, its average daytime movement

Table 1. Frequency of daytime feeding and nighttime roosting sites in four regions used by a GPS-tracked white-naped
crane in Cheorwon, Korea during 2016-2017 wintering season
Frequency

Region

Daytime Feeding site (%)

Nighttime roosting site (%)

Total(%)

SSB
DMR
YGR
HTR

305(46.1)
292(44.1)
23(3.5)
42(6.3)

533(52.5)
325(32.0)
103(10.1)
54(5.3)

838(50.0)
617(36.8)
126(7.5)
96(5.7)

Total

662(39.5)

1015(60.5)

1677(100.0)
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Table 2. Sleeping places, habitat type, and total days spent the night of a GPS tracked white-naped crane in Cheorwon,
Korea during 2016-2017 wintering season

1
2
3
4
5
6
7
8
9
10
11
12
13
14

Sleeping places

Location

Habitat type

Total days spent the night (%)

Woljeong
Pyeonghwa
Seungni
Yeokgok
Seogureung
Sanmyeong 1
Sanmyeong 2
Baekma
Togyoji
Gangsanji
Hantan
Hagalji
Gwanwoori
Hak reservoir

DMZ
DMZ
DMZ
DMZ
CCZ
CCZ
CCZ
CCZ
CCZ
CCZ
CCZ
CCZ
CCZ
Outside

Wetland
Wetland
Wetland
River
Rice paddy
Reservoir
Rice paddy
Rice paddy
Reservoir
Reservoir
River
Reservoir
Rice paddy
Rice paddy

13(9.1)
1(0.7)
7(4.9)
27(18.9)
3(2.1)
22(15.4)
2(1.4)
23(16.1)
26(18.2)
1(0.7)
7(4.9)
3(2.1)
1(0.7)
7(4.9)

Total

143(100.0)

Fig. 2. Habitat type used
at 2-hour intervals for a
GPS tracked white-naped
crane in Cheorwon, Korea
during 2016-2017 wintering
season.
distance was 10.54 ± 5.01 km (n = 140, range, 1.77~24.81
km). Its average nighttime movement distance between 10
PM to 6 AM was 0.18 ± 0.70 km (n = 140, range, 0.02~7.46
km). Average daily total movement distance varied over the
study period (One-way ANOVA, F4,135 =14,67, P < 0.001;
Table 3). During the first 4 weeks, the average daily total
movement distance was 11.9 ± 5.89 km (n = 28) and the
average distance to sleeping places (3.78 ± 4.62km) was
slightly far compared to other periods of 4 weeks (One-
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way ANOVA, F4,135 =2,87, P < 0.05; Table 3). However,
during the second period of four weeks, average distance
to sleeping places decreased (1.34 ± 1.72 km, n = 28), resulting in a shorter average daily total movement distance
(6.33 ± 3.00 km, n = 28). While the average distance to
sleeping places became very short (as short as 1.11 ± 1.48
km, n = 28) during the fourth 4 weeks, the average daily
total movement distance was increased (14.53 ± 4.18 km,
n = 28).
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Table 3. Summary of average movement (± SD) distance of daytime (8 AM to 8 PM), nighttime (10 PM to 6 AM), daily
total, and the distance between the sleeping and the last daytime feeding places of a GPS tracked white-naped crane with
four weeks intervals in Cheorwon, Korea during 2016-2017 wintering season
Period

Daily total***

Distance between the
sleeping and the last daytime
feeding places (km)*

n

Movement distance (km)
n.s.

Daytime***

Nighttime

1st (Oct 25 ~ Nov 21, 2016)
2nd (Nov 22 ~ Dec 19, 2016)
3rd (Dec 20, 2016 ~ Jan 16, 2017)
4th (Jan 17 ~ Feb 13, 2017)
5th (Feb 14 ~ Mar 13, 2017)

11.81 ± 5.90
6.26 ±3.00
8.91 ±3.19
14.11 ±4.22
11.63 ±4.42

0.09 ± 0.06
0.08 ± 0.10
0.08 ± 0.08
0.42 ± 1.40
0.22 ± 0.67

11.90 ± 5.89
6.33 ± 3.00
8.99 ± 3.15
14.53 ± 4.18
11.85 ± 4.79

3.78 ± 4.62
1.34 ± 1.72
2.24 ± 4.08
1.11 ± 1.48
2.97 ± 4.18

28
28
28
28
28

Overall

10.54 ± 5.01

0.18 ± 0.70

10.72 ± 5.12

2.29 ± 3.58

140

† One-way ANOVA
Home range
Home range of K01 was calculated to be 172.30 km2 for
MCP, 159.60 km2 for KDE 95%, 132.48 km2 for KDE 90%,
and 42.45 km2 for KDE 50%). Areas and geographical distribution were varied over the study period (Table 4; Fig.
3). Moreover, despite individual tracking results, K01 inhabited most of the known habitats of white-naped cranes
in Cheorwon (Yoo et al ., 2014b). The reason might be
because K01 belonged to a nonbreeding flock during the
wintering season. The core habitat area (KDE 50%, 59.99
km2) was the most extensive during the first 4 weeks after
arrival. However, during the second 4 weeks, its core habitat area sharply decreased to 5.54 km2 as it slept in flooded
rice paddies within the CCZ and foraged on nearby farmlands. In the third 4 weeks, its core habitat area increased
to 26.28 km2 while moving to other sleeping places. In the
fourth 4 weeks, its core habitat area decreased to 14.81
km2. However, during the fifth 4 weeks between late February and mid-March before northward migration, its core
habitat area again increased significantly to 38.85 km 2.
Its foraging area might have increased due to shortage of
food resources (e.g., remained grains) and competition with
geese species (Zhu et al ., 2020).

Conservation implications
It is known that white-naped cranes select wetlands or
rivers for its roosting sites (Lee et al ., 2001; Pae, 1994;
Yoo, 2004). In the Izumi overwintering sites in Japan,
white-naped cranes mostly take artificial paddy fields as
their feeding and sleeping places (Higuchi et al ., 1996).
Higuchi et al . (1996) have reported that the DMZ in Cheorwon is an important habitat for white-naped cranes. However, their habitat use pattern in Cheorwon could not be
identified because a satellite tracking method (ARGOS PTT)
with a minimum location accuracy of 150 m was used. Yoo
et al . (2011) have revealed that not only wetlands in the
DMZ, but also frozen reservoirs are their important rooting sites based on field observation. Although the present
study was conducted on a single bird, it was the first study
that utilized GPS tracking method to understand spatiotemporal habitat use of a white-naped crane in Cheorwon.
This study found that the most preferred sleeping places in
Cheorwon were frozen reservoirs (Table 2). It can be speculated that the reservoir is a good roosting site because it
provides an open view for surveillance. The reflection from
both snow and ice also help them detect predators. In particular, the reservoirs in CCZ were more preferred because

Table 4 . Summary of home range of a GPS-tracked white-naped crane in Cheorwon at four-week intervals during 20162017 wintering season
Period

Home range (km2)
MCP

KDE 95%

KDE 90%

KDE 50%

1st (Oct 25 ~ Nov 21, 2016)
2nd (Nov 22 ~ Dec 19, 2016)
3rd (Dec 20, 2016 ~ Jan 16, 2017)
4th (Jan 17 ~ Feb 13, 2017)
5th (Feb 14 ~ Mar 13, 2017)

164.88
40.72
81.83
46.10
157.57

231.02
25.55
110.06
62.62
168.23

188.23
20.54
85.84
50.59
135.08

59.99
5.54
26.28
14.81
38.85

Total

172.30

159.60

132.48

42.45
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Fig. 3. Home range of a GPS tracked white-naped crane during 2016-2017 wintering season. Home range was analyzed by
dividing it into 4-week intervals: (a) overall period, (b) Oct. 4 ~ Nov. 21, 2016 (c) Nov. 22 ~ Dec. 19, 2016, (d) Dec. 20, 2016 ~
Jan. 16, 2017, (e) Jan. 17 ~ Feb. 13, 2017, (f) Feb. 14 ~ Mar. 16, 2017.
human access was limited during the nighttime (Yoo et al .,
2014a). However, during the early wintering period (October and November), the reservoir does not freeze. Thus, its
use as a sleeping place was limited. The second preferred
sleeping places were flooded rice paddies because of the
openness for surveillance (Pae, 1994; 2000) and the close
proximity to feeding sites (Yoo et al ., 2011; 2015). Unlike
reservoirs, paddy fields were frequently used in the early
and late winter, while their availability decreased during
mid-winter when water froze or dried. In March, despite
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many disturbances (e.g., vehicle, noise, presence of people, cultivation), K01 used flooded paddy fields outside the
CCZ because these paddy fields were dried out and frozen reservoirs were melted out in the CCZ. Thus, creating
flooded paddy fields in the CCZ in early spring can help
white-naped cranes inhabit this region safely. The river as
the third preferred habitat is wide. It has rapids that do not
freeze. Thus, it was frequently used in January and February. Wetlands in the DMZ were frequently used in October
and November. In this period, DMZ wetlands could provide

PNIE 2021;2(4):285-292
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good resting places while there are lots of anthropogenic
disturbance by harvest in the CCZ. However, cranes rarely
used wetlands in the DMZ during the mid-winter. These
DMZ wetlands are far from feeding sites. They are smaller
in area than rice paddies and reservoirs, making it difficult
to defend against predators. In conclusion, in order to
protect cranes, it is necessary to create and manage various types of habitats at different time periods. In particular, it is important to focus on conservation of habitats
within the CCZ.
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ABSTRACT
The oriental stork (Ciconia boyciana ) is listed as an endangered species internationally. Its resident population has been extirpated
in South Korea since 1971. Its predicted historical habitat included forests (54%), rice paddy fields (28%), grasslands (17%), river-streams (less than 1%), and villages (less than 1%) based on pre-extirpation records in a previous study. However, habitat attributes of recently reintroduced oriental storks since 2015 remain unknown. To examine habitat use patterns and home ranges of
recently reintroduced oriental storks, 2015-2017 tracking data of 17 individuals were used to analyze their spatial attributes with a
Kernel Density Estimate method and breeding status. Their habitat use patterns from peripheral to core areas were highly associated
with increasing rice paddy fields (26%) and decreasing forested areas (55%). Scale-dependent home ranges were 51% smaller for
breeders than for non-breeders on average. Our study results highlight that the habitat use pattern of reintroduced oriental storks
seems to be comparable to the historical pattern where the used area is likely to be more centralized for breeders than for non
-breeders in South Korea. Furthermore, the direction of habitat management for oriental storks should focus on biodiversity improvement of rice paddy fields with chemical free cultivation and irrigation.
Keywords: Ciconia boyciana , Conservation, Habitat use, Localization, Reintroduction

Introduction
The oriental stork (Ciconia boyciana ) is listed as an
endangered species internationally due to its habitat loss
and overhunting in the past (BirdLife International, 2021;
Elliot et al ., 2020). To date, this species has been managed in breeding facilities for captive propagation and
released into reintroduction sites of Yesan County, South
Korea, since 2015. In general, oriental storks forage extensively in cultivation areas, especially rice paddy fields.
They breed in nearby woods in Japan and South Korea
(Kim et al ., 2008; Naito & Ikeda, 2007; Yamada et al .,
2018; Yoon et al ., 2012). Rice paddy fields have been hisReceived June 28, 2021; Revised October 15, 2021;
Accepted October 18, 2021
*Corresponding author: Jongmin Yoon
e-mail migrate2u@nie.re.kr
https://orcid.org/0000-0003-2097-9407

torically man-managed for cultivation. They might provide
oriental storks with suitable foraging habitats as alternative
wetlands for prey sources (e.g., fish, amphibians, aquatic
invertebrates) in South Korea (Yoon et al ., 2012). In general,
rice farming involves rice cultivation irrigation (Feb. to Mar.),
rice planting (Apr. to May), and drainage-harvesting (Sep.
to Oct.) in South Korea. The breeding schedule of oriental
storks has been observed to include egg-laying (Feb. to
Mar.), incubation (Mar.), post-hatching care (Apr. to May),
and fledging (Jun.) in captivity and wildness (see also Yoon
et al ., 2012; 2015). However, it is necessary to examine if
recently reintroduced oriental storks show habitat attributes
similar to those known from historical records.
The present study aims to investigate patterns of habitat
use and home ranges related to beha vioral traits of recently
reintroduced oriental storks since the extirpation in South
Korea in 1971. To date, 38 captive individuals imported
from Russian wildness, Japanese zoos, and German zoos
have been propagated and released into the wild of South

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/bync/4.0), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Korea since 2015 in order to restore the extirpated resident population. However, little scientific information is
available to understand differences between current and
past situations with respect to their habitat use pattern
after reintroduction. Here, we used the first two-year
tracking data of reintroduced oriental storks linked to
some life-history related traits such as breeding status (i.e.,
breeders versus non-breeders) to understand the adaptiveness of recently reintroduced oriental storks as residents
in the current environment of South Korea.

Materials and Methods
There are 118 captive oriental storks managed in breeding facilities of South Korea. Of them, 86 storks have been
released into recovery sites of Yesan County (36°36’32”N,
126°48’05” E) since 2015. Captive storks have managed
in two breeding facilities: Ecological Institute for Oriental
Stork, Korea National University of Education (36°36’15” N,
127°21’33” E) and Yesan Oriental Stork Park (36°32’32” N,
126°48’42” E) in South Korea. The main function of these
two facilities is to pursue captive propagation, reintroduction, and habitat management towards eco-friendly rice
paddy fields with artificial nest platforms since 1996 (Park
& Cheong , 2002; Park et al ., 2011). We collected point
data from 17 oriental storks during the two-year tracking

period (Sep. 2015 to Sep. 2017). Trackers (WT-300, KoEco,
South Korea) were attached to the back of each released
individual. These trackers weighed 62 g (less than 3% of
the body weight). We used an average of 4,391-point
data for each individual depending on the tracker’s condition and individual mortality (Table 1).
To document characteristics of habitat use and home
ranges of recently reintroduced oriental storks, tracking
data were analyzed to control each individual. We pre-selected seven land cover types known to be related to the
occupancy of oriental storks based on several literature
surveys (Ezaki & Sagara, 2014; Kim, 2009) and our observations of rice paddy fields, riversides, reservoirs, coastal areas, forests, residential areas, and roads in land cover
maps (National Geographic Information Institute, South
Korea). We managed and analyzed positioning and raster
data using ArcGIS ver. 10.1 (ESRI) with the extension of
Hawth’s Tools. Averaged land cover attributes within home
ranges by each Kernel’s volume contour (i.e., from 90% in
the most periphery to 10% in the most core) were calculated using a Zonal Analysis tool in ArcGIS, resulting in the
production of seven raster data (30 m x 30 m in cell size)
in the geological extent of South Korea. Here, scaling factors of Kernel’s parameter were set to have a value of 10
with a smoothing factor (h = 0.5) in Hawth’s tools. Habitat
use (i.e., percent land cover) was examined as functions of

Table 1. Tracking list of 17 oriental storks Ciconia boyciana reintroduced into South Korea
ID

Sex

Hatch
year

Released
(mm/yy)

Breeding status*

Tracking period
(mm/yy to mm/yy)

A01
A02
A04
A27
A33
A35
A37
A81
A83
A85
A89
A99
B01
B02
A05
A08
A30

Male
Female
Female
Male
Female
Male
Female
Female
Male
Female
Male
Male
Male
Male
Male
Female
Female

2013
2013
2013
2013
2016
2016
2016
2017
2017
2017
2007
1996
2015
2015
2013
1999
2013

09/15
09/15
09/15
09/15
07/16
07/16
07/16
05/17
05/17
05/17
07/16
05/16
09/15
09/15
09/15
05/16
09/15

N
N→B
N→B
N →B
N
N
N
N
N
N
N→B
N
N
N
N→B
N
N→B

09/15 to 09/17
09/15 to 04/17
10/15 to 09/17
09/15 to 09/17
08/16 to 12/16
08/16 to 02/17
08/16 to 07/17
07/17 to 09/17
08/17 to 09/17
08/17 to 09/17
08/16 to 09/17
06/16 to 03/17
09/15 to 08/17
09/15 to 11/15
09/15 to 05/17
06/16 to 07/16
09/15 to 09/16

Number of
data points
9,044
7,468
4,706
9,104
2,210
2,701
4,671
1,237
873
934
5,398
3,924
8,902
1,005
6,980
768
4,728

* Breeding status indicates non-breeding (N) or breeding (B) status of an individual. Arrow (N→B) represents the transition
from a non-breeding status to a breeding status during the tracking period.
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habitat type, Kernel’s volume contour, and two-way interaction. Home range size (ha) was inspected as functions
of reproductive status (breeding versus non breeding),
Kernel’s volume contour, and two-way interaction. Here,
we examined changes in habitat attributes and home
range sizes with respect to decreasing spatial scales instead
of an arbitrary fixation of Kernel’s volume contour. All statistical analyses were performed with SPSS ver. 16 (SPSS
Inc., Chicago, IL, USA). We did not need to transform any
variables to meet model assumptions.

Results
Reintroduced oriental storks exhibited a significant
pattern of habitat use (mixed model: HABITAT F 6, 805 = 81.53,
P < 0.001; KERNEL F 1, 805 < 0.001, P = 1.00; HABITAT X KERNEL F
6, 805 = 3.99, P < 0.01; Fig. 1). Specifically, habitat use of
orienting core areas (10%) from peripheral areas (90%)
(i.e., decreasing Kernel’s volume contour) was highly associated with increasing rice paddy fields (overall 25.5%;
slope estimate = 0.14 ± 0.05, P < 0.01) and decreasing
forested areas (54.8%; slope estimate = -0.09 ± 0.05, P
= 0.09). However, it was not associated with river (7.1%),
coastal area (i.e., mudflats; 6.9%), reservoir (2.2%), residential area (2.2%), or road (1.2%). Home ranges of oriental storks were likely to depend on breeding status (Fig . 1
and 2). The area of home range by Kernel’s volume contour was relatively smaller for breeding individuals than
for non-breeding individuals (mixed model: KERNEL F 1,102 =
108, P < 0.001; BREED F 1,66.8 = 4.13, P = 0.05; KERNEL X BREED
F 1,102 = 19.26, P < 0.001). Calculated home range decreased with Kernel’s volume contour (%) at a lower rate
for breeding individuals (slope estimate = 248.28 ± 21.08)
than for non-breeding ones (slope estimate = 611.20 ±
74.36). The former (8,120.81 ± 2,197.71 ha) was approximately 51% smaller than the latter (15,889.39 ± 2,034.68
ha; see Fig. 2).

Fig. 1. Changes in percent of land cover types (forest, rice
paddy field, riverside, coastal, reservoir, residence, and road)
as a function of Kernel’s volume contour (90 to 10 %) used
by 16 reintroduced oriental storks (Ciconia boyciana ).

Discussion
The present study used the first two-year tracking data to determine spatial patterns of habitat use and home
range of oriental storks recently reintroduced to the past
breeding environment of South Korea presumably perceived as a new wildness. Our results indicated that habitat use was likely to be centralized to rice paddy fields (Fig.
1) where breeders appeared to be more localized than non
-breeders (Fig. 2). Here, we would like to discuss about
which degrees of historical and reintroduced oriental
storks have a potential to possess some characteristics of
comparable habitat use between extirpated and reintroduced ones in South Korea.

https://doi.org/10.22920/PNIE.2021.2.4.293

Fig. 2. Differences in home ranges (ha) of reintroduced
oriental storks as a function of Kernel’s volume contour
(90 to 10 %) with breeding status (i.e., breeding versus non
-breeding). Here, six individuals out of 13 shifted their status
from non-breeding to breeding during the tracking period.
Kim et al . (2008) have produced basic data for developing
habitat suitab ility in relation to historical breeding sites (i.e.,
Gyeonggi and Chungcheong Counties in 1970s) of oriental
storks, emphasizing the portion of rice paddy fields as forag-
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ing sites. In the past, breeding sites were approximated to
rice paddy fields (ca . 30 m apart), river-streams (1 km),
reservoirs (55 m), and villages (144 m) where they included some nesting trees for breeding. Specifically,
habitat attributes of breeding oriental storks showed a
mixture of forests (54%), rice paddy fields (28%), and
others. A significant difference was found between ten
breeding sites and 93 randomly selected sites. Our results showed habitat attributes of forest (55%), rice
paddy fields (26%), and other land covers, comparable
to results of the previous work.
In general, rice paddy fields play a more important
role in providing foraging habitat than other land covers for reintroduced oriental storks in South Korea and
Japan (Kim et al ., 2008; Naito & Ikeda, 2007; Yamada et al ., 2018; Yoon et al ., 2012). Oriental storks are
also globally known to use marsh habitats with scattered clumps of trees, wet grassland, and/or riverbanks
in surrounding woodlands (Elliott et al ., 2020). They
tend to forage in various natural wetlands such as reed
swamps and open water areas with water depth of 2030 cm (Zhou et al ., 2013). Some evidence also suggests
that oriental storks can adapt to more anthropogenic
areas with management in Russia (see also Elliott et al .,
2020). Regarding the habitat use of breeding oriental
storks in 1970s, the surrounding environment of their
nests (i.e., within a radius of 5 km close to 8,000 ha)
included mixed land covers of forest (54%), rice paddy
fields (28%), grassland (17%), river (< 1%), and village (<
1%) (Kim et al ., 2008), comparable to our findings for
recently released oriental storks. In the present study,
we examined changes in habitat attributes as a function
of Kernel’s volume contours (i.e., 90 to 10%) with respect to decreasing spatial scales instead of an arbitrary
fixation. This method might allow us to clarify which
spatial attributes are more centralized than others (e.g.,
increasing rice paddy fields versus decreasing forested
areas; low percentages of other spatial attributes lacking
variations; see Fig. 1). The alternative approach using
scaledependent Kernel’s volume contours might provide
better resolution for understanding their key habitat requirements (i.e., rice paddy fields). However, it is worth
noting that the habitat of oriental storks includes more
forested areas than rice paddy fields in both past and
present observations, which should be clarified for their
habitat management. Forested areas (54%) surrounding rice paddy fields (28%) are usually patched and islet typed hills in South Korea, which might have also
played a role in their perching, roosting, and nesting
in the past. Nevertheless, artificial nest towers, utility
poles, and/or power-line tower for vigilance, roosting,
and nesting purposes may now work as substitutes for
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tall trees in pre-extirpation habitats of oriental storks.
The reproductive status (i.e., breeding versus
non-breeding) of oriental storks appeared to be related
to home range size. Breeders might be more localized
than non-breeding ones (Fig. 2). This pattern is potentially linked to the case that breeding storks require remaining in fixed localities to incubate eggs and provide
post-hatching chicks until fledging, resulting in smaller
home ranges with lower movements with some territoriality than non breeders (Newton, 2011). That is, seasonal variation in space use appears to match with the
schedule of rice farming. This means that reintroduced
oriental storks in reproduction are likely to depend on
rice cultivation areas. Future direction of habitat management for oriental stork conservation should focus on
biodiversity improvement within eco-friendly rice paddy
fields through chemical-free cultivation and four-season
irrigation.
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ABSTRACT
This study aimed to determine the applicability of drones and air quality sensors in environmental monitoring of air pollutant emissions by developing and testing two new methods. The first method used orthoimagery for precise monitoring of pollutant-emitting facilities. The second method used atmospheric sensors for monitoring air pollutants in emissions. Results showed that ground
sample distance could be established within 5 cm during the creation of orthoimagery for monitoring emissions, which allowed for
detailed examination of facilities with naked eyes. For air quality monitoring, drones were flown on a fixed course and measured the
air quality in point units, thus enabling mapping of air quality through spatial analysis. Sensors that could measure various substances were used during this process. Data on particulate matter were compared with data from the National Air Pollution Measurement
Network to determine its future potential to leverage. However, technical development and applications for environmental monitoring of pollution-emitting facilities are still in their early stages. They could be limited by meteorological conditions and sensitivity of
the sensor technology. This research is expected to provide guidelines for environmental monitoring of pollutant-emitting facilities
using drones.
Keywords: Air pollutants, Drones, Environmental Monitoring, Particulate matter, Pollution-emitting facilities

Introduction
Environmental monitoring is important for determining discharge levels of environmental contaminants and
illegal operations of pollutant-emitting facilities. Monitoring can prevent environmental contamination, thereby
supporting conservation efforts. Pollutant-emitting facilities are sometimes involved in discharge accidents, which
can cause property damage and threaten human life.
Therefore, it is extremely important to monitor these facilities. However, illegal activities of facilities have evolved
diversely, making it challenging to monitor their activities
in a timely and effective manner. In addition, manpower
and funding required for environmental monitoring are
insufficient, leading to enforcement of environmental laws
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through adoption of “Selection and Concentration” for
higher efficiency of environmental monitoring (Son et al .,
2017).
Environmental monitoring mainly targets corporations
and facilities that discharge various media into the environment, including contaminated air and water, waste,
and chemicals. The monitoring covers sampling, documentation inspection, and facility and equipment inspections to confirm whether the entity has abided by or disobeyed regulations. Environmental monitoring is mostly
conducted by local governments, although the Republic
of Korea Ministry of Environment conducts special monitoring when required.
Environmental violations have recently become more
discreet and intellectual. They mostly involve corporations, regardless of size, that discharge contaminants beyond confines of legal obligations or standards through
abnormal operations of their facilities. In the environmental realm, in which violations occur through complicated causes and processes, it is difficult to expose and
prove the crime on time without the support of environ-
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mental monitoring by personnel with subject matter expertise and technology.
To constantly monitor evolving environmental pollution activities, it is essential to secure equipment such as
drones and sensors that can measure on-site pollutant
levels while tracking illegal activities. However, current
environmental monitoring groups and local governments
only have rudimentary equipment, which limits their ability to identify illicit activities. Some discharging facilities
use CCTV to disrupt enforcement and/or continuously
discharge contaminants illegally at night, making it challenging to collect physical evidence of their illicit activities.
Drones have recently become more accessible for research and monitoring in several fields. They could also
be used to monitor pollutant-emitting facilities. Many
more factors should be considered when using drones to
detect and collect air pollution contaminants compared
to a general flying technique of drones. When setting
a flying technique, air quality disturbance and sensing
data errors resulting from the rotary-wing movement
of the drone need to be considered. Villa et al . (2016)
have quantified the surrounding atmospheric disturbance from drone propellers to determine the extent of the
done propeller’s effect in up-down, left-right, and frontrear directions.
As for drone-based air quality measurements, previous studies have measured vertical profiles of air quality
concentration changes and effects at different altitudes
(Tao et al ., 2007; Wu et al ., 2002). Most studies based on
air pollutants generated on the ground have found that
the air quality profile is decreased when the altitude is
increased. Recent studies have also investigated vertical
profiles of contaminants such as particulate matter (PM)
(Alvarado et al ., 2017; Lee, 2018; Lu et al ., 2016) and con-

centration profiles of contaminants from roads (Villa et
al ., 2017; Weber et al ., 2017). The aim of this study was
to determine the potential for the development and application of an environmental monitoring methodology
using drones to monitor pollutant-emitting facilities.

Materials and Methods
The objectives of this study were: 1) to develop an environmental monitoring methodology using drones for effective monitoring of constantly evolving emissions and
environmental crimes, and 2) to determine the feasibility
of applying the developed methodology. Two methods
were tested in this study for atmospheric environmental
monitoring using drones: 1) the use of orthoimagery for
precise monitoring of pollutant-emitting facilities; and 2)
the use of atmospheric sensors for monitoring air pollutants in emissions (Table 1).
Target areas for this study were industrial complexes
located in metropolitan cities of Busan and Daejeon, Korea. Industrial Complex A was located in Busan, covering
a total area of 885,247 m2. Industrial Complex B was located in Daejeon, covering a total area of 3,113,699 m2.
Precise monitoring of pollutant-emitting facilities
through orthoimages
Drone-based orthoimagery is a highly suitable environmental monitoring system. One of its greatest strengths is
that the flight schedule can be modified depending on the
objective. Previously, orthoimages were mostly produced
using satellite or aircraft imagery. Although raster data
from satellite and aircraft imagery can provide information
over a wide area, they are limited in collecting information
at a fine temporal and spatial scale and continuously in
short time frames. The spatial resolution ranges from 11 cm

Table 1. Areas subjected to drone monitoring
Dates
Aug. 28-29, 2017

Area

Dates
Aug. 28-29, 2017

Industrial Complex
A (Busan)

High-resolution
Orthoimagery

Mar.12, 2018
Apr. 3, 2018

Method

Industrial Complex
B (Daejeon)

Area
Industrial Complex
A (Busan)

Jan. 31 – Feb. 1, 2018
Mar. 13, 2018
Apr. 3, 2018
Apr.10, 2018

Method

Industrial Complex
B (Daejeon)

Emission monitoring
of air pollutants

Apr. 3 – May 17, 2019
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to 1 m, which limits the ability to decipher objects depending on the task required. Domestic orthoimagery technology has become sophisticated during the shift from analog
to digital methods, which have been produced through
satellite and aircraft imagery. However, its meteorological
constraints and high costs make it challenging to produce
spatial information in a timely manner. Therefore, there
has been more interest in establishing prompt and precise
3-D spatial information using unmanned aerial systems at
an affordable cost.
In this study, a medium-sized DJI Inspire one pro drone
and a small-sized Mavic Pro drone were used to produce
orthoimages. An optical camera was used to shoot target sites and deliver images. Collected images were then
matched and consolidated to form a high-resolution map
of industrial complexes.
Air pollutant emission monitoring through air sensors
Air sensors and collectors were attached to drones to
detect and collect air contaminants. These sensors were examined prior to flight to ensure their reliability. They were
installed in the vicinity of the NAPMN to compare data.
Additionally, portable PM measuring instruments (TSI instruments) with a similar level of accuracy to the NAPMN
were used indoors and outdoors for comparison. The module with a PM sensor was initially tested. This is because
PM has become a major issue recently. Drones equipped
with these sensors and air sample collectors were specifically designed for this study. These drones then automatically
flew a preset flight route within industrial complexes and
factory-concentrated areas expected to emit air contaminants for monitoring contaminants in the air above study
sites. A flight controller (FC) with autopilot capability was
attached. Flight path was set prior to taking off. Air contaminants could be detected by sensors during flight. Readings

were relayed to a ground control system (GCS) for real-time
verification.
Collection of air contaminants was also possible with
air sensors. When air samples were collected at particular
points, they were brought back to the ground for analysis
to determine the precise concentration or level. Air sample collection points were automatically geotagged by the FC, which saved its coordinates to determine its precise
location. The air contaminant concentration could also be
determined from orthoimages in centimeters together with
overlap analysis. A DJI’s M600 drone and an air sensor
DR1000 (Sentroid) were used for this operation. Air sensor
collection by DR1000 was divided into enclosures A and B
within each industrial complex. Enclosure A was used to
measure NO2, VOCs, PM, SO2, and CH20. Enclosure B was
used to measure CO, CO2, H2S, HCL, and NH3. It could be
used for about 3 hours on a single charge. A high-frequency antenna and a Wi-Fi module were installed in the GCS.

Results and Discussion
Precise monitoring of pollutant-emitting facilities
through orthoimages
Flight altitude, image overlap, ground sample distance
(GSD), and so on were identified through high-resolution
orthoimages of industrial complexes and pollutant-emitting facilities. This enabled the development of an optimal
drone flight to conduct environmental monitoring within
an industrial complex. The accuracy of the orthoimage was
based on its flight.
Environmental monitoring through orthoimages involves the analysis of orthoimages based on time series data and detection of sites confirmed or suspected to cause
environmental pollution. An efficient environmental monitoring system can reduce the spatial range of environmental

Table 2. Variables derived from orthoimages of Industrial Complexes A and B
Location
Drone
Camera
Flight Distance
Flight Time
Altitude
Imagery Overlap
Imageries
GSD

300

Industrial Complex A (Busan)
Mavic Pro
3608m
9’ 42”
100m
80%
178
4cm

Inpire 1
Zenmuse X5
5709m
15’ 20”
100m
80%
228
4cm

Industrial Complex B (Daejeon)
Inpire 1
Zenmuse X5
1757m
5’ 4”
70m
80%
131
4cm

Inpire 1
Zenmuse X5
1423m
4’ 50”
70m
80%
71
4cm

Inpire 1
Zenmuse X5
3297m
9’ 10”
70m
80%
232
4cm
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enforcement and investigations.
All orthoimages from target sites were accurate enough
to provide naked eye confirmation of specific facilities
within industrial complexes. This was possible because the
GSD of most orthoimages was lower than 5 cm. For Industrial Complex A in Busan, the flight time of a smallsized drone was approximately 9 min at an altitude of 100
m. The flight variable of imagery overlapping at 80% was
attained with a total of 178 images and a GSD of 4 cm.
In other words, it took approximately 10 min to fly above
an industrial complex with an 885,247m2 area to collect
enough images for producing an orthoimage. After which,
an overall and specific map of the area could be drawn up
in 20 min. In the case of Industrial Complex B in Daejeon,
safety and security constraints only allowed imagery and
analysis of 10% of the overall complex. Overall orthoimagery results for the two study sites are listed in Table 2.
Air contaminant emission monitoring through air
sensors and collection devices
Air quality analysis utilizing drone-mounted sensors involved drone and sensor selection, sensor calibration and
validation, air contaminant measurement through flight,
and data analysis. Study results revealed that PM10 and
PM2.5 measured with air sensors tended to be lower than
those measured with the NAPMN sensor installed on the
roof of the Daejeon Institute of Health and Environment
located in Gooseong-dong, Korea. This might be because

approximately a meter-long inlet was connected to a pump
when conducting outdoor measurements or attaching to
a drone. For this particular research, an indoor sensor and
a hose over two mas an inlet were used, which might have
lowered PM10 and PM2.5 values.
After comparing values collected by the drone with
those measured with the NAPMN, a comparative experiment was conducted in the Korea Environment Institute
(KEI) for indoor and outdoor environments to compare
drone, NAPMN, and a TSI Aerosol Monitor equipment.
TSI measures PM through light scattering, similar to the

Fig. 1. Comparison of drone and air sensor.

Fig. 2. Comparison
of results of drone air
monitoring sensors in
indoor and outdoor
environments.
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drone’s air monitoring sensors. Although the accuracy
of a TSI is lower than that of the NAPMN, it is in accordance with the beta-ray measurement. Thus, it was selected as a comparative test equipment. The comparison
of indoor and outdoor environments was conducted at
the KEI rooftop (outdoors) and its conference room (indoors). PM was periodically and artificially generated by
burning incense to confirm detection by the sensor. The
conference room was vented (Fig. 1).

Comparative results for drone air monitoring sensors and
the TSI equipment showed a correlation of 1:0.88 between
the two devices. They also showed strong negative correlations with temperature and humidity. However, humidity
showed low correlations with the air monitoring TSI equipment and drone air monitoring sensors. On the other hand,
the air monitoring TSI equipment and drone air monitoring
sensors showed almost no correlation with temperature (Fig.
2).

Fig. 3. Air quality and mapping for Industrial Complex A (Busan).

302

PNIE 2021;2(4):298-304

Monitoring Air Pollutants with Drones

Air contaminant emission monitoring for Industrial
Complex A in Busan was conducted in two areas (Fig. 3).
Residential areas were covered by Enclosure A, with a total
of 15 different points. Nitrogen dioxide and volatile organic compounds (VOCs) showed unreliable values due to
flight execution prior to sensor stabilization. Sulfur dioxide was not detected because of sensor errors, although its
presence was known. Average values of PM2.5 and PM10
were 160.153µg/m3. PM2.5 and PM10 values were higher
while nitrogen dioxide values were lower using air sensors
than those measured with the NAPMN closest to the target ai r contaminant emission area being monitored. VOCs
could not be compared because they were not monitored
by NAPMN.
The drone was flown through Enclosure B. A total of 50
different points were monitored. Ammonia was not detected
This could be due to sensor errors. Average concentrations
of carbon monoxide, carbon dioxide, and hydrogen chloride were 4.57488, 52.22026, and 0.40584 ppm, respectively.
Some areas within Industrial Complex B in Daejeon were
subjected to testing for PM within sensor A at altitudes of

50 and 100 m (Fig. 4). Batteries of a drone and the sensor
module limited the time for deployment. Therefore, monitoring was conducted over two days. The distance between
Industrial Complex A in Busan and the local NAPMN was
large, making it unfeasible to compare data collected by
the drone with those collected by the NAPMN. However,
in the case of Complex B in Daejeon, a local NAPMN was
installed nearby (5 km), making it easier to confirm the accuracy of the sensor.
Monitoring results revealed that average PM2.5 and
PM10 levels at an altitude of 50 m were 5.42µg/m3 and
6.19µg/m3, respectively. These average values at an altitude of 100 m were 6.19m3 and 10.41µg/m3, respectively.
PM2.5 and PM10 concentrations at both altitudes were
lower than those measured by the NAPMN. According to
altitude, PM2.5 showed a tendency to increase in concentration as altitude increased, while PM10 showed a
decrease in concentration as altitude increased.

Conclusions
This study was conducted to determine the poten-

Fig. 4. Air quality
and mapping for
Industrial Complex
B (Daejeon).
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tial of utilizing drones and air monitoring sensors to facilitate environmental monitoring of pollutant-emitting
facilities. Results showed that environmental monitoring
through orthoimagery enabled monitoring with naked
eyes. In addition, the condition and status of facilities
could be determined and air qualities within and surrounding pollutant-emitting facilities could be measured
in real-time. This study also identified some positive and
negative implications for drone-based monitoring of
emission facilities. Utilizing drones allows for flexible atmospheric environment monitoring. It can eliminate temporal and spatial constraints of satellite and aerial images. For example, a smokestack from a pollutant-emitting
facility is difficult for a person to approach and emission
timeframes cannot be set. However, the use of drones
can help mitigate this issue by monitoring air pollutant
emissions at a particular time and location. In addition,
using drones enables mapping of the atmospheric environment which can play an important role in conservation and spatial decision-making, such as local planning
and urban planning. Drones also allow for mapping in
2-D and 3-D at the required point and space. The precise
data collected through drones can also facilitate modeling with a higher precision through machine learning and
high-level data analysis.
Athough utilizing drones for environmental monitoring of emission facilities has shown much promise, it is
still in its infancy. Meteorological conditions still limit
drone use. Sensor technology centered on PM can also
be a limiting factor. The establishment ofalegal and institutional foundation, along with further technological
development of sensors, will facilitate the active employment of drones in the field of environmental monitoring.
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(2) Materials and Methods
Study materials and methods should be described in the
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results in relation to the purpose of the study. The shortcomings and limitations of the study must also be mentioned.
(5) Author Contributions
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of all contributions to their manuscript. Each author’s
contribution should be described in brief, to appear immediately before the references. Authorship credit might
include contributions to concept/design, acquisition of
data, data analysis/ interpretation, drafting of the manuscript, critical revision of the manuscript and approval
of the article. Contributors who do not qualify as authors
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(6) Conflicts of Interest
The authors must disclose any potential conflicts of interest possibly influencing the research or interpretation of
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5) Tables
Tables should be self-contained and complement, but not
duplicate, information contained in the text. Number
tables consecutively in the text in Arabic numerals. Type
tables on a separate page with the legend above. Legends
should be concise but comprehensive – the table, legend
and footnotes must be understandable without reference
to the text. Vertical lines should not be used to separate
columns. Column headings should be brief, with units of
measurement in parentheses; all abbreviations must be
defined in footnotes. Footnote symbols: †, ‡, §, ¶, should
be used (in that order) and *, **, *** should be reserved for
P-values. Statistical measures such as SD or SEM should
be identified in the headings.
6) Figure legends
Type figure legends on a separate page. Legends should
be concise but comprehensive – the figure and its legend
must be understandable without reference to the text. Include definitions of any symbols used and define/explain
all abbreviations and units of measurement
(1) Figures
All illustrations (line drawings and photographs) are classified as figures. Figures should be cited in consecutive
order in the text. Figures should be sized to fit within the
column (80mm), intermediate (110 mm) or the full text
width (167 mm). Do not embed figures in the Word document – they must be supplied in separate files. Figures
must be supplied as high resolution (at least 300 d.p.i.)
files, saved as .eps or .tif. Line figures should be supplied
in .eps format as at least 600 d.p.i. For very simple line
figures, .xls and .ppt files will be accepted. Combination
figures (with an image and text) should be in .eps format
as at least 600 d.p.i. They can be supplied as.tif files but
if so should be at least 600 d.p.i. and line work
should not appear jagged. Line figures should be supplied
as sharp, black and white graphs or diagrams, drawn professionally or with a computer graphics package. Lettering
must be included and should be sized to be no larger
than the journal text. Magnifications should be indicated
using a scale bar on the illustration.
7) Appendices
Appendices will be published after the references. For submission they should be supplied as separate files but referred
to in the text.
8) Supporting Information
Supporting information is information that is not essential to
the article but that provides greater depth and background. It is
hosted online, and appears without editing or typesetting. It may
include tables, figures, videos, datasets, etc.

9) Other Manuscript formats
General guidelines are same as for original articles.
(1) Case Reports
Unique cases that make an important teaching point or
scientific observation may be suitable for case report. Abstract should be written in English within 150 words in
one paragraph. This should consist of title page, abstract,
text (including Introduction, Case Report, and Discussion),
acknowledgments, conflicts of Interest, references, tables,
figures, and figure legends.
(2) Review Articles
Review Article is expected to be focused discussion of
defined topics relevant to the scope of PNIE. General remarks are same with original article. Manuscripts include
a Title page (with a running title), Abstract and Keywords,
Text, References, Tables, and Figures. Abstract should be
written in English within 150 words in one paragraph.
The text can be written in free style. The review articles
should be submitted in the same way as regular papers
and received the same review process.
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