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Abstract

Backgrounds: The main purpose of this research was to assess changes in vegetation structure, wetland index, and
diversity index for a 15-year-old created wetland in Jincheon, South Korea. The created wetland consists of four
sub-wetlands: a kidney-shaped wetland, a ditch, an ecological pond, and a square wetland. Vegetation and water
depth data were collected at each site in 1999 and 2013, and Shannon diversity and wetland indices were calculated.

Results: The total number of plant species increased from 18 in 1999 to 50 in 2013, and the ecological pond in 1999
and the ditch in 2013 presented the highest diversity indices (2.5 and 3.2, respectively). Plant species were less diverse
in 1999 than in 2013, presumably because these initial wetlands were managed periodically for water purification and
installation of test beds. The proportion of wetland plants, including obligate wetland and facultative wetland species,
decreased from 83 to 56%, whereas upland plants, including obligate upland and facultative upland species, increased
from 17 to 44%. After ceasing water supply, water depth in all four sub-wetlands declined in 2013. Thus, upland plants
established more readily at these sites, resulting in higher diversity and lower wetland indices than in 1999.

Conclusions: The major floristic differences between 1999 and 2013 were an increase in the number of upland plants
and a decrease in wetland species. Although wetland indices were lower in 2013, the created wetland performed
important ecosystem functions by providing habitats for wetland and upland plants, and the overall species diversity
was high.

Keywords: Wetland creation, Ecological succession, Water depth, Wetland plants, Wetland index, Shannon diversity
index, Species diversity

Background
Wetlands have various functions such as nutrient transpor-
tation, clean water supply, habitats for flora and fauna, sedi-
ment deposition, and buffers to climate changes (Hsu et al.
2011; Mitsch et al. 2012). Created wetlands are artificially
designed and constructed to remove wastewater contami-
nants (Hsu et al. 2011) and serve not only as mitigation
wetland to compensate for wetland habitat loss (Mitsch
and Day 2006) but also as a pollutant treatment system for
the removal of surface runoff (Mitsch et al. 2005; Vymazal
2013). These treatment systems are devised to mimic
natural wetland systems by applying wetland plants, soils,
and microorganisms to eliminate contaminants from

wastewater effluents (Kivaisi 2001). In addition, assem-
blages and richness of waterfowl are influenced by charac-
teristics of created wetlands (Choi et al. 2015). Thus,
created wetlands attract much research interest.
Wetland plants are considered as either obligate or

facultative wetland species, according to wetland delinea-
tions; are either partially or completely submerged in
water during at least one stage of their growth; and must
regularly encounter and tolerate anaerobic soils (Tiner
1991; Mitsch et al. 2012). Macrophytes are widely
regarded as the main biological components of wetlands.
They assimilate pollutants, act as catalysts for water purifi-
cation (Hadad et al. 2006), and affect biodiversity in
created wetlands (Hsu et al. 2011). Thus, due to their
important roles in created wetlands, it is essential to inves-
tigate the composition and role of wetland plants.
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Hydrological conditions are probably the most import-
ant determinant of the type of wetland that can be estab-
lished and the wetland processes that can be maintained
(Mitsch and Gosselink 2000). In addition, the water re-
gime is a crucial factor that determines the spatial-tem-
poral diversity of wetland plants and also affects the
richness and composition of plant communities (Makkay
et al. 2008; Baart et al. 2010). Elements of the water re-
gime include water depth, precipitation duration, rainfall
frequency, and periodic cycle of wet and dry seasons
(Rea and Ganf 1994). In particular, water depth is an im-
portant factor affecting species composition and plant
community formation (Casanova and Brock 2000) and is
a critical determinant of plant species diversity (Chen et
al. 2006).
In wetlands, changes in floristic composition usually

result from (1) the devastation of existing vegetation by
pathogens, herbivores, or human activity; (2) changes in
environmental conditions of habitats such as fluctua-
tions in water depth or nutrient levels; (3) interactions
among plants via symbiosis or competition; and (4) inva-
sion of aggressive species (van der Valk 1981). Wetland
succession involves floristic change as a function of time,
and a spatial separation by water depth (Odland and del
Moral 2002). Mitsch et al. (2012) concluded that plant
richness in created wetlands undergoes the greatest in-
crease in the first 5 years after creation. Meanwhile, Cole
et al. (2013) found that plant communities should be
monitored for longer than 5 years because changes re-
main ongoing, and long-term monitoring of created wet-
lands is needed to investigate trophic structure, nutrient
flow, and the self-perpetuating processes of ecosystems
(Moore et al. 1999).
Despite the importance of created wetlands, scientific

understanding of their long-term succession is lacking
(Mitsch et al. 2005). In South Korea, short-term studies
(3–4 years) on created wetlands have been conducted,
but longer-term studies for 10 years or longer are scarce
(Kim and Myung 2008; Kim et al. 2011; Son et al. 2015).
It is important to monitor the settlement patterns and
changes in wetland plants after construction of wetlands.
The purpose of this study was to compare the floristic
changes in vegetation composition and wetland indices
due to natural succession over a 15-year period in a cre-
ated wetland in South Korea.

Methods
Site description
This study was conducted at a created wetland of the
Assum Ecological Systems INC. (36° 52′ 33.02″ N, 127°
27′ 09.48″ E) in Jincheon, South Korea, which was built
for water purification tests in 1998 (Fig. 1). The length,
width, and area of the wetland are ~ 40 m, 70 m, and
3000 m2, respectively, including four sub-wetland systems:

a kidney-shaped wetland, a ditch, an ecological pond, and
a square wetland.
The kidney-shaped wetland is in the northern part of

the research site and is ~ 9 m long by 1.5 m wide. The
oval-shaped (almost circular) ecological pond has a
diameter of ~ 25 m and is located in the center of the
research site. The curved ditch lies next to the kidney-
shaped wetland, continues to the nearby ecological
pond, and is 37 m long and 0.7 m wide. The square wet-
land consists of two square wetlands constructed out of
concrete, located on the east side of the wetland, with a
length of 10 m. The water purification system, which
uses wetland plants, requires the use of a test bed before
application to the field, and these four sub-wetlands
were established and operated for this purpose. How-
ever, water transfer/supply and maintenance of water
depth ceased in the early 2000s, and the wetlands have
experienced natural water depth fluctuations since then,
resulting in natural vegetation changes.

Vegetation survey and data analysis
The first vegetation survey was conducted in October
1999, at 1 year after construction. We re-surveyed the
vegetation in the created wetland 15 years later in May
2013. Species were monitored while walking through the
research sites, and a list of plant species was recorded.
Some species that were difficult to identify were col-
lected and confirmed in the laboratory. The identifica-
tion, naming, and classification of plant species were
performed with reference to the Coloured Flora of Korea
(Lee 2003), the Korean Plant Names Index (www.na-
ture.go.kr), and the New Illustrations and Photographs
of Naturalized Plants of Korea (Park 2009). Plants were
categorized as obligate upland (OBU), facultative upland
(FACU), facultative (FAC), facultative wetland (FACW),
or obligate wetland (OBW) species following the field
guide entitled “Categorizing Vascular Plant Species Oc-
curring in Wetland Ecosystems of the Korean Peninsula”
(Choung et al. 2012; Choung et al. 2015).
The wetland vegetation distribution in 1999 and 2013

was mapped using aerial images (http://map.daum.net/).
After marking the boundaries of vegetation zones using
aerial photographs, boundaries and types of vegetation
were directly recorded. To investigate plant community
structure, line-transect analysis was performed at the
four sub-wetlands in 1999 and 2013. To reduce experi-
mental error, two researchers carried out the surveys in
both 1999 and 2013. The direction of transects in each
wetland are shown in Fig. 1. Each transect included 9–
10 quadrats, and the coverage of each species was not
distorted where the vegetation changed suddenly; hence,
the 0.5 m × 0.5 m quadrat was placed on the right side
of the transect. Water depth in each quadrat was mea-
sured and averaged using a meter stick.
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The importance value (IV) was determined for each
species (importance value = relative cover + relative fre-
quency) as described previously (Schlising and Sanders
1982), and diversity was calculated using the Shannon
diversity index (Shannon and Weaver 1949). We evalu-
ated changes in wetland index for the four sub-wetlands
over time using the community type wetland index
(CTWI) (Son et al. 2015; Chu et al. 2016), which can be
effective for monitoring sites or comparing sites with en-
vironmental differences (Coles-Ritchie et al. 2007), using
the following equation:

CTWI ¼
Xn

i¼1

RImpi "WIVi

where RImpi is the relative importance of species i in the
community type and WIVi (wetland indicator value) ranges
from 1 to 100 for species i based on the degree of wetness,
OBU = 1, FACU = 25, FAC = 50, FACW = 75, and OBW =
100 (Coles-Ritchie et al. 2007; Choung et al. 2012).
To examine the relationships between wetland index,

diversity, and water depth, regression analysis was con-
ducted using seven datasets for the four sub-wetlands
from 1999 and 2013. The dataset for the square wetland
in 1999 was excluded because there were no plants; hence,
we could not calculate wetland or diversity indices.

Results
Surveyed flora
A total of 18 species in 1999 belonging to 11 families
and 13 genera were recorded at the four sub-wetlands.
In the kidney-shaped wetland, only Typha angustifolia
was planted in 1998, and all other plants were physically

removed to control the water purification system. At
15 years after wetland construction, there were 21 fam-
ilies, 40 genera, and 50 species across the four
sub-wetlands (Additional file 1). The ecological pond in
1999 and the ditch in 2013 contained the largest number
of species (13 and 33, respectively).

Vegetation distribution
The wetland vegetation distribution in 1999 and 2013
was mapped using aerial images, focusing on dominant
species (Fig. 2). The dominant species in 1999 was T.
angustifolia at three of the four sub-wetlands with the
exception of the square wetland where naturally estab-
lished plants were eliminated for transplantation of seed-
lings for test beds. The most abundant species in 2013
were T. angustifolia (IV 0.464) and Phragmites australis
(IV 0.255) at the kidney-shaped wetland, Calamagrostis
epigeios (IV 0.157) and Carex dimorpholepis (IV 0.100)
at the ditch, P. australis (IV 0.297) and T. angustifolia
(IV 0.219) at the ecological pond, and Zizania latifolia
(IV 0.115), Salix koriyanagi (IV 0.115), and Carex dispa-
lata (IV 0.115) at the square wetland (Additional file 1).
Thus, vegetation composition at the ditch and square
wetland shifted prominently in 14 years, and new species
were observed including Carex spp., Phragmites spp.,
and Salix spp. The size of floating vegetated islands at
the ecological pond became smaller over time, with only
Iris pseudacorus remaining.

Species composition
The proportion of wetland plants (FACW and OBW)
decreased from 83% in 1999 to 56% in 2013 (Table 1).
By contrast, the percentage of upland plants (FACU and

Fig. 1 Location of the created wetland in Jincheon, South Korea
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OBU) increased from 17 to 44%. In this site, the number
of non-native species increased from one to seven after
14 years, and the proportion of perennials decreased
from 89 to 58% over this time although the total number
of perennials increased by 13 species.

Diversity and wetland indices
Water depth at the four sub-wetlands in 2013 had de-
creased compared in 1999 (Table 2). At the ecological
pond, the water depth was similar, and the kidney-
shaped wetland showed the biggest decline after 14 years.
Shannon diversity indices at all sub-wetlands increased

as many species were introduced naturally over time.
The ecological pond in 1999 displayed the highest diver-
sity index (2.5), while the kidney-shape wetland and
square wetland showed the lowest diversity indices (0). In
2013, the diversity index was highest at the ditch (3.2) and
lowest at the kidney-shaped wetland (1.3). Wetland indi-
ces, excluding the square wetland, dropped compared
with the early stages of wetland construction. The diver-
sity index of the square wetland in 1999 was zero, but in-
creased to 2.8 in 2013 as a result of the establishment of
vegetation. The wetland index appeared to be positively
correlated with water depth, while the Shannon diversity

Fig. 2 Maps of vegetation distribution in 1999 and 2013. Cd, Carex dispalata; Ce, Calamagrostis epigeios; Ip; Iris pseudacorus; Je, Juncus effuusus var.
decipiens; La, Lythrum anceps; Ls, Lythrum salicaria; Np, Nymphoides peltata; Nt, Nymphaea tetragona; Pa, Phragmites australis; Pj, Phragmites
japonica; Sc, Salix chaenomeloides; Sk, Salix koriyanagi; Sl, Schoenoplectus tabernaemontani; Sr, Scirpus radicans; Ta, Typha angustifolia; Wa, open
water; Zl, Zizania latifolia
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index was unrelated to the wetland index or water depth
(Fig. 3).

Importance values of wetland plants
At the kidney-shaped wetland, the importance value of
OBW plants decreased over time, and FACW and OBU
plants became established after 14 years (Fig. 4). In the
early stages after wetland creation, OBW plants domi-
nated at the ditch while FACW species were abundant
during the latter period. Likewise, the dominance of
OBW plants at the ecological pond has declined dramat-
ically in 2013 compared with 1999. Nevertheless, the im-
portance value of FACW increased slightly, and in 2013,
FACW species were the most abundant at the square
wetland, followed by OBW, OBU, and FACU.

Discussion
Vegetation structure
After four sub-wetlands were created in 1998, and the
first vegetation survey was conducted in October 1999,
to assess the establishment of artificially planted vegeta-
tion. The next vegetation monitoring was undertaken in
May 2013, to investigate vegetation succession. The dif-
ferences of seasons for vegetation monitoring between

1999 and 2013 will not be a problem since in the early
stages after wetland creation, all other plants excluding
artificially planted species were eliminated to support
the water quality improvement system, resulting in a
similar vegetation composition maintained throughout
the year in 1999.
The kidney-shaped wetland was created to test the ef-

fects of T. angustifolia on water purification, and the

Table 1 Changes in plant species in a created wetland from
1999 to 2013 according to life cycle, origin, and plant type
Criterion Category Year

1999 2013

Life form Annual 1 (5.5%) 12 (24%)

Biennial 1 (5.5%) 9 (18%)

Perennial 16 (89.0%) 29 (58%)

Total 18 (100%) 50 (100%)

Origin Native plant 17 (94%) 43 (86%)

Non-native plant 1 (6%) 7 (14%)

Total 18 (100%) 50 (100%)

Plant type Obligate wetland (OBW) plant 11 (61%) 13 (26%)

Facultative wetland (FACW) plant 4 (22%) 15 (30%)

Facultative (FAC) plant – –

Facultative upland (FACU) plant – 5 (10%)

Obligate upland (OBU) plant 3 (17%) 17 (34%)

Total 18 (100%) 50 (100%)

Table 2 Water depth, diversity index, and wetland index for four sub-wetlands in 1999 and 2013
Wetland type Water depth (cm) Shannon diversity index Wetland index

1999 2013 1999 2013 1999 2013

Kidney-shaped wetland 80 50 0 1.3 100 83

Ditch 15 1 1.7 3.2 72 54

Ecological pond 75 70 2.5 3.1 97 73

Square wetland 10 0 0 2.8 0 64

Fig. 3 Relationships a between wetland index and diversity, b water
depth and diversity, and c water depth and wetland index at the
four sub-wetlands
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square wetland was constructed for transitory storage
without plants. Therefore, during the early stages of wet-
land construction, the vegetation structure was simple
and controlled, with only a few species present.
The vegetation composition at the ditch and square

wetland shifted prominently over the 15 years, and new
vegetation was observed such as Carex spp., Phragmites
spp., and Salix spp. The size of floating vegetated islands
at the ecological pond became smaller, with only Iris
pseudacorus remaining. Scirpus radicans, Schoenoplectus
tabernaemontani, Zizania latifolia, T. angustifolia, and
Lythrum anceps had disappeared completely on the
floating vegetated islands in 2013. However, it is difficult
to determine whether some plants died naturally, were
outcompeted, or managed because they have not been
monitored to observe succession for 14 years.
In 2013, P. australis and T. angustifolia had spread

widely at both the ecological pond and the kidney-
shaped wetland compared with 1999 (Fig. 2). Phragmites
australis is an aggressive colonizer of devastated sites
and, once established, is difficult to eliminate (Havens et
al. 1997). In addition, the settlement and vegetative
growth of this species are favored by sedimentation and
shallow water depth (Moore et al. 1999). It is known that
T. angustifolia is dominant in shallow, organic sites with
relatively intense competition (Wilson and Keddy 1991)
and has a high competitive ability due to taller shoots
and a higher standing crop in early summer (Weiner
1993). In 2013, in both the ditch and square wetland,
Salix spp. were more dominant than in 1999. Vegetative

perennials such as Salix spp. require a longer time to
expand their canopy and must compete with faster
growing herbs (Noon 1996). In oligotrophic to mesotro-
phic wetlands, Salix spp. are generally established later
during succession (Toivonen and Lappalainen 1980),
and their establishment ensures the continued decline of
the groundwater level, which diminishes and eventually
terminates the succession of plant communities in the
order herbs, shrubs, and trees (Chen et al. 2006). After
ceasing water supply, the water depth was almost 0 in
the ditch and square wetland, where Salix spp. were
dominant in 2013.

Wetland plants, diversity indices, and water depth
The main differences in species composition between
the four sub-wetlands might be due to alterations in
water depth and/or species planted following wetland
construction. Water depth plays an important role in the
growth of emergent species since they can endure anoxic
soil conditions (van der Valk 1981). In addition, alter-
ations in water depth influence light quality and quan-
tity, and the ability of emergent plants to reach the
surface (Casanova and Brock 2000). Many species with-
out tolerance to water stress find it difficult to establish
in deep water, and only certain plants, including OBW
and FACW species, can fully adapt to a wet environ-
ment. As water depth decreases, upland plants (OBU
and FACU) as well as wetland plants (OBW and FACW)
can survive in different water depth ranges.

Fig. 4 Changes in importance value of wetland plants from 1999 to 2013 at the four sub-wetlands. ■, OBW (obligate wetland plant); ◆, FACW
(facultative wetland plant); ▲, FACU (facultative upland plant); ●, OBU (obligate upland plant)
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Both OBW and FACW species are recognized as indi-
cators of wetlands because these species are more often
observed in wetlands than in non-wetlands (Tiner 1991).
During vegetation succession, the proportion of OBW
plants apparently declined, while FACW, FACU, and
OBU species increased (Table 1, Fig. 4). The portion of
wetland plants was reduced over time, but ~ 56%
remained in 2013, demonstrating that the created wet-
land performed the function of habitats for wetland
plants (Table 1). Under proper maintenance of water
depth, created wetlands can greatly enhance biodiversity
(Wiegleb et al. 2017).
At lower water depth, upland species are likely to estab-

lish in created wetlands, and diversity indices rise as a con-
sequence. The changes in diversity indices observed herein
suggest that this artificial ecosystem continued to develop
and stabilize, in terms of terrestrialization, with sediment
deposition and lower water depth (Table 2). Therefore, nat-
urally introduced plant species exploit various ecological
niches such as high and low ground, peripheral areas, and
shallow and deep water (Pier et al. 2015).
Although the diversity index at the kidney-shaped wet-

land in 1999 was the lowest, the wetland index was the
highest at this sub-wetland due to the abundance of
OBW species. It is possible that the relationship between
wetland index and diversity was not significant (Fig. 3).
The high diversity suggests that both wetland plants and
various facultative and upland plants became established
in the created wetlands. Therefore, the wetland index of
the kidney-shaped wetland, which was influenced by
OBW plants, mainly Typha angustifolia, was higher in
1999 than any other sub-wetlands. Despite the high di-
versity, in 2013, the wetland index of the ditch, which
contained no more than 1 cm of water, was low, mainly
due to the abundance of upland species and fewer wet-
land species. Consequently, the relationship between
wetland index and diversity index is not always positive.

Conclusion
Created wetlands play a significant role in water quality
improvement and habitat provision for flora and fauna. In
this study, we compared vegetation structure and water
depth in a created wetland over a 15-year period after
construction. Our results showed that total plant species
increased from 18 in 1999 to 50 in 2013, but diversity in-
dices in the four sub-wetlands decreased following natural
succession. The proportion of wetland plants, including
OBW and FACW species, decreased from 83 to 56%,
whereas values for upland plants, including OBU and
FACU species, increased from 17 to 44%.
Many natural wetland areas have been converted for

urban development or infrastructure to optimize economic
outputs (Ho and Richardson 2013), and this trend con-
tinues. Without extensive scientific knowledge, wetland

rehabilitation may be inefficient and ineffective (Ortmann-
Ajkai et al. 2018). To achieve greater biodiversity and
wetland functions, heterogeneous environments must be
maintained in created wetlands, with emphasis on water
depth, margin slope, and substrate type (Vivian-Smith
1997; Shi et al. 2010).
In the present study, we could not collect data on wet-

land environmental parameters such as sedimentation, ad-
jacent seed source, substrate, water quality, and periodical
hydraulic cycle. In future studies, these factors should be
integrated for a better understanding of the complexities
of wetland succession. Additionally, seasonal species com-
position should be monitored, and the wetland should be
considered not by itself, but in line with surrounding areas
and conditions affecting wetland succession. Nevertheless,
our current results provide baseline information on nat-
ural succession in created wetlands, and insight into main-
taining wetland functions.

Additional file

Additional file 1: Table S1. Changes in vegetation and importance
value for the four sub-wetlands from 1999 to 2013. (DOCX 38 kb)
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