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a b s t r a c t

Tidal restriction caused by embankments can have large impacts on estuarial ecosystems. It changes
the tidal regimes, which influence the growth and development of marsh plants. Although large-scale
tidal freshwater marshes are negatively or positively affected by the embankments especially around
the Yellow Sea in Korea, little is known regarding how the tidal restriction changes the plastic growth
responses of marsh plants, which may cause a population decline in the field. Therefore, we evaluated
the impacts of tidal restriction on the growth, plasticity in morphology, reproduction, and biomass
allocation of the important but vulnerable marsh plant Bolboschoenus planiculmis in Korea. These
responses of B. planiculmis in tidal marshes and tide-restricted marshes were compared. The tide-
restricted marshes experienced deeper water (9 cm) and greater dominance of other species (51%) than
the tidal marshes (respectively 0 cm, 20%). Populations in the tide-restricted marshes revealed a lower
density (128 ramets m−2), decreased sexual reproduction ratio (6%), and higher short rhizome density
ratio (17%) with a rapid increase in allocation to below ground biomass compared to the tidal marsh
populations (respectively 1046 m−2, 35%, and 0.3%). A redundancy analysis indicated that B. planiculmis
with a low density in the tide-restricted marshes developed more short rhizomes and allocated more
energy to below ground biomass in order to persist in the original habitats where neighbor species
dominated. On the other hand, the tidal marsh populations with higher densities invested more energy
to sexual reproduction and developed more long rhizomes to expand into new areas. In this paper, tidal
restriction caused the dominance of neighbor species such as Phragmites australis in standing water and
negative impacts on B. planiculmis. These results indicate that the impacts of tidal restriction caused
by artificial structures should be minimized by maintaining natural tides for sustainable management
of B. planiculmis.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Coastal ecosystems including estuaries are essential due to
heir ecological functions such as providing primary production,
hore protection, and core habitats for waterfowl (Heip et al.,
995; Shepard et al., 2011; Melville et al., 2016; Moores et al.,
016). However, the natural coastal areas around the Yellow Sea
ave been disappearing due to development in Korea and China
Ma et al., 2014; Murray et al., 2014; Melville et al., 2016; Moores
t al., 2016). Dense artificial structures such as embankments in
orea have resulted in critical impacts on the coastal ecosystems,
esulting in rapid and irreparable changes in the nature structures
nd functions of the ecosystem (Lie et al., 2008; Lee et al., 2014).
Among the coastal ecosystems, tidal freshwater marshes are

ne of the most vulnerable ecosystems undergoing artificial en-
ironmental changes. The tidal freshwater marshes are those
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352-4855/© 2021 Elsevier B.V. All rights reserved.
marshes experiencing regular tides with salinity of less than 5
ppt (Van de Broek et al., 2018) and they are located at the
mouths of estuaries where embankments are mainly built for
flood protection or land reclamation. The artificial embankments
largely affect hydrology, soil physiochemistry, and vegetation
changes of the natural conditions by blocking tidal flow (Ro-
man et al., 1984; Montague et al., 1987; Portnoy and Giblin,
1997; Mora and Burdick, 2013b). Tidal restriction can either drain
the marshes in the long-term or can make permanently flooded
marshes in the short-term where the drainage ability is low
(Montague et al., 1987; Portnoy, 1999). In the latter case, the
tide-restricted flooded marsh is submerged for a longer duration
without tidal flows, which differs from the natural tidal cycles
from daily to biweekly (spring tide). Due to these hydrological
changes, the soil physiochemistry can also be altered, such as
decreased amounts of nutrients (Portnoy and Giblin, 1997) and
increased alkalinity (Portnoy, 1999), in tide-restricted marshes.

In the tide-restricted flooded marshes, plants need to adapt to

the altered conditions such as permanent inundation and stable
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ater without tidal cycles. This can result in decreased biomass
f the original estuarial marsh plants (Konisky and Burdick, 2004)
nd can even result in changes in dominant species (Roman
t al., 1984; Sun et al., 2003; Mora and Burdick, 2013a). Not
nly the abiotic factors but also the biotic factors induced by
he abiotic changes can affect the plastic growth responses and
istribution of the original marsh plants. For example, inter-
pecific interactions under tide-restricted conditions resulted in
educed biomass (Yang et al., 2020), changes in morphology
Curt et al., 2005), shifts in rhizome strategy between phalanx
short) rhizome and guerilla (long) rhizome (Humphrey and Pyke,
998; Ikegami et al., 2007), and restricted the distribution of the
riginal marsh plants. The majority of studies have focused on
he responses of the well-known species such as Spartina spp.
and Phragmites spp. in salt marshes (Roman et al., 1984; Burdick
et al., 1996; Konisky and Burdick, 2004). However, one of the
most vulnerable plants under tidal restriction caused by embank-
ment are early successional species in tidal freshwater marshes
(Hammersmark et al., 2005) such as Bolboschoenus planiculmis.

B. planiculmis (F. Schmidt) T.V. Egorova is distributed in estu-
aries in East Asia, Middle Asia, and Central Europe, and forms
monodominant populations or mixed communities in estuar-
ies, reclaimed rice paddies, and lagoons (Jung and Choi, 2011;
Hroudová et al., 2014; Liu et al., 2016). B. planiculmis provides
a major food source for migratory endangered birds such as
swan geese (Anser cygnoides) and cranes (Grus spp.) (Kim et al.,
2013). Therefore, B. planiculmis is an essential plant for estuarine
ecosystems, serving as a link between producers and important
consumers of wetlands. However, this species is known to be
declining in numbers in East Asia due to the degradation of
estuarine marshes resulting from embankments and reclamation
(You, 2008; Liu et al., 2016). Because B. planiculmis grows in
low elevation nearest to the water body, it is expected to be
significantly affected by tidal restriction caused by embankments.
In East Asia, for example, heavy rain during summer monsoon can
result in water accumulation in the tide-restricted marshes where
the drainage is poor, causing increased flooding duration and
depth. However, there have been few studies focused on gaining
a comprehensive understanding of the impacts of tidal restriction
on the plastic growth responses of B. planiculmis in the field.
Understanding these responses of marsh plants is essential to
evaluate fitness (Puijalon et al., 2005), preserve local populations
(Chevin et al., 2013), and forecast the structures and functions of
estuaries (Qi et al., 2016).

Monitoring the exact impacts of tidal restriction on marsh
plants is necessary to provide insight for sustainable manage-
ment and conservation of estuarine ecosystems. Therefore, our
overarching goal was to understand why B. planiculmis has been
declining under tide restriction. Our objective was to compare its
plastic growth responses such as growth, plasticity in morphol-
ogy, reproduction, and biomass allocation under tidal marshes
and tide-restricted marshes in Korea. Tidal restriction can change
many environmental conditions such as water fluctuation, soil
conditions, and competition among other plants in the Yellow
Sea. We hypothesized that these environmental differences in
tide-restricted marshes reduce the growth, and alter other plastic
growth responses of B. planiculmis in order to survive under the
changed conditions. These results will be used as fundamental
data to restore the ecosystem functions such as providing a
primary food source for wildlife in estuaries.

2. Methods

2.1. Target species and study sites

B. planiculmis (F. Schmidt) T.V. Egorova is a perennial clonal
plant with a height of 20–100 cm and it dominates at low el-
evations in estuaries in East Asia (Kim et al., 2013). It sprouts
2

from tubers or seeds from April to May and flowers from May
to July, and its above ground biomass dies back in October (Yang
et al., 2020). It reproduces with both sexual and vegetative or-
gans (Wang and Li, 2016). In Korea, B. planiculmis dwell on
both tidal marshes exposed to natural tidal cycles and tide-
restricted marshes blocked by embankments. Fig. 1 presents the
morphology and two types of habitats of B. planiculmis.

Study sites were located along the western coastline (the Yel-
low Sea) of South Korea. Five sites were located at tidal marshes,
and the other five sites were located at tide-restricted marshes.
Among the five tidal marsh sites, three tidal marshes, Goyang,
Janghang, and Isanpo, are located in the tidal marsh at the Han
River estuary (Fig. 2a), which is one of the open estuaries in
South Korea. Sites were separated by at least 8 km and were
not connected to each other. The other two tidal marshes were
located at high elevations in tidal flats of Donggeom (Fig. 2a) and
Songrim (Fig. 2e). The tide-restricted marsh sites were blocked
by embankments. Daesong and Sihwa marshes were surrounded
by the Sihwa embankment, and the Daesong marsh was sepa-
rated from the Sihwa marsh by an additional levee (Fig. 2b). The
Daeho embankment (Fig. 2c) and Iwon embankment (Fig. 2d)
included two and one tide-restricted marshes, respectively. Two
tide-restricted marshes near the Deaho embankments were sepa-
rated by 3 km and were isolated from each other by an additional
levee.

Table 1 summarizes the locations and environmental fac-
tors for each site: ISP (Isanpo tidal marsh), JH (Janghang tidal
marsh), GY (Goyang tidal marsh), DG (Donggeom tidal marsh),
SR (Songrim tidal marsh), DS (Daesong tide-restricted marsh), SH
(Sihwa tide-restricted marsh), DH (Daeho tide-restricted marsh),
and IW (Iwon tide-restricted marsh). The tidal marshes were usu-
ally exposed to the air and flooded biweekly due to spring tides,
while the tide-restricted marshes were impounded in embank-
ments resulting in a permanent inundated or saturated condition.

2.2. Sampling method

At each site, ten permanent quadrats (1 × 1 m) with a total of
100 quadrats were randomly established 3–5 m apart on April
2017, following previous studies (Sun et al., 2002; Ning et al.,
2014). These quadrats were installed parallel to the water body.
In each quadrat, shoot density, coverage, frequency, and shoot
length of each species were recorded in August when the above
ground parts were most highly developed. Density was defined as
the number of ramets of each species. Coverage of each species
was the percentage area of the species in the quadrat. Frequency
was 1 when the species existed or 0 if not. Mean shoot length of
each species was measured after selecting five ramets per species
and calculating the average. Based on monthly observations, B.
planiculmis in a quadrat was sampled in early September, when
the above ground parts of B. planiculmis started to senesce and the
below ground parts were most highly developed (Karagatzides
and Hutchinson, 1991; Sun et al., 2002).

Above ground parts of B. planiculmis were clipped at the sed-
iment surface within a quadrat, and the remaining neighbor
species were not clipped so as to easily distinguish their roots
later. Below ground parts were extracted using a metal core
(20 cm diameter and 15 cm depth) at the middle of each quadrat.
We dug down a further 20 cm to check whether there were tubers
of B. planiculmis, and most of them were moribund and not col-
lected for analyses. Since the rhizome length of B. planiculmis was
often longer than the diameter of the core, it was measured in the
field. The rhizome length was defined from the bottom of a parent
ramet to the bottom of the first daughter ramet. We selected five
B. planiculmis ramets per quadrat, measured all linked rhizome
lengths per ramet, and averaged them per quadrat. The rhizome
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Fig. 1. Morphology and habitat types of B. planiculmis. (a) Flower and stem in above ground part; (b) Tuber in below ground part; (c) Tidal marshes where the
arshes are exposed to natural tidal cycles; (d) Tide-restricted marshes where the water is impounded due to the artificial embankments.
N
t
m
(
(
1

iameters were measured at the same time by Vernier calipers
t the middle point of the rhizome. Triplicates of undisturbed
oil samples per quadrat were collected at 5 cm depth in early
eptember. They were mixed to measure soil salinity (SS), soil
oisture (SM), soil organic matter (SOM), soil pH, NO−

3 –N, NH
+

4 –
, and PO3−

4 –P. Water depth was recorded five times to calculate
he average per quadrat. All samples were sealed in plastic bags
nd transported to the laboratory within iced containers.

.3. Sample processing

The above ground parts of B. planiculmiswere washed and sep-
rated into flowers and stems, counting the number of flowering
amets. The below ground parts of B. planiculmis were carefully
eparated from the neighbor species based on the remaining
bove ground parts of neighbor species, keeping the above and
elow ground parts unbroken. They were washed through a 1 mm
ieve and divided into rhizome, tuber, and fine root. To count the
ensities of rhizomes of B. planiculmis, the rhizomes in the core
er quadrat (total of 1133) were separated into unmeasurable
hizomes (maximum of a few millimeter) and measurable rhi-
omes. The former were called phalanx (short) rhizomes, which
re beneficial for the plant to be able to adapt to more stressful
onditions due to severe competition, while the latter were called
uerilla (long) rhizomes, which have an advantage in exploiting
ew open space (Humphrey and Pyke, 1998; Ikegami et al., 2007).
he unmeasurable rhizomes were easily distinguished because
hey connected two tubers as if the tubers were stuck together.

The harvested materials were weighed to 0.01 g after 72 h
f drying at 80 ◦C. The below ground dry biomass within the
ore was extrapolated into a quadrat by multiplying by a con-
tant, 100/π . Individual biomass was calculated by dividing the
otal biomass by the total ramet density. Allocation to the below

round biomass ratio was estimated as the ratio of below ground

3

dry mass over the total dry mass. Flowering ramet density ratio
was calculated as the number of flowering ramets divided by
the total number of ramets. Phalanx rhizome density ratio was
defined as the number of phalanx rhizomes divided by the total
number of rhizomes (i.e., phalanx rhizomes + guerilla rhizomes).

Based on the field observations, the importance value (IV) was
calculated per quadrat; this index is commonly used to measure
the dominance of a target species over other species (Eq. (1)).
A higher IV indicates that the target species is dominant, while
a lower IV indicates that other species are dominant (Mcintosh,
1957). The IV of neighbor species was calculated to determine the
dominance of neighbor species (Eq. (2)).

IV = (Relative Density (%) + Relative Coverage (%)

+ Relative Frequency (%))/3 (1)

neighbor IV = 100 − B. planiculmis IV (2)

Soil samples were filtered through a 2 mm sieve to remove
organic materials and gravel and then separated into two parts.
One part was air-dried under shaded conditions for SS and soil
pH measurements. A PC-2000 (THERMO EUTECH, Singapore) was
used to measure SS and soil pH after mixing the dried soil and
deionized water at a ratio of 1:5. The other part was maintained
as fresh soil to measure SM, SOM, and nutrient contents. Soil
moisture was calculated as ((W-D)/W) × 100 (%), where W is
the fresh soil weight and D represents the dry soil weight after
72 h at 105 ◦C. The remaining soil was burned for four hours at
550 ◦C to measure SOM, based on the loss on ignition method
(Boyle, 2004). To estimate the contents of NO−

3 –N (mg kg−1) and
H+

4 –N (mg kg−1), the soil was extracted using 2 M KCl and
he hydrazine method (Kamphake et al., 1967) and indophenol
ethods (SolÓRzano, 1969), respectively. The content of PO3−

4 –P
mg kg−1) was estimated by the ascorbic acid reduction method
Murphy and Riley, 1962) after extracting the soil with Bray No.
solution (Bray and Kurtz, 1945).
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10) DH2 (n = 10) IW (n = 10)
50 × 50 25 × 50

’’N
8’’E

37◦1’31.89’’N
126◦28’48.89’’E

36◦53’50.45’’N
126◦16’15.94’’E

∼0 ∼0
awater & Rain) Permanent saturated

(Impounded seawater &
Rain)

1989 1992
Silty clay

70–80 20–40

75–95 70–100

australis Phragmites australis,
Diplachne fusca

Phragmites australis,
Erigeron canadensis,
Carex scabrifolia

Forecast, Korea Hydrographic and Oceanographic Agency. Annual
ical Administration.

4

Table 1
Summary of the locations and environmental factors of tidal marsh sites and tide-restricted marsh sites.

Tidal marsh Tide-restricted marsh

Sites ISP (n = 10) JH (n = 10) GY (n = 10) DG (n = 10) SR (n = 10) DS (n = 10) SH (n = 10) DH1 (n =

Extent of marsh (m) 25 × 50 25 × 50 25 × 50 10 × 20 25 × 50 25 × 50 25 × 50 25 × 50
Location 37◦43’33.76’’N

126◦41’16.61’’E
37◦38’21.92’’N
126◦44’46.37’’E

37◦35’46.55’’N
126◦49’12.50’’E

37◦35’10.18’’N
126◦30’24.78’’E

36◦1’32.32’’N
126◦39’47.23’’E

37◦17’12.71’’N
126◦35’14.88’’E

37◦15’30.28’’N
126◦42’52.71’’E

37◦2’13.56
126◦29’8.4

Abiotic

Topographic level Tidal freshwater
marsh

High elevation in
tidal flat

Artificial embankments intercepted at tidal freshwater marsh

Elevation (m) ∼7 ∼2 ∼7 ∼6 ∼7 ∼0.5 ∼0.5 ∼0
Flooding
(Water resource)

Flooded at only spring tides (Tide & Rain) Permanent flooded (Impounded se

Annual mean
tidal range (m)

3.5 (1.1–6.0) 4.6 (1.4–7.9) 3.7 (1.3–6.1) – – – – –

Annual total precipitation
(mm)

1450.5 1346.7 1202.0 1312.3 1285.7

Annual mean temperature
(◦C)

12.5 (−2.4–25.7) 11.1 (−3.8–24.5) 12.8 (−0.4–25.7) 12.0 (−2.9–25.6) 11.9 (−2.0–25.1)

Embankment built year – – – – – 1994 1994 1989
Soil texture Clay Sandy clay

Biotic

Coverage of B. planiculmis
(%)

80–100 60–80 70–90 60–80 90–100 30–50 40–60 40–60

Shoot length of B.
planiculmis (cm)

70–90 60–75 65–75 60–90 40–60 80–90 60–80 65–85

Neighbor species within
quadrats

Scirpus triqueter,
Echinochloa
crusgalli, Phragmites
australis

Echinochloa
crusgalli, Phragmites
australis

Scirpus triqueter,
Phragmites australis

Triglochin
maritimum,
Phragmites australis,
Carex scabrifolia

Carex scabrifolia Phragmites australis,
Diplachne fusca

Echinochloa
crusgalli, Phragmites
australis, Erigeron
canadensis

Phragmites

Annual mean tidal range is reported as the average (mean low water and mean high water in the parentheses) for a year, obtained at the nearest observatory from the KHOA Smart Tide
total precipitation and annual mean temperature (mean monthly temperate range in the parentheses) are averages over 30 years, obtained from the Smart Weather Service, Korea Meteorolog
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Fig. 2. Study sites in tidal marshes and tide-restricted marshes along the w
riangles indicate tide-restricted marshes. (a) Isanpo (ISP), Janghang (JH), and Go
arsh at the tidal flat; (b) Daesong (DS) and Sihwa (SH) tide-restricted marshes

ide-restricted marsh; (e) Songrim (SR) tidal marsh at the tidal flat.

.4. Statistical analyses

Due to the high variations in absolute values among the
ites, proportions of flowering ramet density, biomass alloca-
ion, and rhizome density were used for analyses. First, linear
ixed models (LMMs) were used to compare total biomass,

ndividual biomass, shoot length, number of rhizomes per ramet,
hizome length, rhizome diameter, and biomass allocation to
ach organ (flower, stem, rhizome, tuber, and fine root) of B.

planiculmis between tidal marshes and tide-restricted marshes.
Linear mixed models were also used to compare environmental
variables between the two types of sites. The environmental
variables of each quadrat included SS, SOM, soil pH, NO−

3 –N,
NH+

4 –N, PO3−
4 –P, and neighbor IV. Second, generalized linear

mixed models (GLMMs) were used to evaluate differences in the
flowering ramet density ratio and phalanx rhizome density ratio
of each quadrat with binomial distributions, and the total ramet
density of each quadrat with a Poisson distribution, between
tidal marshes and tide-restricted marshes. In these LMMs and
GLMMs, the tidal regime was included as a fixed factor and
the site was included as a random factor (McKone and Lively,
1993) using the ‘lme4’ package for R (Bates et al., 2015). Because
the water depths were zero-inflated, it was analyzed by LMM
using the ‘glmmTMB’ package (Bolker, 2019). The assumptions of
normality and homoscedasticity for each variable were checked
using the DHARMa package, which tested normality with KS
test and homoscedasticity with graphics (Hartig, 2019). Third,
standardized major axis (SMA) regression was used to compare
the relationships between above- and below-ground biomass as
well as each organ and total biomass.

The relationships between the responses and environmental
variables were evaluated by a redundancy analysis (RDA). The
vegetation data matrix was composed of the three responses
(flowering ramet density ratio, below ground biomass allocation
ratio, and phalanx rhizome density ratio), and the environment
data matrix consisted of soil variables (i.e., SS, SM, SOM, soil
pH, NO−

3 –N, NH
+

4 –N, and PO3−
4 –P), water depth, the density of

. planiculmis, and neighbor IV. All statistical analyses were per-
ormed using R version 3.4.3 (R Development Core Team, 2008).
he values were considered significant at p < 0.05.
5

n coastline of South Korea. Red circles indicate tidal marshes and blue
(GY) tidal marshes at the Han River estuary and the Donggeom (DG) tidal
aeho 1 (DH1) and Daeho 2 (DH2) tide-restricted marshes; (d) Iwon (IW)

3. Results

3.1. Plastic growth responses

We detected a significant difference of total ramet density
between the tidal marshes and tide-restricted marshes but not in
other response variables (Table 2). The total ramet density was
1047 ramets m−2 in the tidal marshes, which was significantly
higher than 129 ramets m−2 in the tide-restricted marshes (p<

.001, F1,8 = 38.994). Even though the total biomass per quadrat
in the tidal marshes was slightly higher (329 g DM m−2) than that
n the tide-restricted marshes (141 g DMm−2), the difference was
ot significant due to high among-site variations (Table A1). In-
ividual biomass, shoot length, the number of rhizomes, rhizome
ength, and rhizome diameter were not significantly different
etween marsh types.

.2. Sexual reproduction, rhizome, and above- and below-ground
iomass ratio

The flowering ramet density ratio was 35% in the tidal marshes,
hich was significantly higher than the ratio (6%) in the tide-
estricted marshes (p<0.05, F1,8 = 6.225, Fig. 3a). The phalanx
rhizome density was much higher (mean±standardized devia-
tion, 18±7 count m−2) in tide-restricted marshes than in tidal
marshes (0.3±0.4 count m−2), while the number of guerilla
rhizomes was 92±15 count m−2 in tide-restricted marshes and
108±4 count m−2 in tidal marshes. Thus, the phalanx rhizome
density ratio was significantly higher in the tide-restricted marshe
(16.54%) than in the tidal marshes (0.32%) (p < 0.001, F1,8 =

28.674, Fig. 3c). There was no significant difference in the below
ground biomass ratio between tidal marshes and tide-restricted
marshes (p>0.05, F1,8 = 1.706, Fig. 3b). However, based on the
result of SMA regression, the slopes of below ground biomass over
above ground biomass (i.e., above ground biomass as x-axis and
below ground biomass as y-axis) were positive and significantly
steeper in tide-restricted marshes than in tidal marshes (p <

0.001) (Fig. 4, Table 3). This result indicated that population
in tide-restricted marshes allocated more biomass to the below
ground biomass as the above ground biomass increased, while
the population in the tidal marshes did not. In tidal marshes,

the above ground biomass and below ground biomass were not
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Table 2
Comparison of B. planiculmis plastic growth responses between tidal marshes and tide-restricted marshes.

Tidal marshes
(n = 50)

Tide-restricted marshes
(n = 49)

df F value p value

Mean (±SD) Mean (±SD)

Total ramet density (ramets m −2) 1047 (±488) 129 (±100) 1, 8 38.99 ***
Total biomass (g DM m −2) 329 (±116) 141 (±100) 1, 8 10.28 ns
Individual biomass (g DM) 0.4 (±0.4) 1.2 (±0.5) 1, 8 15.50 ns
Shoot length (cm) 69.5 (±12.6) 77.3 (±9.7) 1, 8 1.56 ns
Rhizome number per ramet 2.2 (±0.3) 2.3 (±0.6) 1, 8 0.45 ns
Rhizome length between ramets (cm) 7.0 (±1.9) 6.0 (±2.1) 1, 8 1.54 ns
Rhizome diameter (mm) 1.9 (±0.4) 2.1 (±0.5) 1, 8 1.62 ns

F tests were done in linear mixed models (LMMs) and generalized linear mixed models (GLMMs). Significance level:
∗∗∗ p<0.001 and ns p≥0.05. The tidal marshes had 50 replicates, while tide-restricted marshes had 49 replicates
excluding missing below ground data for the Daesong (DS) site. SD: standard deviation.
Fig. 3. Observed B. planiculmis reproduction, biomass, and rhizome ratios in tidal marshes and tide-restricted marshes. (a) flowering ramet density ratio (n =

0 for tidal marshes, n = 50 for tide-restricted marshes), (b) below ground biomass ratio (n = 50 for tidal marshes, n = 49 for tide-restricted marshes, excluding
issing below ground data for the Daesong (DS) site), and (c) phalanx rhizome density ratio (n = 50 for tidal marshes, n = 49 for tide-restricted marshes, excluding
issing below ground data for the DS site), with standard error bars. Significance level: ∗∗∗p<0.001 and ∗ p<0.05.
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Fig. 4. Standardized major axis (SMA) regression for below- and above-
ground biomass between tidal marshes and tide-restricted marshes. The
idal marshes had 50 replicates, while tide-restricted marshes had 49 replicates
xcluding missing below ground data for the Daesong (DS) site.

ignificantly correlated, showing a small amount of change of
elow ground biomass even under the increased above ground
iomass.
6

Fig. 5. Biomass allocation to each organ in the tidal marsh and tide-
restricted marsh sites. Mean relative dry biomass per m−2 for each organ (fine
oot, flower, rhizome, stem, and tuber), with standard error bars (n = 50 for tidal
arshes, n = 49 for tide-restricted marshes, excluding missing below ground
ata for the Daesong (DS) site).

.3. Biomass allocation to each organ

B. planiculmis in both marsh types showed similar biomass
llocation patterns for each organ (Fig. 5). Regardless of the
arsh types, we observed the highest biomass allocation to stems
ithout a significant difference (p>0.05, F1,8 = 1.012). Flower,
hizome, fine root, and tuber allocation were not significantly
ifferent between marsh types as well (p>0.05, F1,8 = 9.867;

0.206; 0.085; and 6.195). On the other hand, the slopes of each
organ’s biomass over total biomass (i.e., total biomass as x-axis
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able 3
tandardized major axis (SMA) regression for biomass of each organ between tidal marshes and tide-restricted marshes.
Dependent variable (g DM m −2) Independent variable Marsh type Slope (Confidential

interval)
df Likelihood

ratio
p-value for
different slops

R2 p-value for
correlation

(g DM m −2)

Below ground biomass Above ground biomass Tidal 0.51 (0.39–0.68) 1, 98 20.69 *** 0.52 ***
Tide-restricted 1.17 (0.95–1.43) 0.01 ns

Flower biomass Total biomass Tidal 0.16 (0.13–0.19) 1, 98 207.60 *** 0.45 ***
Tide-restricted 0.01 (0.00–0.01) 0.14 **

Stem biomass Total biomass Tidal 0.77 (0.67–0.89) 1, 98 20.47 *** 0.75 ***
Tide-restricted 0.49 (0.44–0.56) 0.84 ***

Rhizome biomass Total biomass Tidal −0.23
(−0.31—0.17)

1, 98 0.18 ns 0.00 ns

Tide-restricted 0.21 (0.17–0.26) 0.44 ***
Root biomass Total biomass Tidal 0.18 (0.14–0.23) 1, 98 1.49 0.25 ns

Tide-restricted 0.13 (0.10–0.16) 0.53 ***
Tuber biomass Total biomass Tidal 0.32 (0.25–0.41) 1, 98 1.37 ns 0.20 **

Tide-restricted 0.38 (0.33–0.46) 0.65 ***

Likelihood ratio tests were done by standardized major axis (SMA) regression. Significance level: ∗∗∗ p < 0.001; ∗∗ p < 0.01; ∗p < 0.05; and ns p ≥ 0.05. The tidal
arshes had 50 replicates, while tide-restricted marshes had 49 replicates excluding missing below ground data for the Daesong (DS) site.
Table 4
Environmental variables in tidal and tide-restricted marshes.

Tidal marshes
(n = 50)

Tide-restricted marshes
(n = 50)

df F value p value

Mean (±SD) Mean (±SD)

Water depth (cm) 0.0 (±0.0) 9.3 (±8.4) 1, 8 106.57 (Chi) ***
Neighbor Importance value (IV) 20.0 (±15.2) 51.8 (±18.4) 1, 8 11.04 *
Soil pH 6.80 (±1.12) 7.90 (±0.63) 1, 8 3.75 ns
Soil salinity (ppt) 0.31 (±0.33) 0.69 (±0.44) 1, 8 3.09 ns
Soil organic matter (%) 3.11 (±1.49) 2.28 (±0.57) 1, 8 1.15 ns
Soil moisture (%) 28.7 (±4.6) 25.8 (±2.6) 1, 8 1.50 ns
PO3−

4 –P (mg kg −1) 24.6 (±20.3) 9.7 (±6.2) 1, 8 9.07 ns
NO−

3 –N (mg kg −1) 1.61 (±1.36) 1.70 (±1.04) 1, 8 0.03 ns
NH+

4 –N (mg kg −1) 32.6 (±26.1) 17.3 (±16.3) 1, 8 1.92 ns

A Chi-squared test and F tests were done in linear mixed models (LMMs) and generalized linear mixed models (GLMMs). Significance
level: ∗∗∗p<0.001, ∗p<0.05, and nsp≥0.05. SD: standard deviation. The statistical test of water depth is Chi-squared test because
the glmmTMB package in R does not provide F test currently.
T
S

a

3
m

nd each organ biomass as y-axis) showed more detailed relation-
hips of biomass allocation to each organ (Table 3). The slopes of
lower biomass over total biomass were positive and significantly
teeper in tidal marshes than tide-restricted marshes (p<0.001).
his result indicated that B. planiculmis in tidal marshes tended

to allocate more biomass to flower biomass as total biomass
increased than in tide-restricted marshes. Tidal marshes also had
a positive and steeper slope of stem biomass over total biomass
compared to tide-restricted marshes (p<0.001). The slopes of
rhizome biomass over total biomass were not significantly dif-
ferent in both types of marshes. The slopes of fine root biomass
over total biomass were positive and significantly steeper in
tide-restricted marshes (p<0.05), indicating B. planiculmis in tide-
restricted marshes allocated more biomass to fine root biomass as
total biomass increased than in tidal marshes. The slopes of tuber
biomass over total biomass were not significantly different.

3.4. Environmental variables

The water depth and neighbor IV were higher in the tide-
restricted marshes than in the tidal marshes (p < 0.001, Chi =
06.57; p<0.05, F1,8 = 11.037, Table 4). The mean water depth
n the tidal marshes was 0 cm because these areas were usually
xposed to the air, except for spring tides. The water depth in
he tide-restricted marshes varied from 0 cm to above 25 cm
Table A2). The soil pH, SS, SOM, SM, PO3−

4 –P, NO−

3 –N, and NH+

4 –N
id not show significant differences between the tidal marsh and
ide-restricted marsh sites.
7

able 5
ummary of redundancy analysis (RDA) results.

RDA1*** RDA2

Eigenvalues 460.8 45.7
Proportion of variance (%) 41 4
Cumulative variance (%) 41 45

Density*** 0.93 0.06
Neighbor Importance value (IV) −0.58 −0.31
WD*** −0.53 −0.01
SS*** −0.65 −0.06
pH** −0.18 −0.78
Phosphate* 0.22 0.39
SOM 0.09 0.74
SM 0.18 0.65
Ammonium 0.15 0.18
Nitrate −0.04 0.04

Density, number of B. planiculmis ramets per quadrat; neighbor IV, importance
value of other species; WD, water depth; SS, soil salinity; pH, soil pH; phosphate,
PO3

4—P; SOM, soil organic matter; SM, soil moisture; ammonium, NH+

4 –N;
nitrate, NO−

3 –N. Correlations indicate correlations of environmental factors with
the first two ordination axes. Significance level: ∗∗∗p<0.001, ∗∗ p<0.01, ∗p<0.05,
nd nsp≥0.05 (n = 99 excluding missing data for the Daesong (DS) site).

.5. Relationships between B. planiculmis responses and environ-
ental variables

The RDA ordination was significant (p<0.001, F10,88 = 8.02,
Fig. 6 and Table 5). The first axis was also significant (p<0.001,
F1,95 = 74.52). The first axis of RDA was positively correlated
with the density of B. planiculmis (0.93) and PO3−

4 –P (0.22), while
it was negatively correlated with SS (−0.65), neighbor IV (−0.58),
water depth (−0.53), and soil pH (−0.18). The second axis was
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Fig. 6. Ordination by redundancy analysis (RDA) showing the relationships
between reproduction, biomass, rhizome ratios and environmental variables.
Density, number of B. planiculmis ramets per quadrat; neighbor IV, importance
value of other species; WD, water depth; SS, soil salinity; pH, soil pH; phosphate,
PO3

4–P; SOM, soil organic matter; SM, soil moisture; ammonium, NH+

4 –N; nitrate,
O−

3 –N. Red points indicate quadrats in the tide-restricted marsh, and blue
points indicate quadrats in the tidal marsh (n = 50 for tidal marshes, n = 49 for
ide-restricted marshes, excluding missing below ground data for the Daesong
DS) site). (For interpretation of the references to color in this figure legend, the
eader is referred to the web version of this article.)

ositively correlated with PO3−
4 –P (0.39) and density (0.06) but

egatively correlated with soil pH (−0.78), neighbor IV (−0.31),
S (−0.06), and water depth (−0.01). The sum of canonical eigen-
alues explained 45% of total variance, with 41% explained by
he first axis and 4% explained by the second axis (Table 4). The
djusted R2 was 0.42. The flowering ramet density ratio increased
s the density of B. planiculmis increased in tidal marshes, while
he phalanx rhizome density ratio and the below ground biomass
atio increased with increasing neighbor IV, SS, and water depth
n tide-restricted marshes.

. Discussion

The tidal marshes showed 0 cm water depth because they
ere often exposed to the air, except for during the biweekly
pring tides. On the other hand, tide-restricted marshes were
looded or saturated due to the embankments (Table 4). The dom-
nance of other species depended on the tidal regimes, and was
igher in the tide-restricted marshes than in the tidal marshes.
nder the stable conditions without tides, B. planiculmis can
e easily replaced by competitors such as Phragmites australis,
chinochloa crusgalli, and Echinochloa caudate (Bornette and Pui-
alon, 2011; Ning et al., 2014; Liu et al., 2016). On the other
and, the low dominance of other species in tidal marshes might
e explained by the different abilities of species to respond to
nvironmental stress. Bolboschoenus spp. have abilities to adapt to
idal and flooding stress (Carus et al., 2016; Silinski et al., 2018),
hich might enable them to inhabit lower elevations (You, 2008;
im et al., 2016). However, the major neighbor species Phragmites
ustralis and Carex scabrifolia prefer higher elevations (Sun et al.,
002; Bang et al., 2018), likely due to the reduced ability to
espond to tidal flooding stress (Zhou et al., 2017). Recently, Yang
t al. (2020) revealed that B. planiculmis effectively avoids the
idal stress and is not negatively affected by neighbor species C.
cabrifolira under tidal influence; however, it is outcompeted by
8

he neighbor species in the absence of tidal stress. This result sup-
orts the reduction of B. planiculmis in tide-restricted marshes,
hich was observed in this study.
B. planiculmis growing in the tidal marshes exhibited a higher

ensity of around 1046 ramets m−2 compared to 128 ramets m−2

n the tide-restricted marshes (Table 2). Higher density in a tidal
arsh than in a sheltered marsh has also been observed for a sim-

lar species, Bolboschoenus maritimus (Silinski et al., 2018). Silinski
t al. (2018) described this phenomenon as a self-adapting mech-
nism to attenuate the effects of tidal strength with dense ramets,
hich might partly explain the results of this study.
Tidal regimes can change biomass allocation of marsh plants.

n reduced tides, marsh plants develop above ground biomass
o tolerate the weak waves, while they allocated highly to be-
ow ground biomass under increased tides to prevent uproot-
ng (Blanchette, 1997; Peralta et al., 2008; Silinski et al., 2018).
owever, the present study did not agree with the results of
revious studies but rather showed slightly more allocation to
elow ground biomass in tide-restricted marshes (Fig. 3b, Fig. 4,
nd Fig. 6). In the field, tide was not the only factor affected by
idal restriction. The tidal restriction also resulted in increased
ominance of neighbor species (Table 4). The biomass allocation
f B. planiculmis would be affected by both complicated impacts
f reduced tide and increased dominance of neighbor species in
he tide-restricted marshes (Szmeja, 1994). A possible clue for
upporting this idea is the steeper slope of below ground biomass
ver above ground biomass in tide-restricted marshes (Table 3
nd Fig. 4). In tide-restricted marshes, the higher occupancy of
eighboring species appeared, and this can result in greater allo-
ation to below ground biomass of B. planiculmis to withstand the
elow ground competition (Berendse and Möller, 2009; Poorter
t al., 2012).
Marsh plants exposed to tides decrease sexual reproduction,

hile they increased vegetative reproduction to endure the envi-
onmental stress (Sun et al., 2002; Puijalon et al., 2008). However,
. planiculmis showed the opposite results with increased flow-
ring ramet density in tidal marshes (Fig. 3a and Table 3). Our
tudy is consistent with Chen et al. (2015), who noted that the
igher sexual reproduction ratio in lower elevation plants could
e a survival mechanism using tidal flow for seed dispersal. In
ddition, the higher ramet density of B. planiculmis in the tidal
arshes might be another possible explanation for the increased

lowering ramet density. Generally, the flowering ramet density
f clonal plants increases as the total ramet density becomes
ncreased (Sun et al., 2001, 2002; Olejniczak, 2003). The sexual
eproduction through flowering can disperse seeds, which could
elp plants escape the local area where additional individuals
ave a low probability of survival in plant dense areas (Eriksson,
989; Chen et al., 2015). Even though the seed germination in
he field is very low in B. planiculmis (Nishihiro et al., 2004), it
ppeared to respond in a similar manner to other clonal plants.
To the best of the author’s knowledge, impacts of tidal regimes

n the phalanx rhizome density has not previously been studied.
nstead, earlier studies revealed that severe competitive stress
r small patch sizes could result in a high number of phalanx
hizomes in Scirpus olneyi, Amphibromus scabrivalvis, and Carex
spp. (Bernard, 1990; Cheplick, 1997; Ikegami et al., 2007). Phalanx
rhizomes can be beneficial for persistence in stressful restricted
use of original habitats, while guerrilla rhizomes promote the
occupation of new areas (Doust, 1981; Humphrey and Pyke, 1998;
Ye et al., 2006). In this study, higher water depth, neighbor
IV, and soil salinity in the tide-restricted marsh are likely to
affect the higher phalanx rhizome density (Fig. 6), In particular,
the neighbor IV was significantly higher in the tide-restricted
marshes as a possible major factor to cause the development of

phalanx rhizomes (Table 4); however, careful interpretations and
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urther studies are needed to clarify the impacts of tidal regime
nd neighbor species on the increased phalanx rhizome density.
In this study, B. planiculmis responded in order to persist in

he original habitats in tide-restricted marshes by more allocation
o below ground biomass and higher phalanx rhizome density,
hile it attempted to expand its area in tidal marshes through
eed dispersal and guerilla rhizome density. Considering the dra-
atically reduced ramet density, the tide-restricted condition

imited B. planiculmis population by causing significant changes in
ydrology (i.e., blocking tide and maintaining high water depth)
nd vegetation composition (e.g., dominating of neighbor species
uch as Phragmites australis). These changes can threaten not
nly the maintenance of the B. planiculmis population but also
ndangered migratory birds that feed on its tubers (You, 2008; Liu
t al., 2016). To support this food web connectivity sustainably, as
xpected, this study showed that the impacts of tide-restriction
n B. planicumlis should be minimized and that tidal fluctuation
s essential. There recently have been many efforts to restore
he structures and functions of original marshes through tidal
estoration (Burdick et al., 1996; Warren et al., 2002). The basic
nderstanding of how the estuarial plant B. planiculmis responds
o tidal restriction gained through this study can help for better
anagement for sustainable conservation.

. Conclusion

In this study, differences in plastic growth responses of B. plan-
culmis and environmental variables between tidal marshes and
ide-restricted marshes were evaluated. Bolboscheonus planiculmis
n tidal marshes exhibited increased flowering ramet density,
uerilla rhizomes density, and total ramet densities, while the
ide-restricted marsh populations showed lower flowering ramet
ensity, higher phalanx rhizomes density, and decreased total
amet densities. These differences could be explained by dif-
erences in increased water depth and dominance of neighbor
pecies caused by tidal restriction. This study suggests that B.
laniculmis favors tidal marshes by allocating resources to the
eeds and guerrilla rhizomes to expand into adjacent areas. On
he other hand, in the tide-restricted marshes, more resources are
llocated to below ground biomass and more phalanx rhizomes
re developed in order to persist in these habitats. To sustainably
anage and conserve B. planiculmis, tidal restriction caused by
mbankments should be minimized (i.e., maintaining tidal fluc-
uation, managing competing species with the tides). Neighbor
pecies and hydrodynamics, including flooding depth, flooding
requency, and flooding duration, should be considered in order
o preserve and restore B. planiculmis marshes.
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