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Abstract

Background: There have been many studies on the growth conditions of Zostera marina and Zostera japonica, but
few studies have examined how spatial and temporal factors affect growth in established seagrass beds or the
distribution range and shoot density. This study aims to clarify the factors that determine the temporal and spatial
distribution of Zostera marina and Zostera japonica in the Seto Inland Sea east of Yamaguchi Prefecture.

Methods: The study site is in Hiroshima Bay of the Seto Inland Sea, along the east coast of Yamaguchi Prefecture,
Japan. We monitored by diving observation to confirm shoot density, presence or absence of both species and
observed water temperature, salinity by sensor in study sites.

Results: The frequency of occurrence of Zostera marina was high in all seasons, even in water depths of D.L. + 1 to −5 m
(80 ± 34% to 89 ± 19%; mean ± standard deviation), but lower (as low as 43 ± 34%) near the breakwall, where datum
level was 1 to 2 m, and it was further reduced in datum level −5 m and deeper. The frequency of occurrence of
Zostera japonica was highest in water with a datum level of +1 to 0 m. However, in datum level of 0 m or deeper, it
became lower as the water depth became deeper. Datum level +1 m to 0 m was an optimal water depth for both
species. The frequency of occurrence and the shoot density of both species showed no negative correlation. In 2011,
the daily mean water temperature was 10 °C or less on more days than in other years and the feeding damage by
S. fuscescens in the study sites caused damage at the tips.

Conclusions: We considered that the relationship between these species at the optimal water depth was not
competitive, but due to differences in spatial distribution, Zostera marina and Zostera japonica do not influence each
other due to temperature conditions and feeding damage and other environmental conditions. Zostera japonica required
light intensity than Zostera marina, and the water depth played an important role in the distribution of both species.
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Background
Zostera beds are major primary producers in estuarine
and coastal areas, and they support large and diverse
faunal assemblages. These beds are excellent habitats for
many commercial fishes, providing hatcheries and nur-
series for juvenile fish (Kikuchi 1980; Pollard 1984; Orth
et al. 1984). Zostera beds in the Seto Inland Sea, Japan
are made up of Zostera marina and Zostera japonica
(Biodiversity Center of Japan 2008). In Japan, Z. marina
is found from Hokkaido to Kyushu, and Z. japonica is

distributed from Hokkaido to the Ryukyu Islands (Aioi
1998; Omori 2000; Aioi and Nakaoka 2003). The distri-
bution of species and shoot density varies with the life
history of the seagrass, environmental conditions, and by
year (Sugimoto et al. 2008; Harrison 1982; Abe et al.
2004). Z. marina is taller and has longer and wider leaves
than Z. japonica, while the shoot density of Z. japonica is
higher than that of Z. marina (Arasaki 1950a, b).
Therefore, the dominant species and distribution of
seagrass is an important factor in determining the
character of the seagrass bed. In particular, there are
reports in recent years of Z. japonica increasing its pres-
ence in seagrass beds (Mach et al. 2014; Shafer et al. 2014).
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Physical factors also play a role in the distribution and
growth of Zostera beds. The upper part of seagrass is af-
fected by water turbulence, and the lower part is affected
by photosynthesis inhibition (Dennison and Alberte 1985;
Duarte 1991; Mach et al. 2010; Kendrick et al. 2002). The
habitats of Z. marina and Z. japonica are affected by salin-
ity and depth (Greve and Krausen-Jensen 2005; Morita
et al. 2010; Abe et al. 2009; Shafer et al. 2011). For example,
in the summer, Z. marina growth becomes difficult when
the daily mean water temperature is 28 °C or more. Sea-
grass reproduction occurs by branching of rhizomes or seed
germination. In reproduction by seed, the germination rate
of seagrass is higher when the water temperature is lower,
and it is highest when the water temperature has been
below about 10 °C.
There have been many studies on the growth condi-

tions of Z. marina and Z. japonica, but few studies have
examined how spatial and temporal factors affect growth

in established seagrass beds or the distribution range
and shoot density.
This study aims to clarify the factors that determine

the temporal and spatial distribution of Z. marina and
Z. japonica in the Seto Inland Sea east of Yamaguchi
Prefecture.

Methods
Study sites
The study site is in Hiroshima Bay of the Seto Inland
Sea, along the east coast of Yamaguchi Prefecture, Japan
(34°00′ N, 132°12′ E) (Fig. 1). The Imazu and Monzen
rivers flow into the bay near the study site, and at times
of heavy rain about 15 km to the north, the salinity is
temporarily low. Salinity in the vicinity of the study site
ranged from 28 to 32‰. The seawater in the study area
had low transparency, and water mixing is low at the
north side of the bay (Kawanishi 1999). At the bottom

Fig. 1 Study site and survey lines
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layer, the flow rate at the study site was a mean of
3 cm∙s−1, and a maximum of about 35 cm∙s−1, with a
back and forth flow along the coastline. The flow at
Obatakeseto, which is about 5 km southwest of the study
site, is very fast and becomes about 250 cm∙s−1 during
the faster spring tide. In the vicinity of the study site,
seagrass grows to a range of about 200 m from the
shore, but at about 15 km north, near Iwakuni airport,
south Ohbatake seagrass beds have formed almost con-
tinuously up to 4 km from the shore. Sea bottom mate-
rials in Zostera bed had silt and clay percentage of 5–8%
and sand percentage of 90–91%.
Survey lines were designated as starting at the base

point of the wave-dissipating blocks (breakwater) and
extending offshore perpendicular to the shoreline. The
length of each survey line and the number of sampling
points along each survey line are given in Table 1. Sur-
vey lines at the south side of the study area had more
sampling points. In December 2010, water depth along
the survey lines was measured relative to a reference
point in Iwakuni Port and reported as depth limit
(datum level) recorded in meters (Fig. 2).
Monitoring of seagrass beds was conducted from

December 2010 to October 2013 at a frequency of 2 to
5 months.

Monitoring of Zostera bed
Seagrass beds in the survey area were monitored at the
five survey lines near Iwakuni, Yamaguchi Prefecture.
Monitoring was carried out by diving observation to
confirm the presence or absence of Z. marina and Z. ja-
ponica. Water depth along the monitoring lines was
measured relative to a reference point in Iwakuni Port
and was reported as D.L. recorded in meters from
December 2010 to October 2013. Observations were
made every 10 m. Survey findings for D. L. in the range
of +1 to 0 m and in the range of 0 to −7 m were examined
separately. The number of shoots in quadrats (Z. marina
50 × 50 cm, Z. japonica 10 × 10 cm) was measured. Shoot
height was measured for up to ten shoots of each Z.
marina and Z. japonica in the range of D.L. +1 to 0 m.
The shoot height was measured as the longest leaf on the
vegetative shoots, and if there were no vegetative shoots,
seedling shoots were measured.

Environmental conditions
Temperature data loggers (Onset Computer Corpor-
ation; TidbiT v2) were used to take measurements at a

height of 20 cm from the bottom of the sea at line 2 to
120 m from the breakwater every 10 min from January
2010 to December 2013. Solar irradiation data collected
at Hiroshima Local Meteorological Observatory 50 km
north–northeast of the study site, and Secchi depth was
collected 3 km to the west of the study site in a Yamaguchi
Prefecture public waters survey.

Results
Distribution of seagrass, height, and shoot density
Figure 2 shows the horizontal distance from the break-
water and the depth at each sampling point along each
survey line in the seagrass beds. The flat water depth
was ranged from +1.0 to −1.0 m to a distance of 50 to
80 m along each survey line and then became gradually
lower offshore. The survey lines at the south end of the
survey area showed a steeper drop in water depth.
Figure 3 shows the frequency of occurrence of Z. mar-

ina and Z. japonica along the survey lines in different
water depths by season. The occurrence of both species
was in the range of D.L. +1 to −7 m.
The frequency of occurrence of Z. marina was high in

all seasons, even in water depths of D.L. + 1 to −5 m
(80 ± 34% to 89 ± 19%; mean ± standard deviation), but
lower (as low as 43 ± 34%) near the breakwall, where
D.L. was from 1 to 2 m, and it was further reduced in
D.L. −5 m and deeper. In June 2011, there was no differ-
ence in the frequency of occurrence of Z. marina for
D.L. in the range of +1 to −5 m, in August 2011, the fre-
quency of occurrence in June 2013 was 95 ± 9%, which
was higher than 80 ± 23% of other times, and this was a
statistically significant difference (P < 0.05).
The frequency of occurrence of Z. japonica was high-

est in water with a D.L. of +1 to 0 m. However, in D.L.
of 0 m or deeper, it became lower as the water depth be-
came deeper. For Z. japonica, the seasonal difference
was less (P > 0.85). When the frequency of occurrence
for both species throughout the year is more than 50%
at a water depth, the optimal water depth for Z. marina

Table 1 Length of survey lines and number of sampling points

Line 1 Line 2 Line 3 Line 4 Line 5

The length of the survey line (m) 150 140 130 110 110

The number of research point 16 15 14 12 12

Fig. 2 Water depth based on D.L. along lines 1 to 5 (the reference
point in Iwakuni Port)
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and Z. japonica is taken as D.L. from +1 to −5 m and +1
to 0 m, respectively.
Figure 4 shows the change in the frequency of occur-

rence at D.L. +1~0 m, which was an optimal water depth
common to Z. marina and Z. japonica from December
2010 to October 2013, but in deeper water (D.L. 0~
−7 m), Z. marina was more common.
The frequency of occurrence was 83 ± 11% for Z. mar-

ina at the common optimal water depth, and the fre-
quency of occurrence for Z. japonica was 70 ± 10%;
there were no significant changes throughout the period
of the survey. In the D.L. from 0 to −7 m, the frequency
of occurrence of Z. marina was 77 ± 31%, and the fre-
quency of occurrence of Z. japonica was 17 ± 22%, and
in December 2012 and later, it was on the increase.
Figure 5 shows the changes in shoot density of Z. mar-

ina and Z. japonica at DL +1 to 0 m for both species
from December 2010 to October 2013. The shoot dens-
ity of Z. marina and Z. japonica decreases rapidly from

April or June 2011 to February 2012, and then shoot
density was restored.
Figure 6 shows the correlation between the frequency

of occurrence and shoot density for Z. marina and Z. ja-
ponica from DL +1 to 0 m using data from December
2010 to October 2013. The frequency of occurrence and
the shoot density of both species showed no negative
correlation, as would be expected in a competitive rela-
tionship. Therefore, we considered that the relationship
between these species at the optimal water depth was
not competitive.

Water temperature and solar irradiation
There were no significant variations in the frequency of
occurrence of both species at the optimal water depth,
and the shoot density showed great large variation of
rapid decline and subsequent recovery from the summer
of 2011 to the winter of 2012. We examined shoot dens-
ity and photosynthesis data for factors that affect growth

Fig. 3 Seagrass distribution at water depth based D.L. in each season

Fig. 4 Change in occurrence distribution of Z. marina and Z. japonica at two optimal water depths
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and germination. Figure 7 shows the changes in mean
daily water temperature from January 2010 to December
2013. In October 2011 or later, the shoot density of both
species decreased rapidly. However in 2011, there were
no observations of 28 °C (Tiina et al. 2014) or higher
water temperatures which affect the growth of sea-
grass, and annual mean water temperature ranged
from 17.1 to 17.9 °C. Since there was no statistically
significant difference by year, annual water temperature
was not considered to be a factor for the decrease in shoot
density, and annual water temperature was not a direct
cause of the decrease in shoot density in both species after
October 2011.
Figure 8 shows the number of days in each year

from 2010 to 2013 for which the daily mean water
temperature was lower than 10 °C; a temperature that
may affect the germination of seagrass (Abe et al.
2009; Kawasaki et al. 1986). In 2011, the shoot density of
Z. marina and Z. japonica was higher until June before
the summer, and the number of days on which the daily
mean water temperature was lower than 10 °C was higher
than in any other year at 43 days. In 2011, the daily mean
water temperature was lower than 10 °C from January
16 to March 26, and 2011 was the only year in which

the water temperature was less than 10 °C at the end
of March.
Figure 9 shows the daily mean solar irradiation at the

Hiroshima Local Meteorological Observatory from January
2010 to December 2013. Annual mean of daily mean solar
irradiation ranged from 13.6 to 14.6 MJ∙m−2, and there was
no significant difference by year. Similar to the mean water
temperature, it was considered that there was no direct
effect of solar irradiation changes on the rapid decline of
seagrass since October 2011.
The estimated lower depth limit of Z. marina and the

Secchi depth (Sd, m) from January 2010 to December
2013 at a point 3 km east of the study site is shown in
Fig. 10. The estimated lower depth limit distribution of
Z. marina (Zc, m) was calculated using the light attenu-
ation coefficient (K, m−1) as follows (Duarte 1991).

Zc ¼ 1:86K and K ¼ 1:7=Sd :

The annual mean Sd and Zc are reported in Table 2.
The Sd and Zc in 2010 were 6.3 ± 1.6 m and 6.8 ± 1.8 m,
respectively. These values gradually increased after 2010,
the Sd and Zc in 2013 were 8.9 ± 2.9 m and 9.8 ± 3.1 m,
respectively. Therefore, since 2010, the daily mean solar
irradiation is due to having a deeper Sd, and every year,
the light conditions for the growth of Z. marina and Z.
japonica were considered to improve.
Figure 11 shows the changes in salinity from December

2010 to October 2013. The salinity in the study period
ranged from 29.3 to 32.4 PSU and never decreased below
10 PSU (Kawasaki et al. 1986); a level that affects the
growth of Z. marina.

Feeding damage
In October 2011, the upper portions of many of the Z.
marina appeared to have had feeding damage, as shown
in Fig. 12. Therefore, shoots height of Z. marina and Z.
japonica was examined from December 2010 to October
2013, as an indicator of feeding damage (Fig. 13). The

Fig. 6 Correlation between the occurrence percentage and shoots density of Z. marina and Z. japonica at an optimal water depth
(D.L. +1 to 0 m) by season

Fig. 5 Distribution of Z. marina and Z. japonica shoot density at an
optimal water depth (D.L. +1 to 0 m) throughout the study period
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mean shoot height (stomach contents in fish were not
confirmed to be Z. marina) in August 2011 was 50 cm,
after which feeding damage reduced it to 23 cm. The
mean shoot height of Z. japonica in August 2011 and in
October 2011 was 23 and 15 cm, respectively. The shoot
height of Z. japonica also decreased in the same way as
the shoot height of Z. marina. In the Seto Inland Sea,
herbivorous fishes, Siganus fuscescens, were observed in
2011 to cause feeding damage to the seagrass bed, and
feeding damage to Z. marina was also observed in
Hiroshima Bay (Sugimoto et al.). Although not dir-
ectly observed, the feeding damage by S. fuscescens in
the study sites caused damage at the tips, and damage
was assumed to cause a decrease in shoot density for
both species.

Discussion
The distribution of Z. japonica is mostly in the intertidal
zone, while that of Z. marina is mostly in the subtidal
zone (Mach et al. 2010), but the factors affecting these
differences in distribution were not clarified. Z. marina
and Z. japonica in D.L. −4 m and shallower had overlap-
ping distribution, and for D.L. from +1 to 0 m showed
high occurrence rate for both species. In other words, Z.
japonica grew at water depths that were also included in
the range of Z. marina. Zostera marina had greater

shoot height than Z. japonica, and these species are as-
sumed to have a competitive relationship based on Z.
marina growing higher and shading Z. japonica. How-
ever, in the optimal water depths, occurrence frequency
and shoot densities are similar for both species, and the
lack of a negative correlation suggests that the growth of
both species is independent.
The subtidal is deeper than the optimal water depth of

both species, and the seagrass distribution, and thick
seagrass (Z. marina) which grows tall and has wide
leaves shades short seagrass (Z. japonica and Ruppia
maritima), inhibiting the photosynthesis and possibly
the distribution of short seagrass. A negative correlation
was observed in the biomass of tall Z. marina and short
Ruppia maritima in the Chesapeake Bay subtidal zone
(Orth 1977). Z. marina has limited light due to competi-
tion from algae (Sugimoto et al. 2007). When Z. japon-
ica of the subtidal is subjected a light limitation due to
shading by leaves of Z. marina at the study site, there is
little difference in the light compensation point of Z.
marina and Z. japonica, the difference between the
plant heights is low, and the distribution of Z. japonica
by water depth in October 2011, April and June 2012
will surpass that of Z. marina. However, even in this

Fig. 9 Solar irradiation recorded at Hiroshima Local Meteorological
Observatory

Fig. 7 Seawater temperature at study site

Fig. 8 Number of days with daily mean water temperature below 10 °C
Fig. 10 Secchi depth and Z. marina depth limit at study sites
throughout the study period
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period, the water depth of Z. japonica distribution had
not changed greatly. Compared to Z. marina, Z. japon-
ica was not distributed in deep water. In the study sites,
the shear stress was reduced in deeper water. Under
calm water conditions, diatoms and sediment adhere to
the leaves of Z. marina and Z. japonica, and moderate
disturbance is necessary to avoid growth inhibition
(Shimaya et al. 2004; Sugimoto et al. 2003). Z. japonica
habitats in the deep water of Tokyo Bay had higher
bottom shear stress values than in non-vegetated areas.
Epiphytic Ectocarpus siliculosus (Fig. 14), a mobile
brown algae and Diffalaba picta picta (Fig. 15), a conch,
are epiphytic and both were observed in the study site.
No quantitative data on the occurrence frequency or
levels of E. siliculosus and D. picta picta were collected;
however, there is a possibility that they affected the dis-
tribution of Z. japonica in the subtidal zone. We could
not confirm the influence on the growth distribution
due to the coexistence between Z. marina and Z.
japonica. However, it was clear that the water depth was
an important factor determining the distribution of these
species. The frequency of occurrence of Z. japonica was
decreasing from D.L. 0 m. In addition, the frequency of
occurrence of Z. marina was decreasing from D. L.
−4 m. Therefore, it was considered that the frequency of
occurrence of these species were lowered in deep points
due to the influence of the light condition. Z. japonica
required light intensity than Z. marina, and the water
depth played an important role in the distribution of
these species.
In this study, no large annual variations in the fre-

quency of occurrence of Z. marina and Z. japonica were
found. On the other hand, great variation was observed

in the shoot density. Z. marina and Z. japonica occur-
rence frequency were determined by the required
growth light conditions (depth); however, they were less
affected by other factors, and shoot density was sensitive
to environmental factors. During the study period, in
particular, feeding damage and low water temperature in
winter were factors affecting shoot density.
When the seeds of Z. marina were kept at 14 °C and

buried in sea sand in laboratory experiments, germin-
ation was 23%, but germination at 9 °C or less was 66%
or greater (Tiina et al. 2014). When the same test for the
Z. japonica was conducted, germination rate at 23 °C
and at 4 °C was 40 and 80%, respectively (Kishima et al.
2011). Thus, a water temperature of 10 °C or less in the
winter increases the germination rate and distribution of
both species in spring. In the study site in 2011, the daily
mean water temperature was 10 °C or less on more days
than in other years. In particular, water temperature was
lower in shallow water at low tide. Therefore, there is a
possibility that a high germination rate of seagrass occurs
in depths from D.L. +1 to 0 m.
In Gozensaki-cho, Shizuoka Prefecture, leaves of Ecklonia

cava were lost due to feeding damage by S. fuscescens, and

Fig. 12 Losses at the upper end of the seagrass leaves
(October 2011:line 2)

Fig. 11 Salinity at study site throughout study period
Fig. 13 Z. marina and Z. japonica shoot height throughout the
study period

Table 2 The annual mean value of Secchi depth and estimated
lower depth of Z. marina

2010 2011 2012 2013

Secchi depth (m) 6.3 ± 1.6 6.9 ± 1.8 7.7 ± 1.5 8.9 ± 2.9

Z. marina depth limit (m) 6.8 ± 1.8 7.6 ± 2.0 8.4 ± 1.6 9.8 ± 3.1
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seagrass beds were in decline in a short period from
October to November in 1998 (Masuda et al. 2000). The
grazing of algae by S. fuscescens rose along with the rise in
water temperature, and algae grazing became higher after
the spawning from July to August. Examination of the
amount of predation of E. cava by S. fuscescens using a
water tank showed significantly increased predator weight
at 25 °C before and after the heating has been observed
(Kawamata and Masegawa 2006). The water temperature
exceeded 25 °C in 2011 when S. fuscescens were thought
to be grazing on eelgrass from August 2 to September 16,
which is before and after spawning. In the period of
August 17 to October 6, shoot height of Z. marina was
shorter. The number of days for which the water
temperature was higher than or equal to 25 °C over the
period of 2010 to 2013 was 38 ± 16 days, and in 2011 it
was 42 days. Therefore, it is considered that water
temperature in 2011 was not a factor in the increased

predation pressure by S. fuscescens compared with other
years.
The seagrass beds in the Seto Inland Sea, Japan east of

Yamaguchi Prefecture are comprised of Z. marina
and Z. japonica, which are competing species, but
due to differences in spatial distribution, Z. marina
and Z. japonica do not influence each other due to
temperature conditions and feeding damage and other
environmental conditions.

Conclusions
This study aims to clarify the factors that determine
the temporal and spatial distribution of Z. marina
and Z. japonica in the Seto Inland Sea east of Yamaguchi
Prefecture. The specific conclusions derived from this
study are as follows:

1) When the frequency of occurrence for both species
throughout the year is more than 50% at a water
depth, the optimal water depth for Z. marina and Z.
japonica is taken as D.L. from +1 to −5 m and from
+1 to 0 m, respectively. Thus, D.L. from +1 to 0 m
was an optimal water depth for both species.

2) The frequency of occurrence and the shoot density
of both species showed no negative correlation, as
would be expected in a competitive relationship.
Therefore, we considered that the relationship
between these species at the optimal water depth
was not competitive.

3) Z. japonica required light intensity than Z. marina,
and the water depth played an important role in the
distribution of both species.

4) In 2011, the mean water temperature, salinity, and
solar irradiation were no difference between 2010
and 2013, however, the daily mean water
temperature was 10 °C or less on more days than in
other years. Therefore, there is a possibility that a
high germination rate of seagrass occurs.

5) Since 2010, the daily mean solar irradiation is due to
having a deeper Sd, and every year, the light
conditions for the growth of Z. marina and Z.
japonica were considered to improve.

6) In October 2011, the feeding damage by S. fuscescens
in the study sites caused damage at the tips, and
damage was assumed to cause a decrease in shoot
density for both species.
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D.L.: Datum level; Z. japonica: Zostera japonica; Z. marina: Zostera marina
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