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ABSTRACT: To manage and conserve the seagrass bed and ecosystem in tidal flats, this study examined to
confirm spatial distribution in groundwater (SGD) on tidal flats with the area of around 100 m square in a
small and steep island. Various groundwater and nutrient discharges were observed at the W and E sites. 1)
Based on the water budget, the groundwater flux was estimated to be 8.68 m/yr or 23.9 mm/day in E, and
17.75 m/yr or 48.6 mm/day in W, respectively. 2) Spatial distributions of groundwater contribution ratio (%)
in pore water at W was around 60% in average, which was 8 times of that in E site. 3) The NO3s-N
concentration in pore water at W site was about 30 times of that at E because of the low attenuation rate with
high groundwater velocity. 4) The temporal variation in groundwater flux with tidal fluctuation indicated 2.5
m/day in maximum and -4.0 m/day in minimum. This huge difference between the average flux and
maximum indicated also large seawater recirculation and heterogeneous distribution of SGD. This
heterogeneous distribution at this tidal flat would contribute to the activity of seagrass and diversity of
ecosystem.
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1. INTRODUCTION the nutrient and freshwater supply. The
groundwater discharge into the sea bed near shore
The tidal flats and shallow coastal areas are line has conceptually been understood [8,17].
naturally covered by seaweed and seagrass, these However, spatial variation of SGD in a tidal flat
area contributes to biodiversity in the ecosystem scale has not been clarified enough [18,19].
[1]. One of the reasons for the rich seagrass bed The purpose of this study was to confirm
from the tidal flat to the shallow bottom in a spatial distribution in groundwater (SGD) and
coastal zone is various physical and chemical nutrient discharge on tidal flat with the area of
environments. Submarine groundwater discharge around 100m square in a small and steep island.
(SGD) defined as any flow of water at land
margins from the seabed to the coastal ocean [2,3] 2. METHOD
has spatial distribution in the km scale and
includes fresh groundwater with the stable 2.1 Study Area
temperature [4,5]. SGD has significant impacts is
an important source of not only freshwater [2,3] The experimental sites were located on Ikuchi
but nutrients [6-8]. Island in Onomichi City, Hiroshima Prefecture, in
Recently, the coastal ecosystem such as coral the central Seto Inland Sea, western Japan. (Fig. 1).
reef and seagrass bed has been degraded by the The regional climate is warm (average temperature
development and overuse of coastal zone [9]. of 15.6°C), with less precipitation in Japan (approx.
Because the degradation of seagrass bed causes 1100mm/y). lkuchi Island is one of the most
biodiversity loss in coastal zones, this is one of famous and important orange and citrus production
global environmental issues [10]. In urban regions, areas. The orange groves cover 42% of the total
the huge nutrient supply from the sewage plant catchment area, and are mostly located in the
[11], the recycling of accumulated nutrient in sea downstream area. Forests cover 43% of the upper
bed [12] by the tidal pumping [13] caused the area. Groundwater resources are important water
eutrophic condition and was degraded ecosystem. supply resources for irrigation. However, due to
In addition, the groundwater depression by over the small annual precipitation with large inter-
pumping in the coastal city caused seawater annual variation, and steep sloping topography, the
intrusion and stop of SGD [14-16]. island faces a risk of water shortage, especially in
On the other hand, in the rural regions, the the drought season.

contribution of SGD and coastal current controls
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Ikuchi Island is characterized by a steep terrain
and granite bedrock [20], and the total area is 32.7
km?. The alluvial fan and plain in the coastal zone
is narrow, but is generally deposited by the
sediment composed of gravel and sand including
clay with the thickness of around 15m [8,20,21].

The research catchments (E and W catchments)
are located in the southern area of the island (Fig.
1), and are approximately 1700 m and 900 m in
length, and 300 m and 150 m in width, with an
area of 0.434 km? and 0.242 km?, respectively.
These catchments have steep slopes, particularly in
the upstream mountainous area, with a top
elevation of 396 m and 472 m in E and W
catchments, respectively. And experimental tidal
flats (E and W) have about 75 m and 30 m in
length and 100 m and 250 m in width, respectively.
E experimental tidal flat is at the edge of the
alluvial fan made by a small stream with 1.5 km in
length and it is a half of groundwater discharge
area of the catchment. W experimental tidal flat is
at the mountain slop foot with the twice average
slope gradient of the E catchment and it is similar
to the discharge area of the catchment.

[ Exp. Tidal Site
- Exp. Catchment
~ river
O BH, rain collector
A rain collector

Fig.1 Study area and the experimental sites.
2.2 Field Observation

10 and 17 piezometers on two experimental
tidal flats, which is composed of E site (100 m x
30 m) at the alluvial fan edge of an experimental
catchment and W sites at the steep mountain slop
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foot (300 m x 30 m) were installed with the depth
of 50cm, respectively. Pore water samples were
collected in December in 2018 and July and
December in 2019. Water temperature and electric
conductivity (EC) were measured in situ, using the
potable meter. In addition, water levels were
monitored in 2017 and 2019, rain water and
groundwater samples were collected monthly at
each catchment.

The water budgets were estimated by the
previous researches [21,22] in E catchment based
on the river discharge and groundwater monitoring
in 2003 and 2004. On the other hand, there is no
stream discharge in W catchment.

2.3 Laboratory Analysis

These water samples were filtered using 0.2
um cellulose ester filters in the field and stored in a
freezer until analysis. The stable isotope ratio and
nutrient concentration of water samples were
analyzed, using the WS-CRDS method (Picarro
Company, L2120-i) and a spectrophotometric
auto-analyzing system (SWAAT; BL TEC K. K.,
Japan), respectively.

3. RESULTS AND DISCUSSION
3.1 Water Budget

Table 1 Water Budget in each catchment.

E catchment W catchment

P (mm) 1100 1100
Ev (mm) 350122 - 550021 550
Qr (mm) 250021 — 43522 0
Qg (mm) 30012 — 31527 550

Note: [21] using hydrological observation, and
[22] using SWAT model.

Water budget is represented as Eq. (1),

P-Ev=Qr+Qg+A4
@)

where P is precipitation, Ev is evapotranspiration,
Qr is river discharge, and Qg is groundwater
discharge, respectively. The water budgets in E
catchment were estimated, using the hydrological
observation and monitoring [21] and SWAT model
analysis [22]. The water budgets in E and W
catchments are shown in Table 1.

Based on the water budget, groundwater
discharge in W is twice of E. The catchment area
in E is twice of W, and the groundwater discharge
volume in E is estimated to be similar to that in W.
As the E tidal flat is a half of the discharge area of
this catchment, the discharge volume in E site is a
half of W tidal flat. If the groundwater discharges
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to the experimental tidal flat area (7,500 m?),
annual groundwater discharge is estimated to be
8.68 m/yr or 23.9 mm/day in E, and 17.75 m/yr or
48.6 mm/day in W, respectively.

3.2 Spatial Distribution of Groundwater
Discharge

Figure 2a and 2b shows the distribution of EC
in pore water at E and W site, respectively. The
average EC at E is 46 mS/cm and that at W is 25
mS/cm. The average groundwater discharge rate at
E site was a half of that at W site, the trend of the
EC distribution in pore water was similar to the
trend of groundwater flux.

]
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Fig.2 Spatial distributions of EC in pore water at
W tidal flat (a) and E (b). The unit is mS/cm. @;
piezometer plot.

Figure 3 shows the spatial distribution of
groundwater contribution ratio (%) in pore water at
W and E site. The ratio at W is around 60% in
average and the range of from 10% to more than
95%, whereas the ratio at E is around 7% in
average and the range from 5% to 10%,
respectively. The ratio at W site is 8 times of that
in E site. These difference could not explain only
by the fresh groundwater flux described above.
This means the sea water recirculation flux by the
tidal pumping at E site would be around 4 times of
that at W site. In general, this flux is related to the

frequency
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length of the tidal flat, especially the length at E
was 2.5 times of that at W.

The distribution at W site is heterogeneous and
the pore water with the ratio of 10% were found at
2 piezometers in 17 plots while that with more
than 50% and 90% were found at 4 and 1 plots,
respectively. On the other hand, the distribution at
E site is homogeneous and the ratio continuously
decreased from 10% near the land to 5% in the
offshore. These comparative trends were shown
obviously in the histogram (Fig. 4).

T T T T T T T T

Fig.3 Spatial distribution of groundwater
contribution ratio (%) in pore water at W site (a)
and E site (b). 4; piezometer plot.

m W test site

| E test site
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Groundwater contribution ratio (%)

Fig. 4 The histogram of groundwater contribution
ratio at E and W site.
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3.3 Spatial Distribution of Nutrient Discharge

Spatial distribution of NO3-N concentration
(mg/l) in pore water at W site (a) and E site are
shown in Fig. 5 (a) and (b), respectively. The
lower areas of both catchments are covered by the
citrus plantation, and dissolved nitrogen and
phosphorus was contained so much in fresh
groundwater by leaching of fertilizer component
[21]. The concentration distributed the range from
0 mg/l to 7 mg/l at W tidal flat site, whereas it
distributed the range from 0 mg/l to 0.2 mg/l. The
maximum concentration at W was about 30 times
of that at E. This means the attenuation rate is
relatively small at W site because of the higher
groundwater velocity, as compared at E.
Especially, the concertation was maximum at the
central part of W site.
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Fig. 5 Spatial distribution of NO3-N concentration
(mg/l) in pore water at W site (a) and E site (b).
@ piezometer plot.

Figure 6 shows spatial distributions of SiO;
concentration (mg/l) in pore water at W site (a)
and E site (b). The concentration distributed the
range from 3 mg/l to 17 mg/l at W site, whereas it
distributed the range from 3 mg/l to 6 mg/l. The
plots with high concentration indicated high
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contribution of fresh groundwater. The maximum
concentration at W was about 3 times of that at E.
This means recirculating seawater at E site
contained relatively high concentration of SiO»
because of the supply by the river. In addition, the
variation of concentration was obviously smaller
than NO3™ concentration.

3.4 Temporal Variation in Pore Water Pressure
and EC

Figure 7 shows the temporal variation in
groundwater flux with tidal variation during 3 days.
The range of tidal variation was 3.5m. The
groundwater flux is maximum at the mid tide
during the decreasing tide and minimum at the mid
tide during the increasing tide. Figure 8 shows the
temporal variation in EC of the pore water with
tidal variation. The EC increased with the tidal
level, and the tidal pumping effect was indicated
[3,4]. But the variation range is only less than
1mS/cm with 34 mS/cm in the average.
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Fig. 6 Spatial distribution of SiO; concentration
(mg/l) in pore water at W site (a) and E site (b).
@ ; piezometer plot. O; piezometer plot monitored
water level and EC shown in Fig.7 and 8.

The groundwater flux was 2.5 m/day in
maximum and -4.0 m/day in minimum. This
maximum value was 100 times of the average flux
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estimated based on water budget. The negative
value during the increasing tide indicated seawater
recirculation. The sum for three days showed the
positive value, while based on the huge difference
between the average flux and maximum indicated
also large recirculation and heterogeneous
distribution of SGD. This heterogeneous
distribution at W site would contribute to the
diversity of this ecosystem on the tidal flat.
Recently, seagrass biomass is still active at W site
as compared with that at E site.
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Fig. 7 Temporal variations in tidal level and
groundwater flux at the eastern part of Site W
(shown in Fig.6 ).
35.8 4.00
tide W
35.6 f r 3.50
354 F 3.00
352 gc! 2.50
35 200 ¢
348 ,;I / 1.50 g
346 / 100 B
/ 4 =
344 0.50
34.2 0.00
90,)/9 90;"'/9 eo?"/p 90,)/9 g eo”/&) 72
R0, RrL. Rr,. Rp, Rr, Rr, Ra,
;-'\?6\ g AT ) "-\?6\ <y

Fig. 8 Temporal variations in tidal level and EC at
the eastern part of Site W (shown in Fig.6).

4. CONCLUDING REMARKS

This study examined to confirm spatial distribution
in groundwater (SGD) on tidal flats with the area
of around 100m square in a small and steep island.
1) Based on the water budget, the groundwater
flux was estimated to be 8.68 m/yr or 23.9
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mm/day in E, and 17.75 m/yr or 48.6 mm/day in
W, respectively.

Spatial ~ distributions  of  groundwater
contribution ratio (%) in pore water at W was
around 60% in average, which was 8 times of
that in E site.

3) The NO3-N concentration in pore water at W
site was about 30 times of that at E because of
the low attenuation rate with high groundwater

2)

velocity.
4) The temporal variation in groundwater flux with
tidal fluctuation indicated 2.5m/day in

maximum and -4.0m/day in minimum. This huge
difference between the average flux and maximum
indicated also large seawater recirculation and
heterogeneous  distribution of SGD.  This
heterogeneous distribution at this tidal flat would
contribute to the activity of seagrass and diversity
of ecosystem.
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