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Submarine groundwater is richer in nutrients compared to surface (river) water and
therefore has been considered to be an essential component of biological production
in marine coastal ecosystems. However, there has been no information on the effects of
submarine groundwater on animals at high-order trophic levels such as fishes. Here, we
show the first direct evidence that fish feeding and growth are elevated by submarine
groundwater discharge (SGD) by on-site experiments and quantitative sampling. An
experiment using cages moored on the sea bottom confirmed that juvenile marbled
sole Pseudopleuronectes yokohamae obtained elevated levels of nutrition in the vicinity
of SGD. Quantitative sampling at three sites with different hydrodynamic properties
in coastal waters of the western North Pacific showed correspondence of high SGD
with high biological production or biomass from producer to secondary consumers.
These findings demonstrate that nutrients of terrestrial origin provided via submarine
groundwater in coastal areas promote marine fish production.

Keywords: groundwater discharge, cage experiment, feeding, flounder, growth, radon, terrestrial origin,
trophic flow

INTRODUCTION

Water flowing from the land to the marine coastal area is an essential component supporting
the high biological production by supplying nutrients of terrestrial origin (Field et al., 1998).
Freshwater provided from terrestrial areas to coastal areas can be divided into surface water
(river water) and groundwater. More studies have been undertaken on how variability in river
waters affects biological production in marine ecosystems compared to groundwater supply
influences (Moosdorf and Oehler, 2017). Groundwater discharge was estimated to approximate
or exceed 50% of the freshwater input to bays (Valiela et al., 1990; Slomp and van Cappellen,
2004). In a temperate bay, a high contribution of nutrients (e.g., 65% of total dissolved inorganic
phosphorus (DIP) provided through all freshwater) has been estimated to be supplied via
submarine groundwater, which is richer in nutrients, especially phosphorus (Sugimoto et al., 2016).
Therefore, submarine groundwater is considered to have high potential for promotion of trophic
flow in coastal ecosystems.

High levels of submarine groundwater discharge (or seepage: SGD) have been shown to
correspond with elevated primary production in coastal waters worldwide (Rodellas et al., 2015;
Sugimoto et al., 2017; Figures 1A,B). Recent studies have indicated elevated abundance of primary
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FIGURE 1 | Underwater view of spring-type submarine groundwater
discharge (SGD) at a volcanic coast in Beppu Bay, southwestern Japan (A),
benthic microalgae flourishing around SGD at a sandy beach in Yamagata
Prefecture (B), misids gathering around SGD at a seagrass bed in Hokkaido
Prefecture (C), and aggregation of labrid and pomacentrid fishes around SGD
in Beppu Bay, Japan (D). All image credits: JS.

and secondary consumers (invertebrate macro-benthos and
fishes) in nearby areas containing SGD (Waska and Kim, 2010;
Hata et al, 2016; Utsunomiya et al., 2017; Figures 1C,D).
Herbivore grazing is influenced by ecological stoichiometry of
macrophytes that depend on nitrogen-rich SGD (Tomas et al,,
2011; Peterson et al., 2012). To date, however, there is still limited
information on the influence of SGD on the production of animal
communities at high-order trophic levels, such as secondary
consumers including fishes (Sanders et al., 2011; Moosdorf and
Oehler, 2017). A missing trophic linkage in the coastal boundary
area can be demonstrated if the utilization of nutrients of
terrestrial origin provided through SGD by marine animals at the
high-order trophic levels is elucidated.

In the present study, to test the hypothesis that nutrients
provided via SGD drive marine food web and promote
production of animals of high-order trophic levels, productivity
and biomass at three trophic levels (producer, primary consumer,
and secondary consumer) are compared between areas with
high and low SGD in three coastal marine areas with
different hydrological features in coastal waters of Japan, the
western North Pacific. A continuous mooring time series
observation was conducted to evaluate the contribution of
SGD to animals at high-order trophic levels by comparing
feeding and growth of juvenile fish together with nutrients of
terrestrial origin [dissolved inorganic nitrogen (DIN) and DIP],
primary productions (phytoplankton and benthic microalgae),
and abundance of primary consumers as fish prey.

MATERIALS AND METHODS
Study Sites

Three survey sites (Figure 2) were selected to cover the different
levels of maximum daily tidal amplitude (DTA) during the spring

tide period in the western North Pacific (I: Sea of Japan coast with
alow DTA of 0.4 m, II: Pacific coast of Japan with an intermediate
DTA of 1.5 m; III: coastal area of the Seto Inland Sea with a high
DTA of 4.0 m). Field experiments and quantitative sampling were
conducted at the three sites to test if production and biomass
of organisms at three trophic levels (producer, primary, and
secondary consumers) in the benthic ecosystem are elevated in
and around the area with high SGD.

Radon-222 (?2?Rn) is a naturally occurring radioactive gas and
a powerful tracer of groundwater inputs to oceans. The 222Rn
concentration is typically two to three orders of magnitude higher
in groundwater than in surface waters (Church, 1996; Kim et al.,
2005). The 2?2Rn concentration has been applied as one of the
indices for the detection of SGD in shallow waters worldwide
since the half-life of ?>?Rn is ~3.8 days (Taniguchi et al., 2002;
Swarzenski et al., 2007; Charette et al., 2008; Dimova et al., 2009;
Santos et al., 2010). Salinity is also an indicator of fresh SGD input
because SGD is composed of fresh SGD and recirculated SGD
(Stieglitz et al., 2013). In the present study, two sampling stations
within each site were selected according to the results of previous
222Rn and salinity measurements (site I: Hosono et al., 2012;
Kobayashi et al., 2019; site II: Honda et al., 2015; Shoji et al., 2017;
site III: Hata et al., 2016). At each of the three sites, production
of benthic microalgae, abundances of gammarid crustaceans (as
dominant primary consumer and also as major prey organisms
for fish), and carnivorous fishes were compared between the two
stations with different levels of 22Rn concentration and salinity
in water as an indicator for SGD (sts. a, ¢, and e for high SGD; sts.
b, d, and f for low SGD).

Primary Production and Primary and
Secondary Consumers’ Biomass

Surveys for primary production by benthic microalgae and
biomass of primary consumers (epibenthic crustaceans) and
secondary consumers (carnivorous demersal fishes) were
conducted on 5 June at site I, on 2 August at site II, and on 12
June at site IIT in 2016. Production of benthic microalgae was
estimated by an onsite experiment. Four polyethylene plates (30
x 25cm, 1.5 mm thick) were set at 0.3 m above the sea bottom
at each station for 2-5 days. Benthic microalgae on the plate
was scraped and filtered onto Whatman GF/C glass-fiber filters.
Samples were preserved frozen at —40°C until measurement
of dry carbon weight with a mass spectrometer at the Research
Institute for Humanity and Nature (RIHN), Kyoto, Japan.
Primary production of the benthic microalgae was expressed as
increase in carbon weight (mg C day~! m~2). Subsamples were
preserved in 10% seawater formalin and were identified under a
binocular microscope to the lowest possible taxon.

Epibenthic invertebrates were collected by towing a sledge-
net (0.4m width, 0.3m height, and 0.3mm mesh) for 20m
at a velocity of 1.0m s~!. Fish sampling was conducted by a
round seine net (2 m high, 30 m long, and 4 mm mesh aperture)
using the previously described method (Kamimura and Shoji,
2013). Each fish collection covered an area of 100 m2. The
invertebrate and fish samplings were conducted at four separate
locations randomly selected within each station (n = 4 for each
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FIGURE 2 | Maps showing three survey sites where influence of SGD on trophic flow and fish feeding and growth was investigated (top left). The three sites (bottom
panels) were selected to cover different levels of maximum daily tidal amplitude (DTA) during spring tide period in the northwest Pacific (I: Sea of Japan with a low DTA
of 0.4 m, II: Pacific Ocean with an intermediate DTA of 1.5m; lll: Seto Inland Sea with a high DTA of 4.0 m). Production of benthic microalgae and abundances of
gammarid crustacean (as dominant primary consumers and also as major prey organisms for fish) and fish were compared between two stations with different levels
of 222Rn concentration and salinity in water as an indicator for SGD (sts. &, ¢, and e for high SGD; sts. b, d, and f for low SGD) within each site (data for sites |, Il, and
Il from Hata et al., 2016; Kobayashi et al., 2017; Nakajima et al., 2018, respectively). In order to evaluate the effect of SGD on fish feeding and growth, a cage
experiment for 2 weeks was conducted using juvenile marbled sole Pseudopleuronectes yokohamae at site lll. Physical and biological environmental conditions and
stomach contents and growth rate of the juveniles were compared between the two stations (e and f). Arrangement of the experimental cages, pump, and current
direction are shown (top right). Four experimental groups composed of four cages each are surrounded by a dotted line and depth contour of 1 m at low tide is

indicated by a broken line.

station). Tidal levels ranged from 50 to 130 cm during these
samplings. Samples were preserved on ice and were identified in
the laboratory. Abundance of gammarids, which are the major
prey items for demersal fishes in the survey sites (Hata et al.,
2016; Shoji et al., 2017; Utsunomiya et al., 2017), was expressed
as number of individuals m~2. Fish biomass was calculated in
wet weight (g 100 m~2). Subsamples of gammarids and marbled
sole were collected at site III and preserved frozen at —30°C until
further processing for carbon and nitrogen stable isotope ratios.

Cage Experiment for Fish Feeding

and Growth

To evaluate the effect of SGD on fish feeding and growth, a cage
experiment for 2 weeks was conducted using juvenile marbled
sole Pseudopleuronectes yokohamae at site I11. The marbled sole is
widely distributed in coastal waters in the western North Pacific
and use low salinity coastal waters as nursery habitats during
the juvenile stage (Wada et al., 2007). Juvenile marbled sole are
abundant around areas with high SGD on a tidal flat in the
Seto Inland Sea, southwestern Japan, and fed mainly on macro-
benthos such as polychaetes and gammarids (Hata et al., 2016).
Physical and biological environmental conditions and juvenile
stomach contents and growth rate were compared between two
stations (e and f) with different levels of SGD.

St. e is located in an area with high 22?Rn concentrations along
the coast of Honshu Island, main island of Japan, and the other
(st. f) is on the western coast of Aba Island, an unpopulated
island. The distance between these two stations is ~1.5 km. There

is no river running into adjacent waters at each station. Majority
(>A m 85%) of the sea bottom at both stations is composed of
mud and sand with diameter <2.0 mm (Hata et al., 2016). Tidal
amplitude is ~4 m during spring tides and 2 m during neap tides.

Mooring time series surveys were conducted for 24 h from
16:00 on 6 June to 16:00 on 7 June 2017 at the two stations.
Seawater was pumped at 5L min~! by a submersible bilge
pump (800GPH, Rule) from 30 cm above the seafloor (1.5 m of
sea depth at low tide). Data loggers for depth (DEFI2-D5HG,
JFE Advantech), temperature, and salinity (A7CT2-USB, JFE
Advantech) were mounted with the pump. The 2*’Rn activity
in seawater was measured according to Burnett et al. (2001).
Seawater was directly flowed into an air/water exchanger (RAD
Aqua, Durridge, Inc). Then, equilibrated air was sent into a
radon detector (RAD7, Durridge, Inc.) for analysis of 222Rn after
passing through desiccant. The 22’Rn activity in seawater was
measured every 20 min. Atmospheric ?2?Rn activity was also
measured during the same period. Uncertainties based on the
counting errors were <20% for *?2Rn. Data obtained by the
data loggers and RAD7 were averaged hourly to eliminate short-
term variability in the present study. Hourly changes in SGD and
compositions of fresh and recirculated SGDs were analyzed in a
previous study (Nakajima et al., 2018).

In order to estimate SGD rate, continuous heat-type
automated seepage meters (Taniguchi and Iwakawa, 2001) were
deployed near the submersible pump at each site. The sensors
were calibrated in the laboratory before and after the field survey.
Voltage measured by the seepage meter at 5-min intervals was
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converted into ml min~! using calibration curves and then

converted to cm day~! using the area of the chambers by the
same method as Kobayashi et al. (2017). Temperature and salinity
were monitored at 5-min intervals by a temperature and salinity
logger (MDS Mk-V, Advantech) attached inside the chamber.

Nutrient samples (NO;, NO;, NHI, and POi_) were
collected hourly from the pumped water and were immediately
filtered through syringe filters (ADVANTEC, cellulose-acetate
membrane, 0.8 um pore size). Concentrations of NO3, NO3,
and POf’f were measured using an autoanalyzer (TRAA-
CS-800, Bran-Luebbe). NHI concentration was measured
fluorometrically using the orthophthaldialdehyde method
(Holmes et al., 1999) with a Trilogy fluorometer with a colored
dissolved organic matter (CDOM)/NH4 module (Model 7200-
041, Turner Designs). We defined DIN as the sum of NOj3,
NO;, and NHI, and DIP as POif. Chlorophyll-a (Chl-a)
concentration in the pumped water was measured using the
calibrated chlorophyll sensor (Cyclops-7, Turner Designs). These
measurements were conducted every hour.

Feeding and growth of juvenile marbled sole were compared
between the two stations (e and f). Juvenile marbled sole cultured
at Kudamatsu Sea-farming Center, Yamaguchi Prefecture, Japan,
were transported to the Takehara Marine Laboratory, Hiroshima
University, and were maintained in a stocking tank for 4 days.
On 12 June 2017, each juvenile (mean body length: 49.7 mm,
SD: 2.8) was separately put in a cage (0.45 x 0.45 x 0.3 m). The
juvenile stocking density for the experiment (4.9 ind. m~2) was
maintained at less than half of that (9.9 ind. m—2) found to be
suitable for juvenile feeding and growth according to the previous
experiment to evaluate appropriate juvenile stocking density for
the cage experiment (Fujita et al., 2017). Four cages were set
within an experimental square of 2 x 2m on the sea bottom at
the two stations. Four experimental squares were located within
alarger 6m x 6 m square at each station. As a result, a total of 16
(4 x 4) experimental cages composed of four groups (four cages
per group) were set at each station.

On 26 June, the juvenile marbled sole were collected from each
cage and was preserved on ice. Total length of each juvenile was
measured at the start and end of the experiment. Mean absolute
growth rate (G, mm day ') for the experimental period (14 days)
was calculated as:

G = (L4 —Lp)/14

where L4 is the total length at the end of the experiment (day 14)
and Lo is that at the start of the experiment (day 0).

Stomach contents of the juvenile marbled sole were identified
under a dissecting microscope at a maximum of 100x
magnification. Each prey item was measured in length and
width using an ocular micrometer. Prey mass was calculated
from previously reported length-mass relationships of Sirois and
Dodson (2000). Stomach content composition (% in weight) was
calculated for each juvenile.

Stable carbon isotope ratio analysis was applied for the wild
and cultured juvenile marbled sole and their possible prey items
in order to obtain verification that nutritional source of the
juveniles in the experimental cages shifted from artificial pellets

fed in the tank prior to the experiment to wild prey organisms
in nature during the field experiment. The half-life period of
carbon stable isotopic ratios in marbled sole juvenile muscles has
been reported to be about 2 weeks in a diet-switch experiment
(Hamaoka et al,, 2016). Twenty cultured juveniles (fed only
hatchery pellets) were sampled from the stocking tank at the start
of the experiment. Fifteen juveniles cultured and kept in the cages
for 2 weeks (fed natural prey for 2 weeks) were sampled from sts.
eand f, respectively (one fish was lost/dead during the experiment
at each station), at the end of the cage experiment.

Muscles of the right side of the body of wild juveniles collected
at sts. e (n = 20) and f (n = 6), hatchery pellet (n = 4), and
gammarids collected at sts. e and f as major prey organisms for
the wild juveniles (n = 4 for each station, bulk sample) were
processed for stable isotope analysis following the methods of
Nagata and Miyajima (2008).

Stable isotope ratios of carbon (3'3C) and nitrogen (8!°N)
were measured with an isotope mass spectrometer fitted with an
elemental analyzer at RIHN. Isotope ratios are expressed as:

3X = (Rsample/Rstandard — 1)x1000

where 8X is the stable isotope (313C or 8'°N) in units of %o, and
R="1C/12Cor PN/MN. Atmospheric nitrogen (N;) and Pee Dee
belemnite were used as the standards for nitrogen and carbon
stable isotopes, respectively. In order to verify the accuracy of the
analysis, DL-alanine was used as a secondary standard for carbon.
Precision for isotopic analysis was within £-0.28%o for both 3'3C
and §1°N.

Statistical Analyses

Production of benthic microalgae; gammarid and fish abundance
at sites I, II, and III (four replicates for each); stomach content
weight; and growth rate of juvenile marbled sole by experimental
group were compared between the two stations (four replicates
for each value per station) by Mann-Whitney U-test. Hourly
SGD, salinity, DIN, DIP, Chl-a, and stomach content weight and
growth rate of individual juvenile were compared between the
two stations by Student’s ¢-test. Stable carbon isotope ratio of the
juveniles used for the cage experiment (n = 15 for each) and wild
(n =20 at st. e and n = 6 at st. f) was compared between the two
stations by Mann-Whitney U-test. All of the statistical analyses
were performed in R (3.4.1: R Development Core Team).

RESULTS

Primary Production and Primary and
Secondary Consumers’ Biomass at the

Three Sites

At all sites (I, II, and III), the benthic microalgae production was
significantly higher at the stations with a higher SGD signal (sts. a,
¢, and e) than at the stations with a lower SGD signal (sts. b, d, and
f: Mann-Whitney U-test, p < 0.05 for all, Figure 3). The benthic
microalgae were mostly composed of Amphora spp., Navicula
spp.» and Synedra spp. at all sites. The dominant fish species were
Japanese sillago (Sillago japonica), surfperches (Embiotocidae
spp.), and red seabream (Pagrus major) at sitessite I, II, and III,
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FIGURE 3 | Comparison of benthic microalgae production (top), abundance of gammarids (as dominant primary consumer and also as major prey organisms for fish:
middle) and fish biomass (bottom) between the two stations with different levels of 222Rn concentrations as an indicator of SGD within each site (I: Sea of Japan, II:
Pacific Ocean, and lll: Seto Inland Sea). Circles indicate each data and bars show mean and standard deviation. Asterisk shows significant difference within each site
(Mann-Whitney U-test, p < 0.05 for all).

respectively. The abundance of both gammarids and fishes was
also significantly higher at the stations with higher SGD signal
than at the stations with lower SGD signal (Mann-Whitney
U-test, p < 0.05 for all, Figure 3).

Submarine Groundwater Discharge,
Nutrient Supply, and Chlorophyll-a
Concentration During the Mooring Time

Series Surveys

During the mooring time series survey conducted at site III
for the cage experiment, the mean hourly 2*2Rn concentrations
ranged between 31.6 and 97.9 Bq m~ at st. e and between 23.8
and 70.6Bq m~? at st. f. There was a significant difference in
the average of the mean hourly 22Rn concentrations between
the two stations [st. e: 54.3 (£20.1) Bq m~3; st. f: 34.2 (£10.4)
Bq m~3, Student’s t-test, p = 0.0002; Figure 4A]. The mean
hourly SGD varied between 25.3 and 159.3 cm day ! at st. e and
between 1.9 and 32.8 cm day~! at st. f. There was a significant
difference in the average of the mean hourly SGD between the
two stations (st. e: 99.8 cm day~'; st. f: 4.9 cm day~!, Student’s
t-test, p < 0.0001; Figure4B). Average (£SD) of the mean
hourly water temperature was 18.3°C (£0.25°C) and 18.2°C
(£0.23°C) and values for salinity was 32.1 (£0.22) and 33.0

(£0.00) at sts. e and f, respectively. The difference was significant
for salinity (Student’s t-test, p < 0.0001; Figure 4C) but not for
temperature (p > 0.05).

The hourly DIN concentration ranged between 0.61 and
1.05uM at st. e and between 0.45 and 0.63puM at st. f
(Figure 4D). The hourly DIP concentration ranged between 0.14
and 0.26 WM at st. e and between 0.09 and 0.20 uM at st.
(Figure 4E). The means of both hourly DIN (st. e: 0.76 LM,
st. f: 0.52 M) and DIN (st. e: 0.20 uM, st. f: 0.16 wM) were
significantly higher at st. e (Student’s ¢-test, p < 0.0001 for both
DIN and DIP).

The hourly Chl-a concentration ranged between 1.01 and 2.82
pg L1 at st. e and between 1.07 and 1.72 pg L™! at st. f. The
average was slightly higher at st. e (1.94 jug L™!) than at st. f
(1.72 pg L71), without significant difference between the two
sites (Student’s ¢-test, p = 0.058; Figure 4F).

Feeding and Growth of Juvenile Marbled

Sole by Cage Experiment

A total of 92.3% (12 of 13 fishes) and 72.7% (10 of 13 fishes) of
juvenile marbled sole analyzed for their stomach contents at sts.
e and f, respectively, had prey items in their stomachs. The most
dominant prey organisms were gammarids, accounting for 71.2%
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FIGURE 4 | Comparisons of 222Rn (A), submarine groundwater discharge (SGD: B), salinity (C), dissolved inorganic nitrogen (DIN) (D), dissolved inorganic
phosphorus (DIP) (E), and chlorophyll-a (Chl-a: F) concentrations monitored every hour for 24 h at sts. e and f in survey site lll. Juvenile stomach content composition
(SCC, weight%: G), stomach content weight (SCW) by cage (H) and individual fish (1), and growth for 2 weeks by cage (J) and individual fish (K) were compared
between the two stations at the end of the cage experiment. Vertical bars and boxes (A-F,l,K) indicate every 25% range of the data. Circles (H,J) indicate each data
and bars show mean and standard deviation. The p value of statistical analysis for comparison between the two stations is presented for each panel (Student’s t-test
for A-F,1,K; Mann-Whitney U-test for H,J). Hourly data from Nakajima et al. (2018) were processed for panels (A-C) in the present study in order to provide evidence
of SGD signal at the survey site.

at st. e and 54.7% at st. f, followed by ostracods (20.8% at st. e;
43.8% at st. f; Figure 4G). Other prey organisms accounted for
7.9 and 1.5% at sts. e and f, respectively.

Mean juvenile stomach content weight of each experimental
group ranged between 0.16 & 0.15 and 0.50 £ 0.17 mg at st. e
and between 0.06 &= 0.03 and 0.13 £ 0.13 mg at st. f (Figure 4H).
There was a significant difference between the two stations
(Mann-Whitney U-test, p < 0.05). Mean of stomach content
weight of individual juvenile at st. e (0.36 = 0.09 mg) was also
significantly higher than that at st. £ (0.09 & 0.02 mg; Figure 4I).

Mean juvenile growth rates by experimental group ranged
between 0.25 £ 0.10 and 0.31 £ 0.07mm day ! at st. e
and between 0.11 + 0.03 and 022 #+ 0.07mm day ! at

st. f (Figure 4]). The difference between the two stations was
significant (Mann-Whitney U-test, p < 0.05). Mean of individual
juvenile growth rate at st. e (0.27 & 0.09 mm day~!) was also
significantly higher than that at st. e (0.18 & 0.07mm day:
student’s ¢-test, p = 0.012; Figure 4K).

Mean stable carbon isotope ratio of the juvenile marbled sole
sampled at the end of the experiment from the cages at sts. e
(—18.26 & 0.19%0) and f (—18.11 + 0.17%0) was intermediate
between values of the juveniles sampled from the stock tank
at the start of the cage experiment (—18.9 £ 0.46%o) and wild
marbled sole juveniles collected at sts. e (—16.64 £ 0.32%o) and
£ (—16.00 = 0.43%o; Figure 5). The stable carbon isotope ratio of
the juveniles in the stock tank was slightly higher than the values
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FIGURE 5 | Stable carbon isotope ratio of muscle of juvenile marbled sole
sampled from the rearing tank before the experiment (Tank), after the cage
experiment for 2 weeks (Cage), and wild marbled sole collected at sts. e and f
(Wild). Vertical bars and boxes indicate every 25% range of the data. Mean
values for gammarids as major prey organisms for the juvenile marbled sole at
sts. e and f and hatchery feed for the juveniles are shown as broken lines.
Asterisk shows a significant difference in the isotope ratio of wild fishes
between sts. e and f (p = 0.0006).

of the hatchery feed (—19.08 £ 0.17%o) and the values of wild
juveniles were slightly lower than those of gammarids collected
at each station, with the most dominant prey item both in the
juvenile stomachs and water (e: —16.16 & 1.80%o; f: —15.66 +
1.31%o). The stable carbon isotope ratio of the juvenile marbled
flounder sampled from the cages was not significantly different
between sts. e and f (Mann-Whitney U-test, p = 0.504). The
values of both wild juvenile marbled sole and gammarids at st.
e were lower than those at st. f. There was a significant difference
in the stable carbon isotope ratio of the wild juveniles between
the two stations (U-test, p = 0.0006).

DISCUSSION

In the present study, first direct evidence that fish feeding and
growth were elevated by submarine groundwater was obtained
by an on-site experiment and quantitative samplings. The
experiment using cages moored on the sea bottom confirmed
that the fishes obtained nutrition at a fixed place in nature. The
quantitative sampling at three sites with different hydrodynamic
properties showed that correspondence of high SGD with high
biological production from producer to secondary consumers
prevails in coastal marine areas. These findings demonstrate
a missing trophic linkage in the coastal boundary area that
originates from nutrients of terrestrial origin provided via
submarine groundwater and promotes marine fish production.

Validity of Cage Experiment

The mean growth rate of juvenile marbled sole at the area
with higher SGD (st. e: 0.22 & 0.09mm day ! at 18.3 +
0.25°C) approximates those of juveniles cultured under the same
temperatures (0.25 mm day ™! at 17.8°C: Mutsutani, 1988; 0.11-
0.96mm day~! at 8-26°C: Kusakabe et al., 2017), although the
juvenile growth rate varies, being highly affected by ambient
temperatures. It is plausible that the condition for feeding during
the experiment at st. e was maintained at a level generally
appropriate for their growth. The period of the experiment
(2 weeks) is considered long enough to evaluate the effect of
difference in environmental conditions for feeding on their
growth because of the half-life period of carbon and nitrogen
stable isotopic ratios in the juvenile muscles (about 2 weeks:
Hamaoka et al., 2016). These results indicate that the difference
observed in the feeding and growth of juvenile marbled sole
between the experimental stations reflects the environmental
properties that were affected by the presence/absence of effects
of SGD in surrounding water.

Effects of Submarine Groundwater
Discharge on Primary Production and

Primary Consumer

Nutrients supplied via SGD increase microalgal and macrophyte
biomass and production in marine ecosystems of the world
(Lecher et al., 2015, 2017; Lecher and Mackey, 2018). In tropical
systems, nitrogen-enriched groundwater enhances primary
production of benthic ecosystems (Fourqurean et al, 1992;
Peterson and Heck, 2001; Fourqurean and Zieman, 2002;
Carruthers et al., 2005; Bowen et al., 2007; de Sieyes et al.,
2008). In the present study, nutrients supplied via submarine
groundwateris potentially important for primary production in
the coastal sea areas because there are no rivers nearby the
three survey sites. The higher primary production rate of benthic
microalgae in the areas with high SGD commonly observed at
all three sites with different hydrographic features in the present
study shows that nutrients provided via SGD contributed to
primary production in the benthic ecosystems in these sites. In
the pelagic ecosystem, on the other hand, the effect of SGD on
phytoplankton production has been reported to differ between
types of SGD (Sugimoto et al., 2017). An in situ experiment to
elucidate the response of phytoplankton primary productivity
to SGD clarified that the mechanism by which SGD affects
phytoplankton production differs from one ecosystem to another
because of variable hydro-geographical properties, such as the
type of groundwater discharge (i.e., spring type or seepage
type: Sugimoto et al., 2017). At a site in Obama Bay, central
Japan, which is characterized by seepage-type SGD, a significant
positive relationship between in situ phytoplankton primary
productivity and 22’Rn concentration was observed probably
due to nutrient-limited water column conditions. On the other
hand, at volcanic coastal sites in northern and southern Japan,
which are dominated by spring-type SGD, no clear relationships
between in situ phytoplankton primary productivity and 2?>Rn
concentration were found, suggesting that submarine springs
have negative impacts on phytoplankton growth rates around
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FIGURE 6 | A schematic drawing of contribution of nutrients provided by
surface (river) water and SGD to pelagic and benthic trophic flows of coastal
waters. Contribution of nutrients of SGD origin to the pelagic trophic flow has
been still unknown or underestimated due to mixing of water and nutrients
(indicated by an arrow with a broken line). Relative contributions of surface
water and submarine groundwater are considered to be higher to the
production of high-order ecosystem organisms of pelagic and benthic trophic
flow, respectively. The contribution of nutrients of SGD origin to both pelagic
and benthic trophic flows is assumed to be higher in an area where the influx
of surface water is minimal and water mixing by tide prevails such as in the
survey site lll (Seto Inland Sea) in the present study.

vent sites, possibly due to gradient in environmental conditions
such as temperature and salinity (Sugimoto et al., 2017).

In addition to the SGD type, tidal current would affect pelagic
primary production through mixing water. The maximum DTA
during spring tide period around site III located in the Seto
Inland Sea exceeds 4 m. The chlorophyll-a concentration as an
index of phytoplankton production was not significantly different
between the two stations (sts. e and f) while difference in the
benthic microalgae production was significant. In contrast, the
effect of SGD on primary production would be more visible
in the near-bottom layer of the water column regardless of
physical properties and SGD types in each area. Consequently,
the contribution of nutrition provided via SGD to the benthic
food web is expected to be higher in coastal marine waters
with high tidal mixing and less freshwater input through rivers
flowing into the surrounding area as site III in the present study
(Figure 6). Further studies applying the experimental protocols
developed in the present study will enable elucidation of how
SGD contributes to the pelagic and benthic food web depending
on different tidal periods, geographical shapes of coastal area, and
SGD type.

Groundwater discharge has been shown to have impacts
on benthic microalgae and macrofauna in other coastal areas
(Miller and Ullman, 2004; Waska and Kim, 2010). In the present
study, the abundance of gammarids, the main prey organisms of
juvenile marbled sole, was 2.4 (site I) to 15.2 (site IIT) times higher
in the vicinity of the SGD (Figure 3). These gammarids include
herbivores that feed on phytoplankton and benthic microalgae
(Hata et al., 2016), showing the influence of SGD-originated
nutrients on the primary consumer through elevation of the

benthic primary production. Further, the gammarids seem to
play an important role in connecting benthic primary production
with high-order trophic level predators in the vicinity of SGD in
the present study sites (Figure 6).

Influence on Fish Production

The present study is the first case to evaluate the influence of
SGD on fish growth and feeding in marine coastal waters. The
SGD has been believed to highly contribute to the coastal fisheries
production at many locations of the world (Moosdorf and
Oehler, 2017). To date, elevation of fish abundance and biomass
has been observed in the vicinity of SGD (Hata et al., 2016;
Shoji et al,, 2017; Utsunomiya et al.,, 2017). However, whether
the fishes grow utilizing the nutrients originated from SGD
remains unknown. In the present study, the carbon stable isotope
analysis supports the conclusion that nutrients of terrestrial
origin provided via SGD were utilized by juvenile marbled sole.
The stable carbon isotope ratio at the end of the field experiment
was intermediate between juveniles sampled from the stock tank
and wild juveniles, indicating that these juveniles in the cages
were acclimating to prey organisms in nature during the 2-week
experiment, which approximates the time length of half-life of
the isotope ratio of this species (Hamaoka et al., 2016). The lower
values of stable carbon isotope ratio of gammarids at st. e than at
st. f would prove the higher influence of nutrients provided via
SGD on marbled sole juveniles through benthic food web (Hata
etal., 2016) prevailing at st. e than at st. f.
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