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Abstract

Eutrophication has become a primary threat to many coastal ecosystems since the
second half of last century. Following three or four decades of effort to revert this
issue, evidences of ecosystem recovery are growing. Nevertheless, many ecosystems
have not met their recovery potential yet. What’s more, new problems have emerged
in recent years, for instance, reductions in the annual fishery landings in some
ecosystems due to decrease in the primary production. All of these suggest that our
environmental managements need to be reviewed. The question of why different
ecosystems response differently to nutrient loading reductions also need to be
answered. Here we explored the region-specific water clarity and phytoplankton
biomass baselines in the context of anthropogenic nutrient loading reductions in some
semi-encolsed seas to obtain better environmental management targets. In addition,
we assessed the potential of eelgrass bed recovery and its effectiveness in controlling
phytoplankton in an eutrophic estuarine area.

Region-specific background Secchi depth (BSD) provides valuable information on
light availability in aquatic ecosystems. We estimated BSD in Tokyo Bay and Ise Bay
and the Seto Inland Sea based on monitoring data collected in the period 1981-2015.
BSD values were successfully obtained in 89-96%, 67-94% and 19-67% of
monitoring sites in Tokyo Bay, Ise Bay and the Seto Inland Sea, respectively. Low
BSD values were obtained in the innermost regions of these semi-enclosed seas,
adjacent to the estuaries of large rivers. BSD was positively correlated with salinity in
these seas, indicating that river-supplied substances, including tripton and/or colored
dissolved organic matter, strongly influenced BSD values. Although the highest
chlorophyll a concentrations were measured in the innermost sectors of these seas, the
proportional contribution of phytoplankton to light attenuation was surprisingly low in
comparison with other sectors. Moreover, the average estimated proportional light
attenuation of phytoplankton was <40% in all these seas, indicating that background
factors played a dominant role even in these highly eutrophic waters. Determinations
of Secchi depth, BSD, and the proportional contributions of phytoplankton and
background factors to light attenuation will improve understanding of the aquatic light
environment, which in turn will inform the development of rational coastal

management practices.



Water quality had been improved in most areas of the Seto Inland Sea, harmful
algal blooms were still frequently observed in some regions of the sea. Based on a
nonlinear perspective and an empirical approach with several natural environmental
factors, a novel indicator, vulnerable index, was established to estimate surface
chlorophyll a (Chl.a) concentration in the Seto Inland Sea with long-term monitoring
records during the period 2003-2012. Results suggested that models that included
both salinity and water clarity were more predictive than that did not. The inclusion of
distance to coast or water stability resulted in further improvement of model
performance, whereas the improvements were limited. Highest Vulnerable Index were
observed in the coastal regions of Osaka bay, Harima Nada, Hiroshima Bay and
lowest Vulnerable Index in Aki Nada, Iyo Nada, offshore area of Suo Nada and two
channels connecting the Pacific Ocean. We also found that the coastal areas with
highest Vulnerable Index coincide with the areas adjacent to highly populated
watersheds, indicating that high natural potential for phytoplankton growth as well as
high anthropogenic nutrient input from neighboring residences combined to result in
the frequent red tide occurrence in the areas mentioned above. Vulnerable Index
provide a simple and clearly defined way to identify vulnerable coastal zone in nature
to phytoplankton growth. We suggest that vulnerable index be incorporated in future
decision-making process and different management measures be implemented
according to the property of VI in different water bodies of the Seto Inland Sea.

Water quality data from 1981-2015 were used to elucidate the spatiotemporal
distributions of Chl.a concentration and Secchi depth in the west-central Seto Inland
Sea, Japan. The results revealed that salinity and distance from the northern coastline
were the main factors for predicting Chl.a concentration and Secchi depth,
respectively. Significant differences in both of these were observed between subareas
in spring, summer and autumn; differences were insignificant in winter. Chl.a
concentrations have decreased for the past 35 years, while their extent differed in the
subareas. A greater rate of decrease in Chl.a concentration was observed in the
innermost Hiroshima Bay in spring, compared with other subareas, while no
significant difference in different subareas was found in other seasons. Secchi depth
has increased for the past 35 years, but no significant difference in its rate of increase
was found among different subareas in all seasons. Total nitrogen (TN) loading better
explained changes in mean Chl.a concentration than total phosphorus (TP) throughout

the west-central Seto Inland Sea. Phytoplankton’s contributions to light attenuation



were low in the west-central Seto Inland Sea, indicating that the nutrient loading
reduction programme has been of limited effectiveness in improving water clarity.
Eelgrass beds are highly productive and support diverse faunal assemblages; they
also take in nutrients from the water and prevent excessive phytoplankton growth in
eutrophic coastal waters through the reduction of available nutrients. Despite its
importance, the global distribution of eelgrass has declined worldwide. In eutrophic
areas with high Chl.a concentrations, natural recovery of eelgrass beds after
eutrophication is possible. To facilitate this, sufficient water clarity can be reached
after a large enough decrease in phytoplankton concentration. In this study, we
proposed a novel indicator for the maximum possible Secchi depth (MPSD), defined
as the Secchi depth when the Chl.a concentration is equal to a reference Chl.a
concentration. We applied the MPSD to evaluate water clarity improvements through
the reduction of terrigenous anthropogenic nutrient loading. We found that
phytoplankton did not control water clarity in the study area, which was instead
controlled by background factors. Therefore, improvements in water clarity would not
be expected after reducing terrigenous anthropogenic nutrient loading. The habitat of
Zostera marina is determined by light availability, so we investigated a potential area
with >20% surface irradiance and Z. marina existed in 27% of it (100-373 ha). The
maximum recovery by Secchi depth improvements to the MPSD was estimated at 36
ha. The impact of eelgrass recovery and expansion on phytoplankton growth from
May to September was evaluated by a mathematical model under two scenarios: the
current eelgrass distribution (100 ha) and potential maximum eelgrass distribution
(370 ha). The decrease in Chl.a concentration to 1.0-3.0 pg 1! was achieved in an
area originally with 4.0 to 7.0 ug I'' of Chl.a from May to July; this improvement
decreased with time. These evaluation methods and findings could help us gain a
better understanding of the nutrient management in seagrass-vegetated semi-enclosed

seas subjected to anthropogenic nutrient input.
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Chapter 1: Preface

1.1 Introduction

Coastal areas are home to around one third of the world’s population and over
70% of the world’s mega-cities (> 8 million inhabitants) are located in coastal areas
(Vandeweerd et al. 2002, http://population.city/world/, Figure 1.1). Estuaries and
coastal seas have long been the focal points of marine resource use. They provide
more values and services related to human well-being than any other ecosystem type
(Millennium Ecosystem Assessment 2005). Coastal ecosystems habitat almost 80% of
known marine fish species and yield 90% of global fisheries (Vandeweerd et al. 2002).
In addition, a range of coastal ecosystems (e.g. sand beaches, marshes, mangroves,
coral reefs, and seagrass beds) provide many other important ecosystems services
including shoreline protection, pollution control, nutrient cycling and carbon storage

(Orth et al. 2006, Barbier et al. 2011).

Figure 1.1 World Population map (http://population.city/world/)

Despite the importance of coastal ecosystems, many human activities, including
nutrient pollution, shoreline construction and trawling fisheries, have lead to
widespread deterioration of these systems (Lotze et al. 2006, Halpern et al. 2008,
Barbier et al. 2011). Globally, half of the salt marshes and one third of mangroves,

coral reefs and seagrass beds have been either lost or degraded (Valiela et al. 2001,
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Millennium Ecosystem Assessment 2005, Waycott et al. 2009). Meanwhile, lots of
associated ecosystem services they provide were lost.

Among the threats facing coastal ecosystems, eutrophication has been the primary
one throughout the world (Smith 2003, Selman et al. 2008, Rablais et al. 2009,
McCrackin et al. 2017, Figure 1.2). Eutrophication stimulates blooms of
phytoplankton and macroalgae (Cloern 2001, Duarte et al. 2013), which affect the
system in several ways. The elevated phytoplankton biomass reduce water clarity and
light availability of the benthic environment, threatening the survival of growth of
submerged aquatic vegetation and benthic microalgae (Kraufvelin et al. 2006,
Lefcheck et al. 2018). As the phytoplankton and macroalgae die and decompose,
dissolved oxygen was consumed, which could adversely impact the local fauna both
directly and indirectly via accumulation of toxic hydrogen sulfide (Gray et al. 2002).
Besides, some phytoplankton species produce toxins that can pose health threats to

wildlife and humans (Anderson et al. 2002, Imai et al. 2006, Chen et al. 2019).
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Figure 1.2 World eutrophic and hypoxic area (Selman et al. 2008)

Reducing anthropogenic nutrient input has been considered as the necessary first
step to address eutrophication (McCrackin et al. 2017). A variety of national and
international nutrient management projects have been implemented following the
eutrophication in coastal waters, such as the Action Plan for the Aquatic Environment
in relation to Danish coastal waters (Riemann et al. 2016), a Total Pollutant Load
Control System (TPLCS) in Japanese enclosed waters including the Seto Inland Sea

(Nakai et al. 2018), the Baltic Sea Action Plan (BSAP) in the Baltic Sea (Backer et al.
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2010) and European Water Framework Directives in European coastal waters (Kallis
and Butler 2001). Evidences of ecosystem recovery are growing after three decades of
efforts to revert widespread eutrophication. Alleviation of eutrophication, that is,
improvement in nutrients, Chl.a, dissolved oxygen concentrations and seagrass cover,
have appeared (Riemann et al. 2016, Andersen et al. 2017, Lefcheck et al. 2018,
Nishijima et al. 2018), that are direct consequence of long-term efforts to reduce
nutrient inputs. In Tampa Bay, USA, total nitrogen, Chl.a concentration, dissolved
oxygen, water clarity and seagrass coverage improved greatly following continuing
nutrient management actions and the above water quality indicators were approaching
conditions observed before large human population increase in the 1950s (Greening et
al. 2014). In Chesapeake Bay, long-term nutrient reductions, had enlarged the
seagrass coverage to 17,000 ha, the highest cover in almost half a century (Lefcheck
et al. 2017). In Danish coastal waters, reductions in nutriment input from land resulted
in parallel declines in nutrient, Chl.a concentrations and increased coverage of
seagrass and macroalgae in deeper waters (Riemann et al. 2016). Effects of nutrient
reductions had also appeared in the Seto Inland Sea, Japan. Harmful algal blooms
have been controlled to a large extent in most coastal area and annual red tide
frequency has declined from 299 in 1976 to around 100 after 1990 (Imai et al. 2006).
Water clarity was improved from 6.4 m in the 1980s to 7.3 m in the 2000s (Nishijima
et al. 2015).

Despite the efforts to mitigate the influence of anthropogenic inputs and restore
lost ecosystem functionality, many ecosystems have not met their recovery potential
yet (Figure 1.3, Duarte et al. 2013). In addition, due to the scarce of long-term,
large-scale and effective restoration to validate ongoing management actions, the
recommendation are often guided more by theory than empirical evidence, which
sometimes leads to less-than desirable outcomes. Existing studies found that
eutrophication and recovery following different non-linear pathways (Duarte et al.
2013) and once the ecosystem is altered by eutrophication, the nature of feedbacks is
altered and difficult to re-establish (Kemp et al. 2005, Moksnes et al. 2018). Moreover,
cumulative pressures have developed in parallel to eutrophication, which counteract
the efforts to mitigate eutrophication to some extent (Carstensen et al. 2011, Duarte
and Krause-Jensen 2018). These additional pressures include global warming, ocean
acidification and increased runoff (Sinha et al. 2017, Duarte and Krause-Jensen 2018).

What’s more, following the implementation of nutrient loading reduction projects,
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new problems have become public concerns in recent years, for instance,
discoloration of Nori and Wakame seaweed and reductions in the annual fishery
landings in the Seto Inland Sea (Fisheries Agency of Japan, 2016). Since nitrogen and
phosphorus are essential nutrients for the growth of primary producers, such as
phytoplankton, macroalgae and seagrass, increases and decreases in primary
producers would produce direct and indirect effects on fishery landings in coastal
areas (Yamamoto 2003). These suggest that the nutrient management projects need to

be reviewed.
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Figure 1.3 Changes in ecosystem state (A: pre-disturbance state, B: degraded state, C:
recovered state) with increase and release of pressures (Duarte et al. 2015)

Enclosed or semi-enclosed seas are featured by high primary and fish productivity.
Whereas, due to poor exchange of water, they are also more sensitive to
anthropogenic stress than other kinds of open coastal ecosystems. Here we present the
data-driven analysis and predictions on the environmental management in three
semi-enclosed sea: Tokyo Bay and Ise Bay and the Seto Inland Sea (Figure 1.4),
which are among the most consistently studied and managed coastal regions in the
world. The management of semi-enclosed seas have undergone a major and positive
shift from water quality control to environmental remediation and restoration of
habitat, which aimed at realizing a beautiful and bountiful sea (Nakai et al., 2018).
Under the new management framework, restoration of seagrass and seaweed beds
constituted an important part, which would rely much on the improvement of water

clarity. Secchi depth is a traditional metric of water clarity and has been widely used
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in various aquatic systems. It is also used as a metric of eutrophication due to its
relationship to phytoplankton biomass because of its relationship to the depth of
euphotic zone (HELCOM 2006). Furthermore, Secchi depth has also been related to
maximum depth of submerged aquatic vegetation (Dennison et al. 1993). Therefore,
Secchi depth has been considered as an importance indicator of the status of aquatic
systems. Nevertheless, water clarity and light attenuation are affected not only by
phytoplankton but also by suspended sestons, chromophoric dissolved organic matter
and the water (Devlin et al. 2008). The latter ones are little influenced by the changes
of eutrophication. Therefore, alleviation of eutrophication achieved by the reductions
in anthropogenic nutrient loadings and consequent reduction in phytoplankton
biomass do not result in a significant improvement in water clarity in shallow coastal

areas (Riemann et al. 2016). Hence we require a new indicator to determine the

improvement potential of water clarity with alleviation of eutrophication in coastal
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Figure 1.4 Study area in different chapters of this dissertation
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Another issues with changes in eutrophication is the marked changes in primary
producers and primary production. Stable and appropriate primary production is
essential to sustain the healthy functioning of ecosystems and the sustainable supply
of fishery resources. However, excessive phytoplankton growth must be controlled or
reduced due to its huge detriment to the whole ecosystem mentioned before. Despite
the significant reductions in anthropogenic nutrient loading, red tides still frequently
occur in some nearshore areas of the semi-enclosed seas, implying that some natural
factors play important roles in the outbreaks of phytoplankton bloom and determine
the baseline phytoplankton biomass in these areas. The baseline phytoplankton
biomass that could be supported by a subarea should be studied for both a better
understanding on the region-specific phytoplankton growth potential and more
scientific coastal management practice.

Eelgrass beds are highly productive and support diverse faunal assemblages by
providing ideal habitats for many commercial fishes and reducing the vulnerability of
juveniles to piscivorous predators. They could prevent excessive phytoplankton
growth in eutrophic coastal waters through the competition of available nutrients.
These above crucial ecosystem services provided by eelgrass beds keep them in focus
of many coastal management projects. The reduction in nutrient loadings is expected
to aid the recovery of eelgrass beds due to a projected improvement in water clarity.
However, management plans for eutrophic coastal waters need to be constructed with
careful assessment on the potential for eelgrass recovery and extension through the
improvement of light availability of the water column. Moreover, the impact of
eelgrass recovery and expansion on control of the growth of phytoplankton after

nutrient reduction should be evaluated.

1.2 Objectives

This research aims to:

1. determine the improvement potential of water clarity by nutrient loading
management and the phytoplankton’s contribution to light attenuation for helping
evaluate the effectiveness of nutrient loading reduction on water clarity improvement
via reducing phytoplankton biomass in Tokyo Bay, Ise Bay and the Seto Inland Sea;

2. establish a vulnerable index to determine the baseline phytoplankton biomass and

help identify the management priority coastal regions that are easily influenced by
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eutrophication and red tides and access how phytoplankton in different coastal waters
responses to natural factors and facilitate future assessment, monitoring and
management of the Seto Inland Sea and other coastal seas in the world;

3. identify the primary factors regulating Chl.a concentration and Secchi depth in the
west-central Seto Inland Sea (Hiroshima Bay and Aki Nada), as well as their decadal
changes with decreasing anthropogenic nutrient loadings;

4. determine the maximum possible water clarity that could be reached after the
reduction of anthropogenic nutrient loadings and evaluate the impact of eelgrass beds
recovery and expansion on control of phytoplankton growth in the northern

Hiroshima Bay.

1.3 Research flow

Chapter 2: Determination of region-specific background Secchi
depth in three semi-enclosed seas, Japan

Chapter 3: Identification of coastal zone vulnerable to phytoplankton
growth in the Seto Inland Sea, Japan

Chapter 4: Management of the west-central Seto Inland Sea, Japan:
» factors controlling spatiotemporal distribution of chlorophyll a
concentration and Secchi depth

Environmental Management

v

Chapter 5: Potential and impact of eelgrass bed recovery and
expansion on phytoplankton growth through nutrient competition

Figure 1.5 Schematic diagram of the research in this dissertation

Chapter 1 was the preface, which included a brief introduction on the 1)
importance of coastal seas, 2) degradation of coastal seas, 3) progress in coastal
recovery, 4) objectives of the research and 5) the research flow.

Chapter 2 determined the improvement potential of water clarity and the
phytoplankton’s contribution to light attenuation in several semi-enclosed seas with
different nutrient loadings in order to evaluate the influence of nutrient management
on light condition in these coastal ecosystems and obtain a proper light condition

recovery target for management.
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Chapter 3 established a novel index to identify definitive natural factors
influencing phytoplankton growth and the coastal regions vulnerable to phytoplankton
growth in the Seto Inland Sea for a better management resource allocation.

Based on vulnerable zone (management priority zone) identified from Chapter 3,
we took west-central Seto Inland Sea as an example area for deep and regional
environmental management methods development in Chapter 4 and Chapter 5.

Chapter 4 identified the primary factors regulating Chl.a concentration and Secchi
depth in the west-central Seto Inland Sea, as well as their temporal changes in
different subregions, from which we obtain the area demonstrating clear response to
TPLCS and its underpinning mechanism.

Chapter 5 determined the maximum possible water clarity that could be reached
after the relief of anthropogenic nutrient loadings and evaluated the effectiveness of
eelgrass beds recovery and expansion on phytoplankton growth inhibition in the

eutrophic northern Hiroshima Bay.
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Chapter 2: Determination of region-specific background

Secchi depth in three semi-enclosed seas, Japan

2.1 Introduction

Light availability is a critical factor for phytoplankton growth and primary
production (Harrison et al., 2007; Domingues et al., 2011; Arteaga et al., 2014;
Edwards et al., 2016). Reliable estimation of the primary production potential of
phytoplankton in the water column requires information on shifts in underwater light
attenuation and the factors responsible for changes in water clarity (Nakai et al., 2018).
The factors determining underwater light attenuation, including suspended particulate
matter, phytoplankton populations, colored dissolved organic matter (CDOM) and
water molecules, have been well studied; the relative contributions of these factors to
light attenuation in the water column vary spatially and temporally (Lund-Hansen,
2004; Devlin et al., 2008).

Reductions in water clarity due to eutrophication have been widely documented in
a range of coastal regions such as the Baltic sea that is the largest body of brackish
water with 377,000 km*> and is an semi-enclosed sea connecting the North Sea
through narrow and shallow Danish straits (Sandén & Héakansson, 1996), Chesapeake
Bay that is a large (11500 km?), semi-enclosed estuary with narrow (1 to 4 km)
central channel confined by a sill at its seaward end (Kemp et al., 2005) and brackish
Lake Nakaumi that is shallow coastal lagoon with an areas of 92.1 km? (Hiratsuka et
al., 2007). Great efforts have been made to reduce anthropogenic nutrient loading in
aquatic systems; however, the responses of phytoplankton and changes in water
clarity in enclosed and semi-enclosed seas following reductions in nutrient loading are
frequently region specific. For example, light transmittance and/or Secchi depth (SD)
increased when nutrient loads were reduced (due to decreases in chlorophyll a
concentrations) in the semi-enclosed waters of coastal Denmark (Riemann et al., 2016)
and the Seto Inland Sea that is the largest semi-enclosed sea in Japan with an area of
23,000 km? and connects Pacific Ocean through two wide and deep channels
(Nishijima et al., 2018). However, in other areas where anthropogenic nutrient
loading was less significant initially, reductions in phytoplankton populations and

increases in water clarity were much smaller following efforts to reduce nutrient
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inputs (Williams et al., 2010; Taylor et al., 2011). Even in regions with major
anthropogenic nutrient loading, reductions in inputs have little effect on light attention
by phytoplankton when there is substantial sediment re-suspension or major
suspended particulate matter input from inflowing rivers. Thus, regional, geographic
and hydrographic conditions determine changes in light attenuation when nutrient
inputs are reduced.

SD has been routinely documented for several decades in many coastal areas of
the world ocean. However, it is an optical metrics reflecting the overall influence of
both phytoplankton and other region-specific background factors, including tripton,
CDOM and sea water. To know and compare both SD and its background levels we
especially policymakers and coastal managers can precisely understand the current
optical condition and the degree and the limit of improvement of the optical condition
through the control of phytoplankton growth by reducing anthropogenic nutrient input.
Nishijima et al. (2016) proposed a novel concept, that is, background Secchi depth
(BSD), which they defined as a region-specific Secchi depth excluding the
contribution of phytoplankton by analyzing 40 years of monitoring data for Secchi
depth and chlorophyll a concentration in the Suo Nada Basin of the Seto Inland Sea,
Japan. BSD has not been tested extensively in other waters, where the effects of
reductions in nutrient loading on phytoplankton growth and other factors influencing
light attenuation may be more marked than in mainly oligotrophic Suo Nada. The
BSD procedure also requires testing under a range of local geographic and
hydrographic conditions.

In this study, we compiled water quality data (including chlorophyll a
concentrations and SDs) for the period 1981-2015 in sectors of Tokyo Bay, Ise Bay
and the Seto Inland Sea, Japan (Figure 1) that differed in geographic and
hydrographic conditions (e.g. topography, bathymetry, connectivity to the outer ocean
and freshwater input; detailed description could be seen in following 2.1. Study sites)
to obtain estimates of BSD and the proportional phytoplankton contribution to light
attenuation. With these data, we aimed to determine the improvement potential of
water clarity by nutrient loading management and the proportional phytoplankton
contribution to light attenuation for helping evaluate the effectiveness of nutrient
loading reduction on water clarity improvement via reducing phytoplankton biomass

in Tokyo Bay, Ise Bay and the Seto Inland Sea.

30



2.2 Materials and methods

2.2.1. Study sites

Tokyo Bay, Ise Bay and the Seto Inland Sea are semi-enclosed seas located in
central Japan (Figure 2.1). All these bays are connected to the Pacific Ocean to the
south: Tokyo Bay through the Uraga Channel, Ise Bay through the Irago Strait and the
Seto Inland Sea through Bungo Channel and Kii Channel. Tokyo Bay is surrounded
by Japan’s most industrialized zone; it has an area of 1380 km?, and a mean depth of
38.6 m. The watersheds of Tokyo Bay support a human population of 30.96 million.
Ise Bay is the largest bay on the Japanese coast (2342 km?). It has a mean depth 16.8
m; 10.89 million people live within the watersheds of this bay. Harbors occupy 20.7%
of the area of Ise Bay and 40.6% of the area of Tokyo Bay.

The Seto Inland Sea is classified as a semi-enclosed sea connected to the Pacific
Ocean through the Kii Channel in the southeastern side and the Bungo Channel in the
southwestern side as well as to the Sea of Japan through the narrow Kanmon Strait
(Figure 2.1). The Seto Inland Sea is large (area 23,203 km2) and shallow (mean depth
of 38.0 m) with a variety of geographic features including 12 basins, which are
divided by islands and peninsulas.

More than 80% of the freshwater inputs flow into the northern shores of Tokyo
Bay and Ise Bay. In Ise Bay, the annual average tidal current velocity in the inner
region is ~0.1 m s7!. In the Irago Strait at the mouth of the bay, the velocity can
exceed 0.8 m s7! during spring (Fujiwara et al., 2002). In Tokyo Bay, the tidal
velocity increases from ~0.05 m s! in the innermost sector to >0.77 m s! off Cape
Kannonzaki-Futtsu, which is located at the mouth of the bay (Japan Coast Guard,
2002). In the Seto Inland Sea, the high amplitudes of the tidal currents are observed in
the narrow straits and the maximum tidal speeds in some straits approach 5 m s-1 in

spring tides.
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Figure 2.1 Location of the study area. Filled blue circles indicate positions of the
monitoring sites. TR1 - TR8 refer to the Edogawa, Nakagawa, Arakawa, Sumidagawa,
Tamagawa, Obitsugawa, Yorogawa, and Muratagawa Rivers, respectively. IR1 - IR9
refer to the Shonaigawa, Kisogawa, Ibigawa, Suzukagawa, Kumozugawa,
Tarudagawa, Miyagawa, Toyogawa, and Yahagigawa Rivers, respectively. SR1-
SR21 refer to the Banjogawa, Ohnogawa, Oitagawa, Yamakunigawa, Sabagawa,
Ozegawa, Ohtagawa, Ashidagawa, Takahashigawa, Asahigawa, Yoshiigawa, Ibogawa,
Kakogawa, Inagawa, Yodogawa, Yamatogawa, Kinokawa, Yoshinogawa, Dokigawa,
Shigenobugawa and Hijikawa, respectively.

Tokyo Bay, Ise Bay and the Seto Inland Sea have suffered severe eutrophication
since the 1970s and late 1950s, respectively (Han and Furuya, 2000; Kasai et al.,
2004). A Total Pollutant Load Control System (TPLCS) has been in place since 1979
to improve water quality (Ministry of the Environment of Japan, 2011). Chemical
oxygen demand (COD), total nitrogen (TN), and total phosphorus (TP) have steadily
declined since then. Between 1979 and 2009, loadings of TN and TP into Ise Bay
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were reduced from 88.3 kg N km2 d™! to 55.4 kg Nkm2 d ! and from 11.5 kg P km™
d™! to 4.2 kg P km2 d7'; the respective reductions in Tokyo Bay were from 263.8 kg
N km2d!to 134.1 kgN km?2d " and from 299 kg Pkm2d'to 9.4 kg Pkm2d..
In the Seto Inland Sea, TN and TP declined from 27.7 kg-N km-2 d-1 to 16.7 kg-N
km-2 d-1 (a 40% reduction) and from 2.63 kg-P km-2 d-1 to 1.03 kg-P km-2 d-1 (a
61% reduction). In recent years, harmful algal blooms have occurred ~30 times

annually in Tokyo.Bay and Ise Bay and ~30 times in the Seto Inland Sea.

2.2.2 Water quality dataset

The Ministry of the Environment (MOE) of Japan provided seasonal water quality
data for the period 1981-2015 for locations across Tokyo Bay (28 sites), Ise Bay (33
sites) and the Seto Inland Sea (124 sites). The field survey has been conducted once in
each season for all the monitoring sites. We defined four seasons of the year as winter,
extending from mid-January to early February; spring, during the month of May;
summer, extending from July to early September; and fall, during the month of
October in Ise Bay and the Seto Inland Sea and during the month of November in
Tokyo Bay.

SD was measured with a 30-cm-diameter white disk. The SD measurement was
carried out twice and the average of the two values was used in later analysis. Water
samples were taken at 0.5 m below the surface. Water temperature, salinity, COD, TN,
TP and chlorophyll a concentration were measured following the Guidelines for
Marine Observations (Japan Meteorological Agency, 2000). Briefly, salinity and
water temperature were measured by CTD (Sea Bird Electronic Inc., USA) in situ.
Chlorophyll a was analyzed by the Welschmeyer method (Welschmeyer, 1994). TN
and TP concentrations were colorimetrically determined by an autoanalyzer (e.g.
SWAAT, BLTEC, Japan), following oxidation by potassium persulfate. COD was

analyzed by the potassium permanganate oxidation method.
2.2.3 Estimation of background Secchi depth (BSD)

The strength of light attenuation in the water column is generally related to
reciprocal of SD (Devlin et al., 2008), thus we used harmonic means for SD.

Arithmetic means were used for other water quality parameters (e.g. water
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temperature, TN, TP and Chl.a concentrations). BSD was calculated for every

monitoring site in each season of the 35-year sampling period. From the slopes of the

linear regressions of the natural logarithm of the reciprocal of the SDs [/n(1/SD)]

plotted against the chlorophyll a concentrations (Fig. 2.2), we calculated y-intercepts

as the reciprocals of the BSDs [/n(1/BSD)], i.e., In(1/SD), in the absence of

phytoplankton effects (Nishijima et al., 2018).

y=-1.067 +0.014 x

o” r=0.72 p<0.05

y=-0.775+0.01x

r=058 p<0.05

In(1/SD)

y=-1.465+0.026 x
r-067 p <005

y=-1.382+0.023 x

r-05 p<0.05
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Figure 2.2 Sample linear regression plots of In(1/SD) on chlorophyll a concentrations
that were used to calculate In(1/BSD) (data from Station 15 in Tokyo Bay). All
correlations for all four seasons were significant (i.e., p < 0.05). When p exceeded
0.05 in other regressions, the estimated BSDs were considered unreliable and were

not used in later analyses. SD, Secchi depth; BSD, background

Secchi depth.

We estimated phytoplankton contribution to light attenuation, based on the

concept of BSD, as follows (Eqs 1-7):
Kd = KW + KCDOM + Ktripton + Kphyt

Kpg = Kw + Kcpom + Kiripton

Kd = Kbg + Kphyt
K4 = a/SD
Ky = a/BSD

phyr% =100 (K, / K,)
phyt% = 100 x (1 — SD/BSD)
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In Eq. 1, Kqis the total light attenuation coefficient for the water column, and K,
Kcpom, Kuipton and Kpnyt are partial light attenuation by water, chromophoric dissolved
organic matters (CDOM), tripton and phytoplankton, respectively. In Eq. 2, Ky is the
attenuation caused by background factors, which is the sum of Ky, Kcpom and Kiripton
in Eq. 1 (Nishijima et al. 2018). In Eqs 4 and 5, SD is Secchi depth and BSD is the
background Secchi depth. The coefficient a is the product of K4 and SD or the product
of Kvg and BSD. In Eqs 6 and 7 phyt% is phytoplankton contribution in light
attenuation. The average phyt% at a monitoring site is then obtained from Eq. 9 when

average SD is used.

2.2.4 Mapping and statistics

We mapped water quality parameters, BSD, and the phytoplankton contribution to
light attenuation using Ocean Data View version 5.0.0 software (Schlitzer, 2018).
Gridding (or gradation) was performed with the “DIVA gridding” built-In package in
Ocean Data View software. Pearson's correlation coefficient » and its p-value were
used to examine the relationships between BSD and diverse water parameters. For the
determination of the relationship, we used the seasonal data set of BSD and water
parameters in all monitoring sites. Non-parametric Kruskal-Wallis ANOVA tests and
subsequent Dunn’s tests for multiple comparisons were used to assess (i) BSD, (ii)
chlorophyll a concentration, (iii) the regression slope of the plot of /n(1/SD) on
chlorophyll a concentration, and (iv) the phytoplankton’s contribution to light
attenuation. Bonferroni corrections were used for multiple comparisons. The
Kruskal-Wallis test and Dunn’s test were performed with R software (R Core Team

2015); p-values <0.05 were used to identify statistically significant effects.

2.3 Results

2.3.1. Spatial and seasonal variability in water quality

Seasonal patterns of water quality were similar between Tokyo Bay, Ise Bay and
the Seto Inland Sea, despite their differences in geography and hydrography. The

water temperatures in these seas were highest in summer and lowest in winter (Tables
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Table 2.1 Secchi depths and water quality parameters in Tokyo Bay at 0.5 m depth during the period of 2006-2015. Table cells contain
parameter means + standard deviations and coefficients of variation for the monitoring sites (in parentheses). All the values are calculated from
multiyear averages of each monitoring site (n = 28). TN, total nitrogen; TP, total phosphorus; COD, chemical oxygen demand; Chl.a,

chlorophyll a

Season Temp. (°C) Chla (ug ™) Secchi depth (m)  Salinity TN (mg ') TP (mg 1) COD (mg 1)

Spring 18.7+0.8 83+6.2 30+£0.3 272+33 0.35+0.12 0.032 £0.018 29+0.8
(0.04) (0.75) (0.09) (0.12) (0.33) (0.58) (0.28)

Summer 262+ 1.0 12.6 £ 8.6 1.9+0.2 21.6£5.8 0.35+0.13 0.042 £0.027 3.8+1.0
(0.04) (0.68) (0.11) (0.27) (0.38) (0.64) (0.25)

Autumn 21.8+04 7.7+49 34+0.2 283+2.0 0.32+£0.11 0.044 £0.016 25+05
(0.02) (0.64) (0.07) (0.07) (0.35) (0.37) (0.20)

Winter 8.8+1.3 57+49 5.0+03 314+1.0 028 £0.11 0.027 £0.007 1.8+£0.6
(0.15) (0.87) (0.05) (0.03) (0.39) (0.28) (0.34)
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Table 2.2 Secchi depths and water quality parameters in Ise Bay at 0.5 m depth during the period of 2006-2015. Table cells contain parameter
means + standard deviations and coefficients of variation for the monitoring sites (in parentheses). All the values are calculated from multiyear
averages of each monitoring site (n = 33). TN, total nitrogen; TP, total phosphorus; COD, chemical oxygen demand; Chl.a, chlorophyll a

Season Temp. (°C) Chl.a (ug 1) Secchi depth (m)  Salinity TN (mg 1) TP (mg ) COD (mg 1)

Spring 18.7+0.8 83+6.2 3.0£0.3 272+33 0.35+0.12 0.032+0.018 29+0.8
(0.04) (0.75) (0.09) (0.12) (0.33) (0.58) (0.28)

Summer 262+1.0 12.6 £ 8.6 1.9+0.2 21.6 £5.8 0.35+0.13 0.042 £ 0.027 3.8+1.0
(0.04) (0.68) (0.11) (0.27) (0.38) (0.64) (0.25)

Autumn 21.8+04 7.7+49 34+0.2 283+2.0 0.32+0.11 0.044 £0.016 25+0.5
(0.02) (0.64) (0.07) (0.07) (0.35) (0.37) (0.20)

Winter 8.8+1.3 57+49 50+£0.3 314+ 1.0 0.28 £0.11 0.027 £0.007 1.8+0.6
(0.15) (0.87) (0.05) (0.03) (0.39) (0.28) (0.34)
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Table 2.3 Secchi depths and water quality parameters in the Seto Inland Sea at 0.5 m depth during the period of 2006-2015. Table cells contain
parameter means + standard deviations and coefficients of variation for the monitoring sites (in parentheses). All the values are calculated from
multiyear averages of each monitoring site (n = 124). TN, total nitrogen; TP, total phosphorus; COD, chemical oxygen demand; Chl.a,

chlorophyll a

Season Temp. (°C) Chla (ug ™ Secchi depth (m)  Salinity TN (mg 1) TP (mg 1) COD (mg 1)

Spring 17.5+£1.0 2.1+£27 7.7+33 323+1.9 0.20+£0.12 0.018 £0.011 1.9+0.6
(0.06) (1.28) (0.42) (0.06) (0.64) (0.60) (0.34)

Summer 243+1.3 3.6+5.0 6.6+2.5 30.8£2.8 0.23+0.14 0.022 £ 0.016 23+0.8
(0.05) (1.41) (0.39) (0.09) (0.63) (0.72) (0.35)

Autumn 23.5+0.7 29+27 6.7+2.5 322+1.2 0.22+0.10 0.027 £0.012 1.9+0.5
(0.03) (0.93) (0.37) (0.04) (0.47) (0.43) (0.29)

Winter 11.6+ 1.8 22+1.7 7.5+£2.6 327+ 1.4 0.21+£0.13 0.024 £ 0.009 1.6t04
(0.15) (0.77) (0.35) (0.04) (0.61) (0.38) (0.25)
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2.1, 2.2 and 2.3). The chlorophyll a concentrations in the two bays were highest in
summer and spring, and lowest in autumn and winter (Tables 2.1, 2.2 and 2.3). We
attributed seasonal changes in chlorophyll a concentrations to seasonal changes in the
water temperatures of these temperate coastal areas. SD was shallower in summer and

spring than in autumn and winter.

Chlorophylla (ug I'Y)

0 5 10 15 20 25 30

Figure 2.3 Spatial variation in chlorophyll a concentration in Tokyo Bay, Ise Bay and
the Seto Inland Sea during summer during the period of 2006-2015. Contour lines
demarcate 5 pg 1.

2.3.2. Secchi depth (SD) and background Secchi depth (BSD)

Phytoplankton cells reduce SD by increasing light attenuation, which is
approximately proportional to the reciprocal of SD. As expected, the seasonal trend in
SD was inversely related to that of chlorophyll a concentration in these seas (Tables
2.1, 2.2 and 2.3). Spatial variations in chlorophyll a concentration and SD in summer
are depicted in Figure 2.3 and 2.4. SD were lowest in the innermost regions of Tokyo

Bay (around the estuaries of the Nakagawa, Arakawa, and Sumidagawa Rivers), Ise
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Bay (around the estuaries of the Shonaigawa, Kisogawa, and Ibigawa Rivers) and
Osaka bay in the Seto Inland Sea (around the estuaries of Yodogawa and Inagawa).
Conversely, the highest chlorophyll a concentrations occurred in the innermost parts
of these seas, and the lowest values were measured around the bay mouths or the two

channels of the Seto Inland Sea.

Secchi depth (m)

e 2 4 6 8 10 12

Figure 2.4 Spatial variation in SD in Tokyo Bay, Ise Bay and the Seto Inland Sea
during summer during the period of 2006-2015. Contour lines demarcate 2m.

Values of BSD in these seas during summer were depicted in Figure 2.5. In Tokyo
Bay, the regressions of In(1/SD) against chlorophyll a concentration were statistically
significant in 96%, 89%, 96%, and 89% of the 28 sites in spring, summer, autumn,
and winter, respectively. In Ise Bay, we identified higher proportions of sites with
reliable BSD in spring and winter (88% and 96%, respectively) than in summer and
autumn (67% and 76%, respectively). In the Seto Inland Sea, reliable BSDs were
obtained from 67% and 63% of the 124 total sites in spring and summer, respectively,
and 37% and 19% of the total sites in autumn and winter. The high turbulence due to

large fresh water input and occasional incidence of typhoons in the autumn and winter
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could drive markedly unstable tripton levels and make it difficult to determine an
accurate BSD in these warm seasons in Ise Bay. BSD varied greatly by region and
season. Spatially, BSD increased with proximity from the bay mouths to the inner
parts where the estuaries were located (Figure 2.5). Seasonally, estimated BSD values

tended to be lowest in summer, increased in spring and peaked in autumn and winter.

BSD (m)

0 2 4 6 8 10 12

Figure 2.5 Spatial variation in BSD in Tokyo Bay, Ise Bay and the Seto Inland Sea
during summer during the period of 2006-2015. Contour lines demarcate 2m.

2.3.3 Factors affecting background Secchi depth (BSD)

We performed correlation analyses to examine the relationships between
estimated BSD and water quality parameters in Tokyo Bay, Ise Bay, Osaka Bay and
the Seto Inland Sea (excluding Osaka Bay) using data from all four seasons. BSD was
highly correlated with salinity (Table 2.4), indicating a major role for rivers in the
supply of substances responsible for light attenuation, e.g., tripton and chromophoric

dissolved organic matter. We also calculated significant but weaker correlations

41



between BSD and water depth and temperature (Table 2.4). BSD and chlorophyll a
concentration are, by definition, independent parameters. Nevertheless, they were
highly correlated, likely because the rivers supplied nutrients to the sea, thereby
enhancing plankton growth in low-salinity sectors of these seas.

Table 2.4 Pearson Pearson correlation coefficients for the relationships of BSD with
water temperature, depth, salinity, chlorophyll a concentration (Chl.a) and SD

Water Depth Salinity Chl.a SD
temperature
Tokyo Bay —0.43 0.56 0.73 —0.77 0.95
Ise Bay —0.55 0.53 0.64 —0.62 0.96
Osaka Bay -0.20 0.73 0.77 -0.77 0.98
Seto Inland Sea  -0.05 0.80 0.55 -0.60 0.97

p <0.05 for all correlations except for BSD and water temperature in the Seto Inland
Sea

Phytoplankton’s contribution

.

0 01 02 03 04 05

Figure 2.6 Spatial variation in the proportional contribution of phytoplankton to light
attenuation in Tokyo Bay, Ise Bay and the Seto Inland Sea.
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2.3.4 Phytoplankton proportional contributions to light attenuation

The contribution of the phytoplankton to light attenuation in the two bays is
depicted in Figure 2.6. The contribution to light attenuation was generally higher in
spring and summer than in autumn and winter. Although the highest chlorophyll a
concentrations were measured in the innermost parts of Tokyo Bay and Ise Bay
(Figure 2.3), the phytoplankton contribution to light attenuation was surprisingly low
in these sectors (Figure 2.6). The result indicates that background factors were much

more important for light attenuation.

2.4 Discussion

2.4.1 Seasonal and regional changes in water quality parameters

Tokyo Bay and Ise Bay exhibited a large seasonal change in salinity and
chlorophyll a concentrations that are common in temperate coastal areas, e.g. Danish
coastal ecosystems (Riemann et al., 2016) and the Seto Inland Sea (Nishijima et al.,
2018). The strong north—south salinity gradient in both bays is probably explained by
the major freshwater inputs by rivers on the northern shores: the Nakagawa, Arakawa,
and Sumidagawa Rivers flowing into Tokyo Bay and the Shonaigawa, Kisogawa, and
Ibigawa Rivers flowing into Ise Bay. The nutrient and tripton supply across the strong
salinity gradient may be responsible for the gradient in phytoplankton biomass and
SD. The ecosystem variability along salinity gradient found in Tokyo Bay and Ise Bay
is similar to that found in San Francisco Bay, where salinity gradient play a
fundamental role in structuring spatial patterns of physical properties and biota
(Cloern et al., 2017). Because the inner sector of Tokyo Bay has a high degree of
enclosure (Table 2.5), the tripton concentrations are readily influenced by seasonal
changes in river runoff. On the contrary, Ise Bay has a relatively low degree of
enclosure (i.e., strong influence of outer ocean waters), which may weaken the
changes in river-derived nutrients and tripton. A recent study conducted in the coastal
embayments of Buzzards Bay, Massachusetts also found that the embayment
geomorphology strongly influenced the changes of water quality (Rheuban et al.,
2016).
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Table 2.5 Basic physicochemical data for Tokyo Bay, Ise Bay, Osaka Bay, and the
Seto Inland Sea (excluding Osaka Bay)

Area Mean River Degree of  TN/TP
(km?) Depth discharge enclosure loads
(m) (m’km= () (kg km™
s dh
Seto Inland 21,756 38 0.68 1.13 13.0/0.76
Sea
Osaka Bay 1447 28 7.53 2.61 71.7/4.90
Ise Bay 2342 17 17.48 1.52 55.4/4.23
Tokyo Bay 1380 39 (15) 3.46 4.34 134.1/9.4

Degree of enclosure = g X % where S is area, W is the width of the bay (or sea)

mouth, D1 is the maximum depth in the inner part of bay (or sea), and D2 is
maximum depth at the mouth of the bay (or sea).

The value in parentheses in column 3 indicates the depth in the inner sector of Tokyo
Bay (excluding Uraga Channel)

2.4.2 Comparison of background Secchi depths (BSDs) and light

attenuation factors

The TPLCS has been implemented across Tokyo Bay, Ise Bay, and the Seto
Inland Sea (Ministry of the Environment of Japan, 2011). Osaka Bay is managed
separately from the other parts of the Seto Inland Sea because its environment has
been more strongly impacted by human influence. The surface area of the Seto Inland
Sea (not including Osaka Bay: 21,759 km?) is much larger than the areas of Tokyo
Bay (1380 km?), Ise Bay (2342 km?), and Osaka Bay (1447 km?). Nutrient loadings
from the surrounding land were highest in Tokyo Bay (8940.0 kg N km= d~! and
626.7 kg P km™ d), followed in rank order by Ise Bay (3258.8 kg N km™ d™! and
248.8 kg P km™ d!), Osaka Bay (2560.7 kg N km= d™! and 175.0 kg P km™ d '), and
the Seto Inland Sea (not including Osaka Bay: 342.1 kg N km™ d! and 20.0 kg P
km= d™') (Ministry of the Environment of Japan, 2011). The large differences in
nutrient loadings among water bodies may explain the marked differences in
phytoplankton concentrations. Furthermore, the freshwater inputs and the degrees of
enclosure differed among these four semi-enclosed water bodies (Table 2.5); these
differences may have changed the interactions between abiotic and biotic factors in

the different locations.
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Nishijima et al., (2018) recently calculated BSDs in the Seto Inland Sea. However,
reliable BSDs were not obtained in autumn or winter in many areas of this water body.
Accordingly, we compared optical properties across the Tokyo Bay, Ise Bay, Osaka
Bay, and the Seto Inland Sea (excluding Osaka Bay) in spring and summer. The
estimated mean BSDs were highest in the Seto Inland Sea, followed in rank order by
Osaka Bay, Ise Bay, and Tokyo Bay (Figure 2.7). The proportional difference
between spring and summer BSDs in the Seto Inland Sea and Osaka Bay were similar
(12 = 9% and 14 £ 9%, respectively, calculated relative to values in spring). The
proportional difference between spring and summer BSD values in Tokyo Bay and Ise
Bay were relatively large (25 £ 9% and 18 + 10%, respectively), which may be
explained in part by the large seasonal differences in turbidity and tripton levels

(Nakamura et al., 2005; Narita et al., 2006).
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Figure 2.7 Region-specific BSDs in spring and summer in Tokyo Bay, Ise Bay, Osaka
Bay and the Seto Inland Sea (excluding Osaka Bay). Values are means + standard
deviations. Different lowercase letters above the bars indicate significant pairwise
differences (p < 0.05, Dunn's test) between water bodies during the same season.

The regression slopes for the plots of /n(1/SD) on chlorophyll a concentration
were much larger for the Seto Inland Sea (median: 0.105 and 0.073 in spring and
summer, respectively) than for Osaka Bay (median: 0.045 and 0.014 in spring and
summer, respectively), Ise Bay (median: 0.027 and 0.017 in spring and summer,
respectively), and Tokyo Bay (median: 0.016 and 0.013 in spring and summer,
respectively) (Figure 2.8). The differences in the slopes may be explained by

differences in eutrophication and phytoplankton parameters among the four water
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bodies. Nutrient enrichment can increase phytoplankton cell size (Uitz et al., 2008;
Cloern 2018), which decreases the amount of light absorbed per unit chlorophyll a
concentration due to the package effect (Bricaud et al., 1995; Ciotti et al., 2002; Fujiki
& Taguchi 2002).
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Figure 2.8 Regressions slopes for the plots of In(1/SD) on chlorophyll a
concentrations in spring and summer in Tokyo Bay, Ise Bay, Osaka Bay and the Seto
Inland Sea (excluding Osaka Bay). Values are means + standard deviations. Different
lowercase letters above the bars indicate significant within-season pairwise
differences (p < 0.05, Dunn's test) between water bodies.
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Figure 2.9 Proportional phytoplankton contributions to light attenuation in spring and
summer in Tokyo Bay, Ise Bay, Osaka Bay and the Seto Inland Sea (excluding Osaka
Bay). Values are means + standard deviations. Different lowercase letters above the
bars indicate significant within-season pairwise differences (p < 0.05, Dunn's test)
between water bodies.
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Figure 2.10 Mean chlorophyll a (Chl. a) concentrations in spring and summer in
Tokyo Bay, Ise Bay, Osaka Bay and the Seto Inland Sea (excluding Osaka Bay).
Values are means + standard deviation. Different lowercase letters above the bars
indicate significant within-season pairwise differences (p < 0.05, Dunn's test) between
water bodies.

It is not surprising that the phytoplankton contribution to light attenuation was
highest in Tokyo Bay (Figure 2.9) because the median chlorophyll @ concentrations in
this water body were so high (23.5 pg 1! and 28.9 pg 1! in spring and summer,
respectively) compared to Osaka Bay (6.6 ug I'! and 25.0 pg 1), Ise Bay (8.4 pg I'!
and 11.6 pg I'!), and the Seto Inland Sea (1.7 ug 1! and 2.1 pg 1'!) (Figure 2.10). The
Seto Inland Sea comprises a series of sub-basins, most of which have low chlorophyll
a concentrations (~2 ug 1!). However, this pattern can be periodically disrupted in
geographically semi-enclosed waters adjacent to highly populated watersheds
(Nishijima et al., 2018). Although the chlorophyll a concentration in the Seto Inland
Sea was lower than that for other water bodies, the phytoplankton contribution to light
attenuation (~20%) was comparable to those for Osaka Bay, Ise Bay, and Tokyo Bay
(Figure 2.9). The deep waters of the Seto Inland Sea and the relatively limited river
discharges explain the low values of chlorophyll a and background factors, which
together account for the elevated BSD estimates.

Relatively high phytoplankton contributions to light attenuation were calculated
for Tokyo Bay, Ise Bay, and Osaka Bay. Nevertheless, the contributions were still
<40% on average. Thus, the background factors were dominant even in semi-enclosed
bays receiving very high nutrients loads from the land. Large river discharges are
prevalent in these three bays. These discharges supply nutrients and suspended matter.

The bays are shallow, and the bottoms are covered by mud or silt that is readily
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re-suspended (Yanagi et al., 2006; Rasmeemasmuang et al., 2008). Similarly, in the
northern-central region of Florida Bay, an inner-shelf lagoon located off the southern
tip of the Florida peninsula, phytoplankton was responsible for 31-34% of the total
light attenuation with average chlorophyll a concentrations ranging from 14.5 to 18.4
ug I'! (Phlips et al., 1995). In Chesapeake Bay, where the chlorophyll a concentrations
could be up to around 50ug I' in the oligohaline region, phytoplankton only
accounted for <25% of total light attenuation (Gallegos & Moore, 2000). Moreover,
due to the low contribution of phytoplankton to light condition and marked variation
in tripton levels in the oligohaline area of Chesapeake Bay, phytoplankton explained
<1% of the total variability in total light attenuation (Xu et al., 2015). Likewise, in
Manukau, a turbid estuary located in New Zealand, phytoplankton only caused
17-19% of total light attenuation with the chlorophyll @ concentrations being up to
17.9 pug I'' (Van 1990). These ecosystems receive substantial river input and support
both high phytoplankton biomass and tripton levels. Common characteristics among

these sites may reflect the general influence of eutrophication in all of them.

2.4.3 Using data on background Secchi depth (BSD), Secchi depth
(SD), and the phytoplankton contribution to light attenuation to

improve environmental management

Nutrient control is a common procedure for reducing excessive eutrophication. A
reduction in nutrient supply decreases phytoplankton biomass, thereby improving
water transparency. However, improvements in water transparency are limited, and
the degree of limitation varies from region to region. BSD, which excludes the
influence of phytoplankton, gives the upper limits that SD could reach. Consequently,
we need measurements of current SD and BSD values simultaneous with estimations
of the partial contributions of phytoplankton and background factors in light
attenuation to determine the degree of improvement that can be expected by reducing
chlorophyll a concentrations via reductions in nutrient loading in enclosed and
semi-enclosed water bodies (Olesen 1996; Chen & Doering 2016; Nishijima et al.,
2016; Nishijima et al., 2018).
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2.5 Conclusions

BSD values were successfully obtained in 89-96%, 67-94% and 19-67% of
monitoring sites in Tokyo Bay, Ise Bay and the Seto Inland Sea, respectively. We
found only small differences in BSD between eutrophic Tokyo Bay, Ise Bay and
Osaka Bay although their geographic and hydrographic conditions differed. BSD
values were higher in autumn and winter than in spring and summer in 3 bays. Low
BSD values were obtained in the innermost regions of these semi-enclosed seas,
adjacent to the estuaries of large rivers. Estimated BSDs were positively correlated
with salinity in these seas, indicating a major role for river input among the
background factors. Although the highest chlorophyll a concentrations were measured
in the innermost parts of Tokyo Bay, Ise Bay and Osaka Bay, the phytoplankton
contribution to light attenuation was relatively low. Moreover, the average estimated
proportional light attenuation of phytoplankton was <40% in all these seas, indicating
that background factors were still dominant, even in eutrophic bays receiving very
high nutrients loads from the land. Simultaneously compiled data on SD and BSD,
along with estimates of the proportional contributions of phytoplankton and
background factors to light attenuation, should facilitate the development of
management plans that aim to improve water transparency by reducing phytoplankton

biomass via reductions in nutrient loading.
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Chapter 3: Identification of coastal zone vulnerable to

phytoplankton growth in the Seto Inland Sea, Japan

3.1 Introduction

Classification or defining a typology of coastal waters or habitats was an
important part in coastal management and had attracted the interest of marine policy
makers, managers and scientists in recent years (Devlin et al. 2007, Halpern et al.
2012, Ramos et al. 2012, Delavenne et al. 2013). It could help us better understand the
differences and similarities of among quantities of semi-discrete or discrete and
identify candidate management units and prioritizing management efforts for the
application of various regional or national regulations. Developing and application of
effective analytical and operational tools which can facilitate the decision-making
process, thus, had long been an interest to coastal water managers (Aguilera et al.
2001).

One important topic in coastal management was eutrophication and red tides or
harmful algal blooms problems in coastal waters. Although red tides had been
recorded in Bible and in the fossil record (Anderson 1997), it was until the middle of
20™ century that this phenomena draw the attention of public due to their damage to
coastal ecosystems and marine aquaculture and tourist industries on the global level
(Imai et al. 2006, Alvarez-Salgado et al. 2008, Davidson et al. 2016). Thus, effective
water quality assessment methods had always been in need to fulfill the requirements
of legislation designed to monitor and protect coastal water bodies against
degradation. Several methods of eutrophication status evaluation including Trophic
Index (TRIX), US Environmental Protection Agency National Coastal Assessment
Water Quality Index, HELCOM Eutrophication Assessment Tool (HEAT) and
Statistical Trophic Index (STI) had been proposed and implemented around the world
(Ferreira et al. 2011).

Choosing appropriate indicator(s) or parameter(s) was an important part in the
assessment of water quality. Nutrients including dissolved inorganic nitrogen (DIN)
and dissolved inorganic phosphorus (DIP), sometimes also total nitrogen (TN) and
total phosphorus (TP), were important physico-chemical indicators in the assessment

of trophic status of waters. Other physico-chemical indicators, such as dissolved
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oxygen (DO) and water clarity, and biological indicators including chlorophyll a
(Chl.a) or macroalgae and seagrass were also involved in the trophic status
assessment process (Ferreira et al. 2011).

Another important part in the water quality evaluation is the classification of water
bodies based on selected indicators. Most researches performed the classification of
coastal waters based on hierarchical agglomerative clustering (HAC) or a combination
of self-organizing map and the k-means algorithm with several physical, chemical and
biological indicators (Delavenne et al. 2013, Ramos et al. 2012). Bald et al. (2015)
classified the Basque transitional and coastal waters in northern Spain by the
Euclidean distance of sampling stations to the “bad” physico-chemical reference
station in the three-dimensional space defined by factor analysis. Devlin et al. (2007)
classified the UK marine waters by a new integrated index consisting of
phytoplankton biomass, elevated phytoplankton abundance and seasonal succession
of functional groups.

The present study took place in the Seto Inland Sea, which was the largest
semi-enclosed sea located in western Japan. It was also a major fishing ground,
marine aquaculture area and highly industrialized area in Japan. Severe environmental
problems documented in the Seto Inland Sea in 1960s and 1970s due to heavy
amounts of input of pollutants lead to the creation of the Provisional Law for
Conservation of the Environment of the Seto Inland Sea in 1973 (this law was revised
and renamed as Special Law for Conservation of the Environment of the Seto Inland
Sea in 1978) (Akaha 1984, Imai et al. 2006). A series of studies were conducted on
every aspect of the red tides (Imai et al. 1998, Nakamura 1995, Watanabe et al. 1995,
Yanagi et al. 1995, Takeoka et al. 2002), which provided the basis for later prediction
and mitigation of the adverse impacts on environment and various human activities.
Nowadays harmful algal blooms have been controlled to a large extent in most coastal
area and annual red tide frequency has declined from 299 in 1976 to around 100 after
1990 (Imai et al. 2006). As a result, the policy had been changed from water quality
control to environment remediation and restoration of habitat (Nakai et al. 2018).

Current management strategy considers the Seto Inland Sea as a whole in spite of
wide variation of environment in the areca. However, we need to prioritize
management efforts on vulnerable area to gain a better outcome. In this study, a novel
indicator-vulnerable index (VI) is established to evaluate the natural phytoplankton

growth potential and identify the vulnerable coastal zone of the Seto Inland Sea.
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Furthermore, classification of the Seto Inland Sea water mass was performed based on
the phytoplankton growth potential. The application of this new indicator would allow
us to access how phytoplankton in different coastal waters responses to natural factors
and could facilitate future assessment, monitoring and management of the Seto Inland

Sea and other semi-enclosed seas in the world.
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Figure 3.1 Map of the study area in the Seto Inland Sea. The boundaries between
sub-areas are shown in black line. The dots indicate monitoring sites.

3.2 Materials and methods

3.2.1 Study area

The Seto Inland Sea is surrounded by Honshu, Kyushu and Shikoku in Japan and
covers an area of ~23, 000 km? (Figure 3.1). Most of the area is less than 50 m deep
with an average depth of 38 m. The Seto Inland Sea is composed of 12 water basins
with different characteristics. A total of 664 rivers belonging to Class A and Class B
flow into the Seto Inland Sea (Imai et al.2006). There is a growing urban population
gradient from the western to eastern subsystems of the Seto Inland Sea (Miller et al.
2010). 19% of the TN and 28% of the total TP in Seto Inland Sea originates from the
surrounding land (Yanagi & Ishii 2004).
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3.2.2 Sample collection and analysis

Summer water quality data (July to early September) from 240 monitoring sites
were provided by Ministry of the Environment (MOE, 119 monitoring sites) and
Ministry of Land, Infrastructure, Transport and Tourism (MLIT, 121 monitoring sites)
for the period 2003—-2012. Secchi depth (SD) was measured with a 30-cm-diameter
white disk. The measurement of SD was carried out twice and the average of the two
values was used in later analysis. Water samples were taken at 0.5 m below the
surface. Water temperature, salinity, Chl.a concentration and nutrient concentrations
were measured following the Guidelines for Marine Observations (Japan
Meteorological Agency, 2000). Briefly, salinity and water temperature were measured
by CTD (Sea Bird Electronic Inc., USA) in situ. Chl.a was analyzed by the
Welschmeyer method (Welschmeyer, 1994). DIN, DIP, TN and TP concentrations
were colorimetrically determined by the autoanalyzer (e.g. SWAAT, BLTEC, Japan),
following oxidation by potassium persulfate. Distance from the coastline was derived

by ArcGIS 10.3 (ESRI 2011) for all monitoring sites.

3.2.3 Development of Vulnerable Index

3.2.3.1 Parameters selecting

Chl.a concentration is highest in summer, and summer is also the time when most
red tides occur in Seto Inland Sea. Background Secchi depth (BSD) is the natural light
condition of pelagic water bodies. Salinity and stability are also important natural
factors influencing phytoplankton growth with no or very minor impact from human
activities. Nutrients concentrations in Seto Inland Sea have been heavily influenced
by human activities and cannot reflect the natural phytoplankton potential of a water
body. In addition, population is the unit of phytoplankton bloom, and population
growth is influenced by nutrients indirectly not directly via increased recruitment and
(or) yield-dose relationships which influence population carrying capacity (Smayda
1997).

Method for calculation of waster stability (Brunt-Viisild frequencies, N?) was as

based on the formula as follows:

2 __9y0°
N* = pxaz Eq. 1
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g is gravitational acceleration, p is sea water density at a water depth, dp/0z is the
change in density with depth.

Nishijima et al. (2018) separated the effects of non-phytoplankton components
from total optical active components on light attenuation and proposed a new
indicator background Secchi depth (BSD). It applies when the influence from
phytoplankton is absent; that is, when Chl.a concentration equals 0. Based on the
method described in Nishijima et al. (2018), BSD was calculated for each monitoring

site used in the present study.

3.2.3.2 VI model establishment and selection

To select the optimal suite of explanatory variables to establish VI, salinity,
LogN2, BSD or SD, water depth and distance from coastline were screened.
VI =ay XPy +a, XP, + -+ +a; XP; Eq.2

In Eq. 2, each coefficient was limited in the range of 0—1 (namely, 0 < g; < 1) and
the sum of coefficients (ai) of different parameters were set as 1 for performance
comparison of different combinations. Modified logistic regression models were used
to predict the median summer Chl.a concentration with different VI derived from
individual or several parameters mentioned above, namely, surface salinity, LogN2,
BSD, water depth and distance from the coastline (hereafter referred to as distance) or
their different combinations. The fitting of modified logistic regression models was
conducted using the curve fit function in SciPy library of Python programming
language (Python Software Foundation):
Y=1/(by + by X exp (b3 XVI) Eq.3

where Y is the median summer Chl.a concentration at a monitoring site, b1, b and
b3 are coefficients. b1, b> and b3 take positive values, moreover, b1 was given the
boundary of 0.005 and 0.05 to limit the modeled maximum Chl.a concentration in the
range of 20-200 ug 1!, a well-accepted maximum value in the Seto Inland Sea.

Linear fitting models were conducted with the OLS (a simple ordinary least
squares model) class in StatsModels library of Python programming language (Python

Software Foundation).
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3.2.4 Mapping and date analysis

Spatial distribution of environmental factors and VI in the Seto Inland Sea was
mapped with Ocean Data View version 5.0.0 software (Schlitzer 2018). Harmonic and
arithmetic means were used for the Secchi depth and other water quality parameters,
respectively. Standard deviation in the harmonic mean was calculated based on the
method reported by Lam et al. (1985). Spearman correlation between Chl.a and
environmental factors were performed with R software (R Core Team 2015); p-values

< 0.05 were used to identify statistically significant effects.
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Figure 3.2 Spatial variation in mean salinity, BSD, SD, LogN?, temperature and
median Chl.a concentration in summer during the period 2003—2012. Contour lines
demarcate 2 for salinity, 5 m for BSD and SD, 1 for LogN?, 2 °C for temperature and
2 pg 1! for Chl.a concentration. Temp. denotes temperature.
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3.3 Results

3.3.1 Summer water quality in the Seto Inland Sea during the period

of 2003-2012

Distributions of different water quality factors were shown in Figure 3.2. Salinity
(31.41 +£2.07, Mean + sd) showed great spatial variability in the Seto Inland Sea, with
lowest values of < 20 observed in geographically enclosed Osaka Bay and highest
values of > 33 in the Kii Channel and Bungo Channel connected to the Pacific Ocean.
SD (6.7 = 0.2 m) and BSD (7.8 = 0.2 m) showed similar spatial variation to that of
salinity, with lower values measured in enclosed sub-basins facing highly populated
watershed and some areas close to the coast. Water temperature ranged from 21.23 to
28.97 °C in the Seto Inland Sea, with an average of 25.55 °C. Surface Chl.a
concentration in the Seto Inland Sea varied greatly with regard to locations, whereas
in contrast to salinity and water clarity, highest Chl.a concentrations of > 10 pg 1!
were observed in some enclosed basins. 69% of the monitoring sites showed a median
Chl.a concentration of < 2 pg 1" and 93% of the monitoring sites showed a median

Chl.a concentration of <5 pg 11,

Table 3.1 Pearson correlation between Chl.a concentration and geographic or water
quality factors in the Seto Inland Sea during the period 2003-2012.

Salinity LogN2  BSD SD Temp. Depth Dist.

LogN2  -0.59**

BSD 0.47**%  -0.21**

SD 0.56*%*  -0.22** (.86**

Temp. -0.14*  0.29**  -0.08 0.08

Depth 0.48**  -0.54** (0.72%¥*  0.57**  -0.37**

Dist. 0.23**  -0.21** 0.36%*  0.44**  -0.02 0.28%**

Chl.a -0.72*%*  0.35*%*  -0.49** -0.60** -0.14*  -0.32** -0.34**

Note: Temp. is water temperature, Dist. is distance from coast;
*1s p <0.05; ** is p < 0.01

The Spearman correlation coefficients between Chl.a and geographic and water
quality parameters during the period 2003-2012 were summarized in Table 3.1.
Significant correlations were obtained for nearly all the paired variables selected
except for the relationship between water temperature and SD, BSD and distance (p >

0.05). The median Chl.a concentration were best related to SD or BSD (r was —0.79
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and —0.68, p < 0.01) and salinity (r: 0.58, p < 0.01). Salinity, water depth and Log/N?
was significant with all the other variables, indicating important effects of these

geographic factors for characterizing the Seto Inland Sea.

3.3.2 Selection of model variables

Table 3.2 Performance of best linear fitting models derived from different parameters
to predict chlorophyll a.

No. of Parameters Parameters R? AIC

1 Salinity 0.51 1369.12
2 Salinity+SD 0.57 1341.10
3 Salinity+SD+Depth 0.59 1332.29

Table 3.3 Performance of best logistic fitting models derived from different
parameters to predict chlorophyll a.

No. of Parameters Parameters R? AIC

1 Salinity 0.51 1367.27
2 Salinity+SD 0.66 1278.66
3 Salinity+SD+LogN2 0.67 1277.80

Table 3.4 Performance of logistic fitting models to predict chlorophyll a with
different forms of nutrients.

No. Parameters R? AIC

1 TN 0.22 1478.52
2 TP 0.30 1452.31
3 DIN 0.24 1471.02
4 DIP 0.05 1525.35

Tables 3.2 showed the performance of best linear fitting models derived from
individual or different combination of two and three parameters. Salinity was the best
parameter to predict surface Chl.a concentration (R> = 0.51, AIC (Akaike Information
Criterion, Akaike 1974) = 1369.12). When two parameters were included in the
model, salinity and SD (R? = 0.57, AIC = 1341.10) were the best combinations to
predict Chl.a concentration. As for the three parameter models, inclusion of depth
improved the R? of model, but the improvement (0.02) is rather limited.

Logistic fitting models performed equally to or better than linear fitting models
(Tables 3.3, Figure 3.3). Salinity was also the best individual parameter to predict
Chl.a concentration (R? = 0.51, AIC = 1367.27). Moreover, salinity and SD were the
best 2 parameters combination (R? = 0.66, AIC = 1278.66). The inclusion of LogN?

62



resulted in further improvement of model performance, whereas the improvement

were rather limited with regard to R?, being 0.01.
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Figure 3.3 Comparison of different models to predict chlorophyll a.

Overall, the best combinations of parameters to predict Chl.a concentrations were
salinity, LogN? and SD (Eq. 4 and Eq. 5). In particular, Eq. 5 reached the threshold of
R?>0.65 (Table 2.3), which were proposed to be the lower limit of valid goodness of
fit (Moriasi et al. 2007, Ritter & Mufioz-Carpena 2013). In addition, VI is a better
indicators for predicting Chl.a concentration than any form of nutrient (R* < 0.30,

Table 3.4).
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VI= —0.20Salinity + 0.10LogN? — 0.70SD Eq. 4
Chla = 1/(0.005 + 0.671 X exp (— 0.768V1)) Eq.5

3.3.3 Distribution of VI in the Seto Inland Sea

According to Eq. 4 and Eq. 5, the areas with lower water clarity and receiving
higher freshwater runoff generated higher VI or could support higher surface Chl.a
concentrations in the Seto Inland Sea and vice versa. Generally, VI deceased from
geographically enclosed basins towards open basins or the outer ocean (Figure3.4).
The coastal regions of Osaka bay, Harima Nada, Hiroshima Bay and part of Suo Nada
had the highest VI. Whereas, the VI values of the Aki Nada, Iyo Nada, offshore area

of Suo Nada, Bungo Channel and Kii Channel were very low.

Figure 3.4 Distribution of Vulnerable Index derived from salinity, LogN? and SD in
the Seto Inland Sea

Based on the best fit 3 parameter model (Eq. 4) and modified logistic regression
(Eq. 5), the Seto Inland Sea was classified into 5 classes based on the estimated Chl.a
concentration, that was C1 (0-2 pg 1), C2 (2-5 pg I'"), C3 (5-10 pg I'Y), C4 (10-20
ug I'") and C5 (> 20 ug 1I'"). The ratios of monitoring sites against total sites falling
into above 5 classes were 69.20%, 27.43%, 2.11%, 0.84% and 0.42%, respectively,
corresponding to 76.95%, 21.47%, 1.11%, 0.33% and 0.13% of the total area of the
Seto Inland Sea (excluding the 3 monitoring sites in the Hibiki Nada).
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3.4 Discussion

Previous attempts to understand phytoplankton dynamics in the Seto Inland Sea
had not established a consistent mechanistic relationship between Chl.a concentration
and environmental factors, especially the natural factors. Moreover, recent studies
based on long-term data had proved that growth of phytoplankton biomass were
nonlinear phenomena and the responses of Chl.a concentration to environmental
drivers differed between normal phytoplankton dynamics and bloom conditions
(McGowan et al. 2017, Nelson et al. 2017). Exploring the Seto Inland Sea data with a
nonlinear perspective and an empirical approach provided us an ideal path for
understanding the mechanisms related to phytoplankton dynamics by identifying
causal environmental variables and their meaningful combinations. Moreover, any
form of nutrient was not included in the screening process and establishment of
vulnerable index, which gave us an insight into the influence of natural factors that
were little influenced by anthropogenic activities on phytoplankton dynamics or
bloom formation.

In the Seto Inland Sea, it was well known that low salinity was generally involved
with large freshwater input, high LogN? and low water clarity (Figure 2), which
provided an ideal condition for rapid phytoplankton growth and biomass
accumulation in the surface layer of coastal water. Salinity was a better proxy for
nutrient history than dissolved nitrogen or phosphorus that were rapidly accumulated
into biomass. Firstly, similar dissolved nutrients concentrations could be related to
opposite standing stock of phytoplankton, for example, low nitrate concentration
could reflect 1) very low supply and low Chl.a concentration, 2) a balance between
supply and uptake with high Chl.a concentration (McGowan et al. 2017). Secondly,
total nutrient concentration might remain relatively stable during the stages of bloom
initiation, expansion and ending, although the dissolved nutrients were nearly
depleted after peak bloom biomass levels (Nelson et al. 2017). By contrast, (low)
salinity could indicate a continuous supply of nutrients through freshwater input. As
for water clarity, it indicated the levels of particulate matters or turbidity in the water
column. In the surface layer (< 2 m), light availability was generally high enough to
support phytoplankton growth. On the one hand, under high turbidity and low water
clarity condition, phytoplankton cells were apt to migrate upwards in the water

column, resulting in elevated Chl.a concentration in the water surface. On the other
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hand, high turbidity could also be related to resuspension of sedimented algae,
turbulence-driven addition of nutrient rich porewater into the water column, namely,
increased bottom-surface nutrient flux. It had been proved that in some coastal arecas
of the Seto Inland Sea, nutrient release from sediment contributed greatly to the
nutrient pool of the water column in the warmer seasons (Lee et al. 2000).

Distance was a comprehensive indicator reflecting the influence of land on coastal
waters (e.g. freshwater and nutrient input, increased water turbidity), which might
influence the phytoplankton dynamics directly or indirectly. Our analysis also showed
evidence for an effect of water stability in phytoplankton dynamics, an important
mechanism for the onset of blooms in other areas (Strass & No&thig 1996, Mouritsen
& Richardson 2003, McGowan et al. 2017). However, the influence of water stability
was limited, compared with salinity and water clarity. The improved phytoplankton
growth was not because increased stratification per se (i.e. as physical growth
promoters), but the increased nutrient, light condition and/or improved water quality
conditions present in the boluses of stratified waters (Smayda 1997). These
growth-facilitating microhabitats, with their entrained populations, would persist until
nutrients were nearly exhausted, or the lenses were broken up by diffusion or
increased turbulence (Smayda 1997).

While our model well predicted the variation of Chl.a concentration under
different conditions, it did not capture everything. The estimated Chl.a concentration
differed to the monitored values in some cases. This raised three possibilities: 1) the
environmental factors involved were imperfect in the sense that different factors were
highly correlated (e.g. salinity and LogN?, salinity and SD) and might indicate the
same proxies in some regions of the Seto Inland Sea, 2) phytoplankton community
responded to environmental drivers not in the same way in different subareas with
distinct geographic characteristics, 3) human activities, especially anthropogenic
nutrient loading could have changed the nutrient balance in some coastal area where
freshwater input were absent. In semi-enclosed coastal ecosystems receiving
substantial freshwater input, salinity gradient played a fundamental role in structuring
spatial patterns of physical properties (Cloern et al., 2017). Low salinity and low
water clarity could both indicate high turbidity or freshwater input in the estuarine
area. In addition, there had been field evidence that the importance of environmental
factors to phytoplankton dynamics varied a lot in subareas with different

characteristics (Nelson et al. 2017).
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Based on the results in present study, 98.4% of the total area of the Seto Inland sea
(Class 1 and 2) could only support phytoplankton biomass of less or equal to 5 ug 17,
indicating a severe lack of the primary production and the need for sufficient nutrient.
However, there was also 0.5% of the area (Class 4 and 5) that could support over 10
ug I, in such area anthropogenic nutrient loading must be controlled to inhibit the
excessive phytoplankton growth and accumulation and its negative influence on the
whole ecosystem.

The significant and positive correlation between VI and nutrient concentrations (p
< 0.01, Table 3) in the Seto Inland Sea suggested that there might be some linkage
between the natural factors and anthropogenic factors facilitating phytoplankton
growth in the Seto Inland Sea. The point source nutrient loading from human
activities might be responsible for the deviation of some points to the relationship.
Besides, it could also be inferred from above correlations that the TN concentration in
the water was influenced to a larger extent than that of TP. A previous research on
nutrient source of the Seto Inland Sea found that 19% of the TN and 28% of the TP in
the Seto Inland Sea originated from the surrounding terrestrial zone, which might
explain the smaller correlation coefficient between VI and TN (Yanagi & Ishii 2004).
It was interesting that the coastal areas with highest VI values were consisting with
the areas adjacent to highly populated watersheds (eastern Osaka Bay and northern
Hiroshima Bay), which was as high as 19.34 million for eastern Osaka Bay and 1.80
million for Hiroshima Bay (Nishijima et al. 2018). Thus, the high natural potential for
phytoplankton growth as well as high anthropogenic nutrient input from neighboring
residences combined to result in the frequent red tide occurrence in the areas
mentioned above (Imai et al. 2006). This was important in exploring the mechanisms
underpinning the outbreak of red tides in different area within Seto Inland Sea and
other coastal areas. Different measures should be taken according to the property of

VI in different water bodies in future coastal management strategies.

3.5 Conclusions

Based on a nonlinear perspective and an empirical approach, this study proposed a
novel indicator, vulnerable index derived from different natural environmental factors

with long-term monitoring records of the Seto Inland Sea during the period
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2003-2012. This index successfully predicted the baseline surface Chla
concentration in the Seto Inland Sea . Results indicated that salinity was the best
parameter to predict surface Chl.a concentration. When two parameters were included
in the models, salinity and SD were the best combination to predict Chl.a
concentration. As for the three parameter models, the inclusion of LogN? resulted in
further improvement of VI model, whereas the improvements were limited.

Generally, VI deceased from geographically enclosed basins towards open basins
or the outer ocean. Highest VI values were observed in the coastal regions of Osaka
bay, Harima Nada, Hiroshima Bay and part of Suo Nada and lowest VI values in Aki
Nada, Iyo Nada, offshore area of Suo Nada and two channels connecting the Pacific
Ocean. The significant and positive correlation between VI and nutrient
concentrations in the Seto Inland Sea suggested that there might be some linkage
between the natural factors and anthropogenic factors facilitating phytoplankton
growth in the Seto Inland Sea. The coastal areas with highest VI values were
consisting with the areas adjacent to highly populated watersheds (eastern Osaka Bay
and northern Hiroshima Bay), therefore, the high natural potential for phytoplankton
growth as well as high anthropogenic nutrient input from neighboring residences
united to result in the frequent red tide occurrence in some areas of the Seto Inland
Sea. Based on above results, the natural property of local area must be taken into
account in the process of policy-making and implementation of management

measurcs.
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Chapter 4: Management of the west-central Seto Inland Sea,
Japan: factors controlling spatiotemporal distribution of

chlorophyll a concentration and Secchi depth

4.1 Introduction

In recent decades, anthropogenically increased nutrient loading has led to
undesirable changes in ecosystem structures and functions, including overgrowth of
phytoplankton in various coastal areas around the world (Orth et al. 2006). Elevated
Chl.a concentrations decrease light intensity in the water column and can adversely
impact the growth and production of seagrasses and benthic microalgae (Orth et al.
2006). Excess sedimentation and subsequent mineralization of dead phytoplankton
cells in the sediment results in the production of reductive sediment and hypoxia of
bottom waters, and marked changes in the benthos (Nishijima et al. 2015).

A variety of nutrient reduction programmes have been implemented following the
deterioration in coastal waters through phytoplankton overgrowth, such as the
Grizzle-Figg Act in relation to Tampa Bay, Florida, USA (Greening et al. 2014), the
Action Plan for the Aquatic Environment in relation to Danish coastal waters
(Riemann et al. 2016), a ban on phosphate-based detergents and the use of biological
nitrogen removal in Chesapeake Bay, USA (Williams et al. 2010) and a Total
Pollutant Load Control System (TPLCS) in Japanese enclosed waters including the
Seto Inland Sea (Nakai et al. 2018, Nishijima et al. 2018). The results, however, have
been dependent on the nature of pressures (e.g. type, magnitude, frequency and
timing), connectivity with adjacent systems and differing water quality parameters
(Carstensen et al. 2011, Duarte et al. 2015). In successful cases, the improvement
appeared in nutrients, Chl.a, dissolved oxygen concentrations and seagrass cover after
implementation of the programme (Greening et al. 2014, Riemann et al. 2016, Nakai
et al. 2018, Nishijima et al. 2018), whereas little improvement or even worsening
were unfortunately reported too (Williams et al. 2010, Riemann et al. 2016).

On the other hand, stable and appropriate primary production by phytoplankton,
as well as by seagrasses and benthic microalgae, is essential to sustain the healthy

functioning of ecosystems and the sustainable supply of fishery resources (Takai et al.
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2002, Hoshika et al. 2006, Nakai et al. 2018). Phytoplankton growth will directly
respond to nutrient supply, whereas the growth and distribution of benthic macro- and
microalgae will be determined by both nutrient supply and light availability; the latter
will also be affected by nutrient supply through phytoplankton growth. Therefore,
nutrient loading reductions should be managed to maintain and improve both
appropriate phytoplankton growth and light availability, and the responses of these
water quality parameters to nutrient loading reductions need to be understood.

One effect of TPLCS implementation on the Seto Inland Sea has appeared in
certain ecosystem components (Yamamoto 2003, Nakai et al. 2018, Nishijima et al.
2018), although it varies in the subareas. The west-central Seto Inland Sea, including
Hiroshima Bay and Aki Nada (Figure 1), receives substantial anthropogenic nutrient
loading from its watersheds. Severe eutrophication in Hiroshima Bay (Seiki et al.
1991), especially the innermost region, is of great public concern because of its
negative impact on ecosystem services. In addition, the west-central Seto Inland Sea
is an archipelagic area, and the complex geographic conditions may significantly
affect the characteristics of aquatic ecosystems, in which the responses to reduction of
the anthropogenic loadings may vary.

In this study we constructed models estimating the spatiotemporal distributions of
Chl.a and Secchi depth in the west-central Seto Inland Sea and identified the
definitive factors of these two water quality parameters in considering geographic
characteristics such as salinity, water depth and distance from coastline. Next, based
on the definitive factors, we classified the west-central Seto Inland Sea into different
subareas. We then assessed the effect of the TPLCS on Chl.a concentrations and
Secchi depth in each subarea of the west-central Seto Inland Sea to allow better
environmental management. This study will not only enrich the literature showing
responses to reduced anthropogenic nutrient loadings in ecosystems, but also help us
gain a better understanding of the factors dominating standing phytoplankton stocks

and light availability in such a semi-enclosed coastal ecosystem.
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4.2 Materials and Methods

4.2.1 Study area

The west-central Seto Inland Sea consists of Hiroshima Bay (1043 km?) and Aki
Nada (744 km?) (Figure 4.1). Its southwestern part adjoins the Iyo Nada connected to
the Pacific Ocean through the Bungo Channel. The Bingo Nada and Hiuchi Nada
connect to the east-central part of the Seto Inland Sea. Several large rivers over 20 km
in length (e.g. Yahata, Ohta, Seno, Kurose, Nishiki and Noro Rivers) flow into the
west-central Seto Inland Sea on its northern coastline (Honshu). There is no large
river over 10 km in length flowing into the west-central Seto Inland Sea on its
southern coastline (Shikoku). A chain of islands: Miyajima, Eta-Noumijima,
Kurahashijima, Kamikamagarijima, Osakikamijima, Osakishimojima and Omishima
are located within 5-10 km of the coast of Honshu. Another chain of islands:
Yashirojima, Nakashima and some small islands, constitute the southern border of the
west-central Seto Inland Sea. Strong density stratification develops in warm seasons
in the northwestern part of the area surrounded by the coast and the Miyajima and
Eta-Noumijima islands. However, the waters in other parts mix well throughout the

year (Asaoka et al. 2018).

Hiroshima Bay
HOnShu l Ohta River Aki Nada
0

: i .

Shikoku

Figure 4.1 Map of the west-central Seto Inland Sea. Dots in circles are monitoring
sites from MOE, dots without circles are monitoring sites from MLIT. Numbers show
Miyajima, Eta-Noumijima, Kurahashijima, Kamikamagarijima, Osakikamijima,
Osakishimojima, Omishima, Yashirojima and Nakashima in order.
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4.2.2 Data set

Seasonal water quality data (winter: mid-January to early February, spring: May,
summer: July to early September, autumn: October) were provided by the Ministry of
the Environment (MOE, 15 monitoring sites) for the period of 1981-2015. The
Ministry of Land, Infrastructure, Transport and Tourism (MLIT, 29 monitoring sites)
provided information for the period 2000-2014. Chl.a concentrations were not
monitored for 13 of the 29 MLIT sites. Secchi depth, nutrient concentration, water
temperature and water depth data were available for all 44 sites. Distance from the
coastline of Honshu was derived by ArcGIS 10.2 (ESRI 2011) for all monitoring
sites.

The total nitrogen (TN) and total phosphorus (TP) loadings into the west-central
Inland Sea were also provided by MOE. Loadings have been estimated by MOE as a
part of the TPLCS every 5 years since 1979. The loading estimations took account of
nutrient sources including industrial effluent, household discharges and agricultural

wastewater.

4.2.3 Analysis

Secchi depth was twice measured with a 30-cm-diameter white disc by both MLIT
and MOE and the average of two records was used for data analysis. Water samples
were taken at depths of 0.5 m and 2.0 m in the MOE and MLIT observations,
respectively. Analyses of water temperature, salinity, nutrients (NHs", NO2, NO3~,
TN, PO+, TP), and Chl.a were conducted in accordance with the Guidelines for

Marine Observations (Japan Meteorological Agency, 2000).

4.2.4 Factors influencing Chl.a concentration and Secchi depth

Distance from coastline and salinity is closely related with seston and nutrient
levels in the water column, since freshwater discharged from the land is a carrier of
particles and nutrients. Water depth is an important indicator of resuspension of
sediment particles, which play important roles in the variations in light conditions or
Chl.a concentration in the water column. The effect of distance from the island

coastlines, and from those of the southern margins (Shikoku), however, are much less
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important than that from the coastline of Honshu (the northern coastline). This is
because there are no (or only small) rivers, and no significant point sources of
nutrients, in the islands and the southern area of land (Figure 4.2). Therefore, we
chose the distance from the nearest northern coastline as a geographic parameter.
Spearman rank correlation coefficients were used to determine the degree of
correlation between distance, salinity, water depth, water temperature, Chla

concentration and Secchi depth.

TP load
O <1%

O 1-5%

© 5-10%
@ 10-15%
@ 15-20%

Figure 4.2 Distribution of total nitrogen (A) and total phosphorus (B) loads on the
coastline of west-central Seto Inland Sea, percent is the ratio of nutrient loads in a site
to the sum of nutrient loads in the whole area (Ministry of the Environment of Japan
2016). Arrows denote nutrient loads from rivers.

Logistic curve or logistic growth curve had been successfully used for predicting
continuous variables with thresholds (e.g. Zwietering et al. 1990, Kucharavy & De
Guio 2015). Eq. 1 (Figure 4.3 as an example) and Eq. 2 based on Zwietering et al.
(1990) and Hara (1999) were used to predict the Secchi depth or Chl.a concentration

with distance from the northern coastline, water depth and surface salinity (hereafter
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referred to as distance from coastline, depth and salinity, respectively) using the
“Isqcurvefit” function (https://ww2.mathworks.cn/help/optim/ug/lsqcurvefit.html) of

MATLAB R2014b (MathWorks, Inc., Natick, Massachusetts, USA):
A=1/(b; + b, X exp(bg X x)) Eq. 1

A=1/(b; + b, Xexp(by X x, + b, X x;)) Eq.2
where 4 was SD or Chl.a, x was normalized distance, salinity or depth (z-score
normalization based on mean and standard deviation). x; and x> were two factors from
normalized distance, salinity and depth. b1, b2, b3 and b4 were coefficients. Eq. 1 was
used to find the best determinant factor to predict Secchi depth or Chl.a concentration.
Eq. 2 was used to find the best combination of factors to predict these two.

9.0

y = 1/(0.13+0.32exp(-0.95x))
80 I R2=0.74, p<0.01

b
[=]

Secchi depth (m)
m [+
o o

o
o

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
Normalized distance

Figure 4.3 Example of modified logistic regression by which Secchi depth was plotted
against normalized distance.

The best combination of distance from coastline, salinity and depth derived from
the above equations was then used to classify the 31 monitoring sites with Chl.a
concentration data into classes based on the results of agglomerative hierarchical
clustering. The agglomerative hierarchical clustering of Euclidean distance was
conducted with average linkage criteria method using R software (R Core Team 2015).
Distance from the northern coastline and salinity (results from later analysis) were
used after square-root-transformed and normalized for the clustering analysis. Then

the monitoring sites were classified using the dendrogram obtained by the clustering.
4.2.5 Estimation of phytoplankton contribution to light attenuation

Nishijima et al. (2018) separate the roles of non-phytoplankton components from

total optical active components contributing to light attenuation and propose a novel
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indicator background Secchi depth (BSD). BSD applies when the influence from
phytoplankton is absent; that is, when Chl.a concentration equals 0. We estimated
phytoplankton contribution to light attenuation, based on the concept of BSD, as
follows (Egs 3-9):

K4 = Kw + Kcpom + Ktripton + Kphyt Eq. 3
Kpg = Kw + Kcpom + Kiripton Eq. 4
Ka = Kpg + Kphyt Eq. 5
K4=a/SD Eq. 6
Ky = a/BSD Eq. 7
phyt% =100x (K, / K,) Eq. 8
phyt% = 100 X (1 —SD/BSD) Eq.9

In Eq. 3, Kqis the total light attenuation coefficient for the water column, and K,
Kcpom, Kiipton and Kpnyt are partial light attenuation by water, chromophoric dissolved
organic matters (CDOM), tripton and phytoplankton, respectively. In Eq. 4, Ky, is the
attenuation caused by background factors, which is the sum of Kw, Kcpom and Kiripton
in Eq. 3 (Nishijima et al. 2018). In Eqs 6 and 7, SD is Secchi depth and BSD is the
background Secchi depth. The coefficient a is the product of K4 and SD or the product
of Ky and BSD. In Eqs 8 and 9 phyt% is phytoplankton contribution in light
attenuation. The average phyt% at a monitoring site is then obtained from Eq. 9 when

average SD is used.

4.2.6 Statistical analysis

Harmonic and arithmetic means were used for the Secchi depth and other water
quality parameters, respectively. Standard deviation in the harmonic mean was
calculated based on the method reported by Lam et al. (1985). Kruskal-Wallis
ANOVA tests and subsequent Dunn’s tests for multiple comparisons were used to
compare Chl.a concentration and Secchi depth in different subareas. Bonferroni
corrections were used for multiple comparisons. Chl.a and Secchi depth data from
MOE during the period 1981-2015 were analysed for monotonously increasing or
decreasing trends with linear regression. Influencers of the linear regression model
were identified and removed by DFFITS (difference in fits, Belsley et al. 1980).

Tukey’s HSD test was used for a multiple comparison of regression slopes of linear
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models in different seasons of each subarea of west-central Seto Inland Sea. The
Kruskal-Wallis test, Dunn’s test and Tukey’s HSD test were performed with R
software (R Core Team 2015). A p < 0.05 was considered to be statistically

significant in these tests.

4.3 Results

4.3.1 Spatial distribution of Secchi depth and Chl.a concentration,
20002014

Figure 4.4 Seasonal and spatial distribution of mean chlorophyll a concentration,
2000-2014. Shading indicates chlorophyll a in pg I-1 and contour lines demarcate
2.5-pg 1-1 intervals.

Water temperatures in the west-central Seto Inland Sea showed a typical seasonal
variability. The mean water temperatures at the 44 monitoring sites were
10.2-12.6 °C (winter), 15.3-18.8 °C (spring), 22.1-26.2 °C (summer) and
22.3-23.7 °C (autumn). Salinity was the lowest in summer (22.7-32.9) and the
highest in winter (31.2-33.6). Chl.a concentration at the surface of the west-central
Seto Inland Sea varied greatly by seasons and locations (Figure 4.4). The values
peaked in summer (1.1-14.5 pg 17"), declined in autumn (1.0-8.7 pg 1I'!) and winter
(0.8-3.5 pug I'Y), and rose in spring (0.6-6.9 pg 1™"). Secchi depth in the west-central

78



Seto Inland Sea ranged from 2.0 to 8.4 m (Figure 4.5) with higher values observed in

winter (4.0-8.4 m) and lower values in summer (2.1-7.6 m).

: e

Figure 4.5 Seasonal and spatial distribution of mean Secchi depth, 2000-2014.
Shading indicates Secchi depth in metres and contour lines demarcate 1-m intervals.

Table 4.1 Spearman correlation coefficients for the relationship among distance, depth,
salinity, water temperature, chlorophyll a (Chl.a) and Secchi depth, 2000-2014.

Item Season Distance Depth Salinity Temp. DIN DIP Chl.a
Chl.a Spring -0.57%* -0.45% -0.82%* 0.80% 0.41* -0.50*
Summer -0.45% -0.20 -0.48** 0.45%%* 0.16 -0.15
Autumn -0.80%* -0.52* -0.89%* -0.03 0.01 0.02
Winter -0.61%* -0.60* -0.55%%* -0.45%*  -0.42*  -0.50%
Secchi  Spring 0.82%* 0.56* 0.57** -0.56* -0.25 0.11 -0.68%*
Summer 0.78%* 0.38% 0.40%* -0.23 -0.34 0.03 -0.66**
Autumn 0.79** 0.37* 0.65%* -0.01 -0.19 0.07 -0.66**
Winter 0.36* 0.41* 0.13 0.06 -0.08 -0.21 0.01

Note: Temp. is water temperature; * is p < 0.05; ** is p < 0.01

The Spearman correlation coefficients between Chl.a, Secchi depth and other
geographic and water quality parameters, including distance from the northern
coastline, salinity, water depth, dissolved inorganic nitrogen (DIN) and dissolved
inorganic phosphorus (DIP), in different seasons during the period 2000-2014 are
summarized in Table 4.1. The Chl.a concentrations were best related to salinity (7:
—0.89 to —0.48, p < 0.01) and distance from the northern coastline (7: 0.45 to 0.80, p <
0.05), while the Secchi depth was best related to distance from the northern coastline

(r: 0.36 to 0.82, p < 0.05) and depth (r: 0.37 to 0.56, p < 0.05). Secchi depth was also
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significant correlated with salinity except for winter when the variation of salinity was
smaller than that in other seasons due to smaller river flow into the study area.
Significant correlations were also found between Chl.a concentration and Secchi
depth in spring, summer and autumn (7: 0.66 to 0.68, p < 0.01). Although DIN and
DIP are the important factors in the control of Chl.a concentration, they did not show

a positive relationship with Chl.a concentration except for spring (7: 0.41, p <0.05).

4.3.2 Factors determining Chl.a concentration and Secchi depth

Table 4.2 Detailed results of logistic curve fitting to predict chlorophyll a with
different combinations of distance from coast, water depth and salinity.

Parameter Season b b2 bs bs R? RMSE
Distance Spring 0.01 0.61 0.48 - 0.25 1.27
Summer 0.01 0.42 0.59 - 0.19 2.50
Autumn 0.01 0.40 0.51 - 0.41 1.45
Winter 0.20 0.31 0.44 - 0.40 0.64
Depth Spring 0.01 0.55 0.17 - 0.04 1.45
Summer 0.01 0.36 0.11 - 0.01 2.77
Autumn 0.15 0.23 0.34 - 0.09 1.79
Winter 0.05 0.46 0.28 - 0.34 0.67
Salinity Spring 0.01 0.64 0.51 - 0.90 0.46
Summer 0.01 0.47 0.64 - 0.90 0.87
Autumn 0.05 0.36 0.53 - 0.81 0.82
Winter 0.20 0.30 0.31 - 0.22 0.73
Distance + Depth Spring 0.11 0.50 0.62 -0.10 0.26 1.29
Summer 0.01 0.41 0.61 -0.11 0.20 2.54
Autumn 0.01 0.40 0.52 -0.02 0.41 1.47
Winter 0.20 0.31 0.32 0.24 0.48 0.60
Distance + Salinity Spring 0.01 0.65 0.08 0.49 0.91 0.46
Summer 0.01 0.48 0.11 0.61 0.91 0.87
Autumn 0.01 0.41 0.23 0.36 0.86 0.72
Winter 0.20 0.31 0.38 0.10 0.42 0.64
Salinity + Depth Spring 0.01 0.64 0.04 0.51 0.91 0.46
Summer 0.01 0.48 0.10 0.65 0.92 0.83
Autumn 0.04 0.38 0.10 0.50 0.83 0.80
Winter 0.20 0.31 0.35 0.23 0.44 0.63

We tried to find factors determining the Chl.a concentration and Secchi depth in
the west-central Seto Inland Sea. The results of logistic curve fitting are shown in
Tables 4.2 and 4.3. Salinity was the best individual predictor of Chl.a concentrations,
especially from spring to autumn (R% 0.81-0.90). The supply of nutrients through

freshwater will contribute to phytoplankton growth, but nutrients were also supplied
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from adjacent waters connecting to the study waters. The contribution of Pacific
Ocean to TN and TP loadings into the study area was estimated to be about 80%—90%
and about 75%, respectively (Ishii and Yanagi 2004). Therefore, the significant
relationship between Chl.a concentration and salinity would not mean simply that
Chl.a concentration was controlled by nutrients from the land. Low salinity areas are
mainly located on shallow coasts, suggesting that salinity represents not only the

nutrient supply from the land, but also the various effects of the land.

Table 4.3 Detailed results of logistic curve fitting to predict Secchi depth with
different combinations of distance from coast, water depth and salinity.

Parameter Season bi by bs b4 R? RMSE
Distance Spring 0.13 0.03 -0.95 - 0.74 0.65
Summer 0.15 0.01 -1.58 - 0.58 0.85
Autumn 0.13 0.02 -1.16 - 0.65 0.71
Winter 0.14 0.01 -1.00 - 0.20 1.11
Depth Spring 0.14 0.03 -0.59 - 0.20 1.16
Summer 0.17 0.01 -1.43 - 0.11 1.23
Autumn 0.15 0.00 -2.25 - 0.17 1.09
Winter 0.15 0.00 -3.93 - 0.11 1.16
Salinity Spring 0.12 0.05 -0.38 - 0.32 1.07
Summer 0.13 0.05 -0.50 - 0.43 0.98
Autumn 0.12 0.04 -0.35 - 0.29 1.00
Winter 0.12 0.03 0.12 - 0.02 1.22
Distance + Depth Spring 0.13 0.03 -0.91 -0.13 0.75 0.65
Summer 0.15 0.01 -1.57 -0.04 0.58 0.86
Autumn 0.13 0.02 -1.16 -0.01 0.65 0.72
Winter 0.14 0.01 -1.03 -0.72 0.23 1.09
Distance + Salinity Spring 0.13 0.03 -0.89 -0.09 0.75 0.65
Summer 0.15 0.01 -1.35 -0.38 0.68 0.75
Autumn 0.13 0.02 -1.10 -0.11 0.66 0.70
Winter 0.12 0.02 -0.89 0.70 0.45 0.93
Salinity + Depth Spring 0.14 0.03 -0.54 -0.48 0.43 0.99
Summer 0.16 0.01 -0.78 -0.94 0.49 0.94
Autumn 0.14 0.01 -0.82 -0.63 0.39 0.94
Winter 0.12 0.03 -0.27 0.18 0.09 1.19

Distance was the best individual predictor of Secchi depth in the study area (Table
3.3, R%: 0.58-0.74) in spring, summer and autumn, whereas salinity showed low
correlation with Secchi depth (Table 3.3, R?: 0.02-0.43). Moreover, depth was weakly
correlated with Secchi depth even though the Chl.a concentration was not related to

depth. Hibino and Matsumoto (2006) reported that sediment was covered with 1-6 cm

of thin floating mud in the wide area of the northern part of Hiroshima Bay. In
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addition, suspended solids in the waterbody were supplied from floating mud on
sediment near the coastline and transported southward (Lee et al. 2001). This might
be the reason for the good correlation between the distance from the northern
coastline and Secchi depth.

Since the combinational use of distance from the northern coastline and salinity in
the logistic curves successfully predicted the Chl.a concentration and Secchi depth,
these were used to explore the mechanisms underpinning Chl.a and Secchi depth
distribution regime in the west-central Seto Inland Sea. The whole west-central Seto
Inland Sea was divided into three classes by the agglomerative hierarchical clustering
method (Figure 4.6). The monitoring sites belonging to Class 1, characterized by low
salinity and short distance from coastline, were located in the innermost part of
Hiroshima Bay. The monitoring sites in Class 2, with median salinity and at a short
distance from the coastline, were distributed in western coastal Hiroshima Bay and
northern coastal Aki Nada. The monitoring sites in Class 3 were distributed in the

area far away from the northern coastline.

Figure 4.6 Classification of the west-central Seto Inland Sea based on distance from
the northern coastline and salinity.

4.3.3 Spatial and historical changes in Chl.a concentration and Secchi

depth in the west-central Seto Inland Sea

The seasonal mean Chl.a concentration and Secchi depth during the period
2000—-2014 in the classified subareas of the west-central Seto Inland Sea are shown in

Figure 4.7. A significant difference among the subareas of the west-central Seto
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Inland Sea was observed in spring, summer and autumn for both Chl.a and Secchi
depth (p < 0.05); no significant differences were observed in winter (p > 0.05).
Generally, subarea Class 1 showed the highest Chl.a concentration, followed by Class
2 and Class 3 during spring, summer and autumn. By contrast, the highest Secchi
depth was observed in subarea Class 3, followed by Class 2 and Class 1 in spring,
summer and autumn. In winter, the large water mixing by the strong wind and the sea

surface cooling could be responsible for the small regional difference in Chl.a and

Secchi depth.
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Figure 4.7 Seasonal mean chlorophyll a concentration and mean Secchi depth in
different subareas of the west-central Seto Inland Sea. WI, SP, SU and AU = winter,
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respectively (see Figure 4.6). “o” = the outlier by 1.5 interquartile range (IQR) rule.
Within each season boxes with different letters (a, b) indicate significant differences
(p <0.05, Dunn'’s test) between different subareas.

The annual values in Chl.e and Secchi depth in different subareas of the
west-central Seto Inland Sea during the past 35 years (1981-2015) are shown in
Figures 4.8 and 4.9. Significant decreases in mean Chl.a concentration were observed
during a specific season in the coastal regions (Class 1 and 2) and during several
seasons in the offshore region (Class 3). In spring, the decreasing rate of mean Chl.a
concentration expressed as a slope factor in Class 1 (0.177 pg I'" y) was

significantly higher than those in Classes 2 and 3 (0.024-0.025 pug 1! y!, p < 0.05).
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Although large fluctuations in mean Chl.a were observed, the rates of decrease were

also higher during summer (0.154 pg 1!

than those in Classes 2 and 3.
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Figure 4.8 Time course of mean chlorophyll a concentration in different subareas of

west-central Seto Inland Sea, 1981-2015.
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Secchi depth was observed to increase with time in most cases. Significant
increase (p < 0.05) in mean Secchi depth was observed during several seasons in the
regions of Class 2 and 3 (Figure 4.9). No significant difference was found in the rate

of increase in mean Secchi depth among Classes 1-3 in all seasons, because of high
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fluctuation and low rates of increase. Moreover, Secchi depth is determined not only
by phytoplankton concentration but also by other factors which will not change by

eutrophication.

4.4 Discussion

Table 4.4 Nutrient loading (kg km? d') from the surrounding land into the
west-central Seto Inland Sea.

Area Loading Year
1979 1984 1989 1994 1999 2004 2009 Decrease (%)"

Hiroshima Bay TN 31.6  30.7 32,6 28.7 259 240 226 28.71%

TP 297 201 230 243 230 1.53 1.55 47.96%
Aki Nada N 10.8 94 9.4 102 94 9.4 9.2 14.48%

TP 1.08 081 081 079 081 0.67 0.66 38.34%
Average N 229 21.8 229 210 190 179 17.0 25.76%

TP 218 151 168 175 1.68 1.18 1.18 45.45%

« Decrease(%) =100x (Load,y,, — Load )/ Load,y;,

4.4.1 The relationship between nutrient load and Chl.a concentration

in the west-central Seto Inland Sea

Chl.a concentration has decreased in the west-central Seto Inland Sea, although
the extent of reduction has varied both seasonally and spatially. This may be a
positive response to the implementation of TPLCS in this area. During the 30 years
from 1979 to 2009, the TP and TN entering the west-central Seto Inland Sea from the
land declined by 45.45% and 25.76%, respectively (Table 4.4). The mean Chl.a
concentration in each classified area for 5-year intervals were plotted against TN and
TP loadings from land during the corresponding time intervals to check the
relationship between allochthonous nutrient loading and phytoplankton abundance
(Figure 4.10). For example, the mean Chl.a concentration from 1981 to 1985 was
paired with the nutrient loading in 1984. Class 1 was located in Hiroshima Bay and
Class 2 was mainly located in Hiroshima Bay, so the mean Chl.a concentrations were
paired with nutrient loads in Hiroshima Bay for Class 1 and 2. The mean Chl.a
concentrations were paired with average nutrient loads in Hiroshima Bay and Aki
Nada for Class 3. The results suggested that Chl.a may be impacted by the TN
loading (R?: 0.46-0.62) greater than TP loading (R* 0.05-0.21) throughout the
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west-central Seto Inland Sea. Although the decrease in Chl.a concentration with
decrease in nutrient loading from the land was observed clearer in Classes 1 and 2
(facing the large sources of nutrients from rivers) than in Class 3, statistical
significance was not observed in either case. Our result is consistent with a nutrient
enrichment algal assay conducted by Lee et al. (1996), which reported that the growth
of the entire phytoplankton community in Hiroshima Bay was stimulated by the
addition of nitrogen.

In the west-central Seto Inland Sea, the molar ratios of DIN to DIP showed
extremely high variations. It was lower than the Redfield ratio of 16 with some
exceptions in the subareas of Class 2 and 3 and around 30 in the subarea of Class 1
(Table 4.5). Nutrient release from sediment and nutrient supply from the connecting
waters should be considered as other sources. In nutrient release from sediment,
greater amounts of phosphorus than nitrogen are known to be released and to enter the
overlying waters, especially in the warmer seasons (Lee et al. 2000). In the nutrient
supply from the connecting waters, DIN:DIP ratios in Iyo Nada, Bingo Nada and
Hiuchi Nada were less than or around 16 in most cases. Consequently, the result that
the Chl.a showed a better correlation with TN loading than with TP loading would be
reasonable. Dissolved silicate is also an important nutrient for phytoplankton growth.
In an investigation across the Seto Inland Sea it was proved not to be a limiting
nutrient, except in Osaka Bay during 1994-2000 (Yanagi and Harashima 2003).

On the other hand, phosphorus is reported to control Chl.a concentration in Suo
Nada, west of this study area in the Seto Inland Sea (Nishijima et al. 2016). The main
differences between the water in this study, Hiroshima Bay and Aki Nada, and Suo
Nada, were DIN:DIP ratios in water column and nutrients loadings from land. The
DIN:DIP ratios in the water column ranged from 17.0 to 35.2 in the shallow area (less
than 20 m). Those in nutrient loadings from the land ranged from 17.7 t019.0 after
1989 in Suo Nada. On the other hand, the DIN:DIP ratios in the water column ranged
from 6.3 to 16.4, with one exception: the deep area connected to Iyo Nada. These
results suggested that the shallow area near the coastline was strongly affected by
nutrient loadings from land and a higher ratio than 16 of DIN:DIP in nutrient loading
from land resulted in phosphorus limiting phytoplankton growth in Suo Nada. Not
only the amount of nutrients supplied from land but also the ratio of DIN:DIP was

found to control phytoplankton growth, especially in coastal areas.
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Figure 4.10 Relationship between total nitrogen (TN) and total phosphorus (TP)
loading from land and mean chlorophyll a concentration in different subareas of the
west-central Seto Inland Sea based on data from 15 observation sites in western
central Seto Inland Sea, 1981-2000. Years in the figures are inserted for nitrogen
plots. Dotted lines are linear regression lines fit to the TN or TP data. Class 1, 2 and 3
indicate the same regions as in Figure 4.6.
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Table 4.5 Mean water quality in different regions of the west-central Seto Inland Sea.
Error bounds are + one standard deviation.

Area Period DIN DIP DIN:DIP  Secchi depth Chl.a
uM 1! uM I m ug 1!
Class 1 1981-1985 6.03£5.86 0.30+£0.27 27431 3.3£0.3 8.7£5.6
1986-1990  9.18+7.87 0.44+0.35 33443 3.2+0.4 7.7£6.2
1991-1995 7.53+8.22 0.35+0.33 23436 3.5+0.3 8.3+6.1
1996-2000  8.15+5.33  0.43+0.31 25+17 3.9+0.4 5.8+5.1
2001-2005 7.79+4.78 0.30+0.24  45+42 3.6+0.3 7.94+6.9
2006-2010  6.10+4.44 0.27+0.24  36+30 3.7+0.3 6.2+4.3
2011-2015 4.85+4.29 0.28+0.23 26433 4.0£0.3 6.1+4.3
Class 2 1981-1985 3.14£2.61 0.26+£0.21 19420 5.3+0.2 3.343.1
1986-1990  3.80+3.56 0.37+0.26 12411 5.3+0.2 3.543.3
1991-1995 3.76£3.08 0.37+0.35 12+11 5.2+0.1 3.1£2.2
1996-2000  5.46+3.48 0.37+0.23 19+15 5.7+£0.2 2.1£1.7
2001-2005 5.56+3.61 0.27+0.18  27+25 5.3+0.2 2.6£2.0
2006-2010  4.58+2.80 0.28+0.20  22+18 5.7+£0.2 2.4+1.9
2011-2015 3.01£2.33  0.29+0.20 1246 6.3£0.2 2.7£2.2
Class 3 1981-1985 3.14£2.12  0.274£0.18 18+18 6.1£0.2 2.0£1.3
1986-1990  3.80+2.08 0.37+0.21 10£8 6.3+0.2 1.9+1.4
1991-1995 3.76£2.46  0.354+0.18 10£8 6.7+0.1 1.9+1.4
1996-2000  5.46+2.82 0.35+0.20 14+8 7.0£0.2 1.4£1.2
2001-2005 5.56+3.12  0.27+0.15 19+16 6.7£0.2 1.5£1.2
2006-2010  4.58+2.12 0.27+0.15 1612 7.1£0.2 1.6+1.2
2011-2015 3.01+1.56 0.28+0.16 1245 7.6+0.2 1.4+1.4

Table 4.6 Phytoplankton contribution to light attenuation in the classified areas of the
west-central Seto Inland Sea.

Season Classl Class2 Class3
Spring 28.3% 22.1% 19.9%
Summer 35.2% 21.1% 12.6%
Autumn 28.4% 15.1% 14.6%
Winter 26.6% 10.3% 4.5%

Secchi depth in the west-central Seto Inland Sea has also improved over the past
35 years, but rates of increase were small (less than 0.05 m year ') and accompanied
with large annual fluctuations. Secchi depth is influenced by multiple optical factors
affecting light attenuation in the water column, including phytoplankton and other
background factors such as sea water, tripton and CDOM (Christian et al. 2003,
Devlin et al. 2008). In most parts of the west-central Seto Inland Sea, phytoplankton
contribution to light attenuation was surprisingly limited, being less than 36% in Class
1 and less than 23% in Classes 2 and 3 (Table 4.6). Phytoplankton contribution to
light attenuation in Classes 2 and 3 in the west-central Seto Inland Sea was less than

that reported in Harima Nada, the Seto Inland Sea (27%, Yamaguchi et al. 2013).
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Being more archipelagic than Harima Nada, the west-central Seto Inland Sea could
support higher tripton levels in the offshore area, resulting in lower phytoplankton
contribution to light attenuation. The reduction in Chl.a concentration in these areas
was also modest, implying that the improvement in Secchi depth through decrease in

Chl.a concentration via TPLCS may be limited in the west-central Seto Inland Sea.
4.4.2 Implications for future policy-making and management

The management of Seto Inland Sea has undergone a major and positive shift
from water quality control to environmental remediation and restoration of habitat in
the revision of Act on Special Measures concerning Conservation of the Environment
of the Seto Inland Sea in 2015, which aimed at realizing a beautiful and bountiful sea
(Nakai et al. 2018). Under the new management framework, restoration of seagrass
and seaweed beds constituted an important part, which would rely much on the
improvement of water clarity. This article emphasized the role of natural
environmental conditions e.g. salinity or suspended solids in water as crucial for water
quality, especially the water clarity. Considering the phytoplankton’s low contribution
to light attenuation in the west-central Seto Inland Sea, the improvement of water
clarity via the TPLCS by decreasing phytoplankton concentration would be limited.
Without our achievement, policy makers and environmental managers in the Seto
Inland Sea may depend too much on water quality improvement through the TPLCS
in seaweed and seagrass restoration. We should tackle not only natural increase of
seaweed and seagrass by improvement of water quality but seaweed and seagrass bed
construction by raising a bottom to improve light condition. These findings in the
west-central Seto Inland Sea is expected to apply in other semi-enclosed waters
receiving both substantial freshwater input and anthropogenic nutrient loads.
Moreover, due to the highly variable natural condition in these regions, decadal time
frames or flexible agenda should be used to allow significant or detectable

improvements in coastal water quality.

4.5 Conclusions

This study identified salinity and distance from Honshu coastline to be the most

definitive factors for Chl.a concentration and Secchi depth in the west-central Seto
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Inland Sea, respectively, based on monitoring records for the period 2006-2015.
Significant differences were observed among the subareas of the west-central Seto
Inland Sea during spring, summer and autumn in both Chl.a concentration and Secchi
depth, while no significant difference existed in winter. The large water mixing by the
strong wind and the sea surface cooling during winter could be responsible for the
small regional difference in Chl.a and Secchi depth.

The application of the TPLCS to the watershed of the west-central Seto Inland Sea
since 1979 has resulted in a 45.45% reduction in TP loading and 25.76% reduction in
TN loading from 1979 to 2009. The Chl.a concentration has decreased, although the
extent of reduction varies both seasonally and spatially. In the innermost Hiroshima
Bay (Class 1), mean Chl.a concentration underwent a significantly higher rate of
decrease than other subareas of the west-central Seto Inland Sea during the spring of
the past 35 years, while no significant difference in rate of decrease among the
subareas was found in other seasons. Despite the largest Chl.a decrease in the
innermost area of Hiroshima Bay, this area still endure high Chl.a concentration,
especially in summer, due to the vulnerable characteristic of this area (Chapter 3, low
salinity and water clarity, high stratification). This suggests that other intervention
measures (e.g. seagrass restoration) should be taken simultaneously with terrestrial
nutrient reduction to control the eutrophication and speed up the restoration of this
area. Secchi depth in the west-central Seto Inland Sea also showed a trend of
improvement over the past 35 years. However, the difference in increasing rates of
mean Secchi depth among the subareas was insignificant in all seasons. Finally,
considering the phytoplankton’s low contribution to light attenuation in the
west-central Seto Inland Sea, the influence of TPLCS on improvement in water clarity

via decreasing phytoplankton concentration was limited.
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Chapter 5: Potential and impact of eelgrass bed recovery
and expansion on phytoplankton growth through nutrient

competition

5.1 Introduction

Eelgrass (Zostera marina L.) is widespread in northern hemisphere temperate
coastal waters. Eelgrass beds are highly productive and support diverse faunal
assemblages (Adams 1976, Orth et al. 1984) by providing ideal habitats for many
commercial fishes and reducing the vulnerability of juveniles to piscivorous predators
(Shoji et al. 2007). The ecosystem services provided by eelgrass beds keep them
important for coastal management. Furthermore, Z. marina L. has been listed as a key
indicator species for marine water quality in Europe (WFD, Europe Union 2009).

Eelgrass also takes in nutrients from the water and prevents excessive growth of
phytoplankton in eutrophic coastal waters through the reduction of available nutrients.
Excessive phytoplankton growth produces various environmental problems, such as
red tides and sediment deterioration, and generally occurs in the warm season, which
is also the growth period of many eelgrasses, including Z. marina L.

Despite its importance, the global distribution of eelgrass has declined by 1.4%
per year over a 10-year period, as measured in 126 areas, from 1990-2000 because of
anthropogenic and/or other pressures (IUCN 2018). In the Seto Inland Sea in central
Japan, the eelgrass population has suffered a loss of about 70% over the last three
decades of the 20th century, which has been mostly attributed to reclamation by
coastal development, port construction activities and eutrophication (Komatsu 1997).
Eutrophication can reduce eelgrass coverage directly by stimulating epiphytic algae
and indirectly by restricting light penetration above the eelgrass bed canopy because
of increased light absorption by phytoplankton (Lefcheck et al. 2018). A lot of effort
has been expended to overcome eutrophication by reducing terrigenous anthropogenic
nutrient loading globally; this is expected to aid the recovery of eelgrass beds because
of a resulting increase in water clarity.

However, limitations on the recovery of eelgrass by reducing anthropogenic

nutrient loading needs to be considered because light attenuation depends on
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phytoplankton as well as additional factors, such as other suspended particles and
chromophoric dissolved organic matter. The impact of eutrophication on light
transmittance is not severe even in some typical eutrophic enclosed seas, such as
Tokyo Bay and Ise Bay in Japan (Wang et al. 2019). However, management plans for
eutrophic coastal waters need to be constructed with knowledge about the potential
for eelgrass recovery and extension through the improvement of optical conditions of
the water column. Moreover, the impact of eelgrass recovery and expansion on the
growth of phytoplankton after nutrient reduction should be understood.

Hiroshima Bay in the Seto Inland Sea, Japan, is an appropriate eutrophic coastal
water body to assess the potential of eelgrass recovery and extension after improved
water clarity through the reduction of anthropogenic nutrient loading. It is also an
ideal location to assess the impact of eelgrass recovery and expansion on the growth
of phytoplankton because there is available information on nutrient loading from land
and open water (Ishii et al. 2004) and there has been intensive research in this area on
water clarity (Nishijima et al. 2018), phytoplankton production (Nakai et al. 2018,
Umehara et al. 2018) and sediment conditions (Asaoka et al. 2018).

The objectives of this study were to determine the maximum possible water clarity
that could be reached after reducing anthropogenic nutrient loading and to evaluate
the impact of eelgrass bed recovery and expansion on phytoplankton growth in the

eutrophic northern Hiroshima Bay.

5.2 Materials and methods

5.2.1 Study site

The study area is located in the northern Hiroshima Bay, covering about 160 km?
(Figure 5.1) with an average water depth of about 18 m. Itsukushima and Nomishima
islands separate this area from the southern Hiroshima Bay and intensify the
difference in hydrological conditions, abiotic and biotic environments between the
north and the south (Fukushima et al. 2001, Umehara et al. 2018). Three major rivers,
Ohta, Yahata and Seno River, with average discharges of 87, 2.3, and 2.4 m? s,
respectively, empty into the northern Hiroshima Bay. The water in this area is not
easily exchanged because of the topographic characteristics. The apparent residence

time of freshwater is around 30 d (Fukushima et al. 2001).
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Figure 5.1 Location of the study area in northern Hiroshima Bay, Seto Inland Sea,
Japan. Open circles indicate the monitoring sites.

5.2.2 Data sources

The monthly observed Secchi depths (SDs) and chlorophyll a (Chl.a)
concentrations came from the Fisheries and Marine Technology Center, Hiroshima
Prefectural Technology Research Institute. High-resolution water depth data of 50-m
mesh were obtained from the Hydrographic and Oceanographic Department, Japan
Coast Guard. Secchi depths with 450-m resolution were calculated based on
monitoring data obtained from the Japanese Ministry of the Environment. The
seagrass distribution map was provided by the Ministry of the Environment based on

results from the fourth National Survey on the Natural Environment.
5.2.3 Estimation of potential improvement in Secchi depth

Background Secchi depth (BSD) was defined as a region-specific SD that
excludes the contribution of phytoplankton (Nishijima et al. 2018) and was calculated
for each monitoring site in each season of the 38-year sampling period. From the
natural logarithm linear regressions of the standard deviation reciprocals [/n(1/SD)]
plotted against the Chl.a concentrations, we calculated the y-intercepts as the
reciprocals of the BSDs [/n(1/BSD)], i.e. [n(1/SD), in the absence of phytoplankton

effects (Nishijima et al. 2018). The reference Chl.a concentration was defined as the
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concentration that is only slightly influenced by anthropogenic nutrient loading. It was
estimated based on the Chl.a concentration from an area offshore from the adjacent
Aki Nada (Figure 5.1). The maximum possible Secchi depth (MPSD) was defined as
the SD when the Chl.a concentration equals the reference Chl.a concentration. The
reference Chl.a concentration was applied to the linear regression model of In(1/SD)

and Chl.a at each monitoring site to estimate the MPSDs (Figure 5.2).
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Figure 5.2 Estimation of maximum possible Secchi depth (MPSD at 1 pg 1! of
chlorophyll a (Chl.a)) and background Secchi depth (BSD) during March—April at a
monitoring site (H3 in Figure 1) in northern Hiroshima Bay.

5.2.4 Estimation of the critical depth for eelgrass survival

The critical light intensity for eelgrass survival at the surface was estimated in
three coastal areas: the northeast of Itsukushima, and parts of Nomishima and
Onasamijima (Figure 5.1), where there is still natural coastline. The presence or
absence of eelgrass was evaluated within each 50-m grid using the eelgrass
distribution in these areas obtained from an investigation of seagrass beds and tidal
flats (Setouchi NET). Then, the critical ratio of light intensity at the vegetation depth
to the surface light intensity in the northern Hiroshima Bay was determined. The
coefficient of water column light attenuation (K4, m™') and the relative light intensity

at the surface (7, /o) was calculated as:

0.68

%: exp (—Ky X Z)

Eq. 2
where SD is Secchi depth (m). /o and I, is the irradiance at the water surface and

water depth z (umol m2 s™).

Then the critical depth for eelgrass survival (Zc, m) was calculated as follows:

ZC:—ln(lz/Io)/Kd Eq3
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5.2.5 Estimation of chlorophyll a concentration

Monthly Chl.a concentrations (May—September) were calculated using a
mathematical model developed by Kasamo et al. (2016) based on when intensive
phytoplankton growth generally occurs.

The Princeton Ocean Model (POM), which is an oceanic general circulation
model based on the 3D Navier-Stokes (primitive) equations under hydrostatic and
Boussinesq assumptions, was used to develop our model. The POM was implemented
in the Seto Inland Sea basin with a horizontal resolution of 2250 x 2250 m and 10
sigma-levels in the vertical. A detailed description of the model equations and its
numerical algorithms can be found in Blumberg and Mellor (1978). The horizontal
viscosity/diffusivity  coefficients were estimated using the Smagorinsky.
Simultaneously, the vertical viscosity/diffusivity coefficients were estimated
following the model's turbulence closure scheme using Mellor and Yamada level 2.5
(Mellor and Yamada 1982). Water temperature and salinity at the initial conditions
and the open boundaries were set based on JCOPE2 (Japan Coastal Ocean
Predictability Experiment 2) reanalysis results (Miyazawa et al. 2009). The lower
trophic level ecosystem model developed by Nakata (1993) and eelgrass (Z. marina L.)
biomass model developed by Bocci et al. (1997) were then incorporated into our
model.

In the eelgrass biomass model (Bocci et al., 1997), the stated variables were shoot
biomass (S) [gdw m™2], root and rhizome biomass (R) [g dw m™] and eelgrass nitrogen
concentration (N) [mg N gdw']. Verhagen and Nienhuis (1983) proposed to
incorporate the effect of aging into an eelgrass biomass model to describe seasonal
changes in biomass. We further added a limitation on growth rate (n) [d!] by aging to

the Bocci et al. (1997) model:
ds

i (u —trans — Qg) X S Eq. 4
Z—f=trans><S—Qs><R Eq. 5
Z—IZ = uptakeS — u X N Eq. 6
U =MIMAX X f(L) X f(T) x f(N) x f(S) X f(age) Eq. 7
f(age) =1—0.99 x % 129 < age < 234 (Julian day) Eq. 8
f(age) = 0.01 234 < age <304 (Julian day) Eq. 9
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trans = 0.25 X u Eq. 10
Qg = 0.025 x (0.098 + exp ( —4.690 + 0.2317T)) Eq. 11
where trans is translocation from shoot to root and rhizome, Qs and Qr are
respiration of shout, and root and rhizome, respectively (d™!), uptakeS is mg gdw™! h,
L is light (KJ m? d1), T is water temperature (°C), age is aging coefficient, MIMAX is
maximum growth rate (0.06 d!).
5.2.6 Mapping and analysis
Mapping of the study area and geospatial analyses of water depths, SDs and
seagrass distribution were performed using the geographical information system
software ArcGIS 10.3 (ESRI, 2011). Inverse distance weighted interpolation was used
to interpolate values at unsampled locations. Kruskal-Wallis ANOVA tests and
subsequent Dunn’s tests for multiple comparisons were used to compare SDs, MPSDs
and BSDs in different periods. The Kruskal-Wallis and Dunn’s tests were performed
with R software (R Core Team, 2015) with p <0.05 considered statistically

significant.

5.3 Results

5.3.1 Water quality in the northern Hiroshima Bay

As shown in Table 5.1, water temperatures in the northern Hiroshima Bay showed
an increasing trend during the eelgrass growth season (March—August). The
bimonthly mean water temperatures at five monitoring sites were 11.6-11.9°C
(March—April), 18.1-18.7°C (May—June) and 25.5-25.7°C (July—August). In contrast,
salinity showed greater spatial variation and a decreasing trend over the same periods,
dropping from 28.1-30.8 (March—April) to 22.1-25.6 (July—August). Similar to
salinity, Chl.a concentrations in surface waters of the northern Hiroshima Bay also
varied greatly by season and location. The values peaked in July—August (5.0-15.6 pg
I"") and were lowest in March—April (3.0-4.8 pg 1™"). Secchi depth in the northern
Hiroshima Bay ranged from 1.8 to 6.6 m with higher values in March—June (4.6-6.6

m) and lower values in July—August (2.1-3.8 m).
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Table 5.1 Water quality parameters in northern Hiroshima Bay over different periods

in 2009-2018. Values are presented as mean =+ standard deviation.

Period Site Temp. (°C) Salinity (-) Chla (ug1') SD (m)
March—April  Hl1 11.6+1.4 299+1.7 34+1.8 6.0+0.3
H2 11.7+14 208+1.8 3.0+1.3 6.6+04
H3 11.8+1.7 28.1+29 3.7+3.1 5.6+0.3
H4 11.9+1.6 284 +3.7 48+34 46+0.3
H5 11.7+£1.5 30.8+2.2 3.8+£25 6.0+04
Mean 11.7 294 3.7 5.7
May—June Hl 18.3+2.3 29.6+£2.2 42+24 42+03
H2 18.1+1.8 292+33 8.1+3.6 45+04
H3 185+1.8 274+45 7.8+73 32405
H4 18.7 £2.1 28.5+2.0 11.3+6.7 2.7+0.2
H5 184+2.0 304+ 1.4 6.8+5.6 44+0.3
Mean 18.4 29.0 7.6 3.6
July—August  HI1 255+2.3 25.6+4.2 50+2.8 33+0.3
H2 255+£2.2 25.1+4.8 6.4+45 32+03
H3 257425 22.1+5.7 8.1+44 25+0.2
H4 257 +£2.1 222+4.6 15.6 8.5 1.8+0.1
H5 257+22 25.5+43 9.2+6.6 2.7+0.2
Mean 25.6 24.1 8.9 2.6

Chl.a = chlorophyll a; SD = Secchi depth

5.3.2 BSD and MPSD distribution of northern Hiroshima Bay

Statistically reliable BSDs and MPSDs were obtained at all of the five monitoring
sites during the eelgrass growing season. Figures 5.3 and 5.4 show the spatial
distribution of SD, MPSDys and MPSD ¢ (values at 0.5 pug I'! and 1.0 pg I'! Chl.a)
and BSD during the eelgrass growth season in the northern Hiroshima Bay
(Kruskal-Wallis test, p <0.05). All SD indicators decreased from March—April to
July—August, indicating that background factors affected the light attenuation increase
during this period. The difference between SD and MPSDo s and MPSD; o ranged from
0.0 to 0.7 m at each site. Moreover, the difference between BSD and MPSD; o was
small except for March—April. The largest increase in water clarity occurred in the
southwestern part of the northern Hiroshima Bay, far away from the Ohta River
estuary during May to August (Figure 5.5). These results indicated that phytoplankton
did not strongly control water clarity, but background factors in this area, especially
the inner part of the bay, were predominant. Therefore, improvements in water clarity

from reducing terrigenous anthropogenic nutrient loading should not be expected.
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Figure 5.3 Spatial distribution of mean Secchi depth (SD), maximum possible Secchi
depth (MPSDio, MPSDys) and background Secchi depth (BSD) in the northern
Hiroshima Bay. P1, P2 and P3 correspond to March—April, May—June and
July—August, respectively.
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Figure 5.4 Bimonthly mean Secchi depth (SD), maximum possible Secchi depth
(MPSD1.0, MPSDy.s) and background Secchi depth (BSD) in the northern Hiroshima
Bay. P1, P2 and P3 = March—April, May—June and July—August, respectively. 1, 2 3
and 4 = SD, MPSD1, MPSDos and BSD, respectively. o = the outlier by the 1.5
interquartile range rule. For the same parameters, boxes with different letters (a, b)
indicate significant differences (p <0.05, Dunn’s test) between different periods.
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Figure 5.5 The differences between maximum possible Secchi depth (MPSD:.,
MPSDys) and current mean Secchi depth (SD) during 2009-2018 in the northern
Hiroshima Bay. P1, P2 and P3 correspond to March—April, May—June and
July—August, respectively.

5.3.3 Estimation of critical depth for eelgrass survival

In the selected areas where the natural coastline remains, eelgrass mainly grew at
depths shallower than 6 m (Figure 5.6) and where relative light intensity at the surface
was over 20% (Figure 5.7). The existence of eelgrass dramatically declined to less
than 20% of areas with water depths greater than 6 m and further diminished in areas
deeper than 11 m. No eelgrass was found when <5% of surface irradiance reaches the
bottom (Figure 5.7). Therefore, the critical depth for eelgrass survival in this area is

suggested to be 6 m.
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Figure 5.6 Depth distribution of eelgrass in selected areas (see Figure 5.1) of the
northern Hiroshima Bay.
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Figure 5.7 Changes in eelgrass survival with light availability (/o) in selected areas
(see Figure 5.1) of the northern Hiroshima Bay. /o and / correspond to the irradiance
at the water surface and a different water depth.
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5.3.4 Current and potential distribution of eelgrass in the northern

Hiroshima Bay

Figure 5.8 Current eelgrass distribution (A, 100 ha), and estimated eelgrass
distribution derived from current light availability and light requirements of eelgrass
(B, 373 ha) in the northern Hiroshima Bay.

The spatial distribution of eelgrass in the northern Hiroshima Bay is shown in
Figure 8. Eelgrass mainly grows around the islands; the current total area of eelgrass
beds in the study area is 100 ha (Figure 5.8A, Setouchi NET). However, the potential
area for eelgrass growth, including the 100 ha of present eelgrass beds, estimated
using only light availability (20% surface light) was 373 ha, which is around 2.4% of

the study area (Figure 5.8B). Thus, the present area where eelgrass exists accounts for
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about 27% of the potential area. The expansion of eelgrass under different SD
improvement scenarios was estimated to be 36 and 33 ha at MPSDos and MPSD
(May—June), respectively (Table 5.2). Although phytoplankton concentrations in this
area could be reduced by less nutrient loading from land, a significant expansion of
eelgrass beds by improving water clarity through phytoplankton decreases would not

be expected.

Table 5.2 Expansion of eelgrass distribution (%) under different Secchi depth (m)
improvement scenarios in northern Hiroshima Bay.

Scenarios MPSD1 .0 MPSDo s BSD

Current SD Area 373

March—April Area 381 391 403
Increase 8 (2.1%) 18 (4.8%) 30 (8.0%)

May—June Area 406 409 419
Increase 33 (8.8%) 36 (9.7%) 46 (12.3%)

July—August Area 399 403 410
Increase 26 (7.0%) 30 (8.0%) 37 (9.9%)

Note: values in parentheses indicate the percentage increase compared with a
maximum potential area of 373 ha.

SD = Secchi depth; MPSD = maximum possible Secchi depth; BSD = bottom Secchi
depth

5.3.5 Impact of eelgrass recovery and expansion on phytoplankton

growth

There may be site-specific reasons, other than light availability, for a lack of
eelgrass beds in a particular area. The significant decline of eelgrass beds in the Seto
Inland Sea, which includes Hiroshima Bay, began after the 1960s when marine
pollution and coastal reclamation occurred during rapid economic development.
However, marine pollution is being addressed in the Seto Inland Sea by reducing the
anthropogenic loading of chemical oxygen demand (COD) and nutrients from land.
The loading of terrestrial COD, total nitrogen and total phosphorus into Hiroshima
Bay was reduced from 83, 32 and 3.0 kg km d!, respectively, in 1979 to 35, 22 and
1.3 kg km? d!' in 2014, respectively (Setouchi NET). Therefore, eelgrass beds that

had disappeared due to marine pollution are expected to naturally recover and areas
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where eelgrass had previously existed are good targets for artificial regeneration
strategies, such as transplanting seeds or adult shoots (Park and Lee 2007, Bastyan
and Cambridge 2008), to accelerate their recovery.

Eelgrass beds develop in coastal areas where a large amount of nutrients flow into
the sea from river water, groundwater and municipal and industrial wastewater.
Consequently, eelgrass uptakes nutrients where nutrient concentrations are relatively
high and prevents excessive growth of phytoplankton. The impact of eelgrass
recovery and expansion on phytoplankton growth from May to September was
evaluated by the mathematical model under two scenarios: current eelgrass
distribution (100 ha) and potential eelgrass distribution (370 ha) (Figure 5.9). Clear
decreases in Chl.a concentrations after eelgrass expansion were observed in the
northern and central parts of Hiroshima Bay from May to July. This improvement in
Chl.a concentrations corresponded to 1.0 to 3.0 ug 1! from 4.0 to 7.0 ug I''. However,
the impact of eelgrass bed expansion decreased with time until August. No decrease

in Chl.a was observed in September because of the decline in Z. marina L.

5.4 Discussion

Healthy marine coastal environments, particularly enclosed seas, are achieved
through the control of excess phytoplankton by reductions in terrestrial nutrient
loading. In general, vulnerable estuarine areas (Chapter 3, low salinity and Secchi
depth) and healthy offshore areas are in close proximity in an enclosed sea, which
affects strategies for overcoming severe eutrophic conditions. For example, it would
not be appropriate to try to solve environmental problems occurring in limited coastal
areas by reducing terrestrial nutrient loading because this affects the nutrient
conditions in the entire water body and risks reducing the productivity of higher
trophic levels, such as fish, as a result of production decline in lower trophic levels.
Instead, a more appropriate strategy would be to prevent excessive phytoplankton
growth by uptaking nutrients in the warm season near the coast with macroalgae (e.g.,
eelgrass). The macroalgae subsequently die and gradually discharge nutrients by
decomposition in the cold season. These discharged nutrients support primary

production in the cold season, but do not lead to excess growth of phytoplankton.

107



...... B % % s u s PR AT PR T R - B m % m e

et 3 A 3
T N R ) T T R TR . L W omomomom oo e S oD momom oMM o e smonom o oo

15 20p81 L2

0 2 4 6 B 0pg/l L ™ 0 2 4 6 8 10pg/l i ™ 0 2 4 6 8 Wpg/l o ™ 0 5 10 15 20mg/l | d 0 5 10
[ ] I — ———— o—

I R TN T SN I wn» s wueoME e B wow o w R T S U N NN R NN N TN R T T I Y

5243 d

Bl 13 B B M B oM A B M e W oW om kw1 ] Wow oW oW ommU b omoWo@ ] Bowomowmom o o ) BoM B M % thote m oo om0 o O T

0 2 4 6 8 10pgl N - 0 2 4 6 8 10pg/l . — 0 2 4 6 8 l0pg/l e - w0 5 10 15 20pug/l 0 5 10 15 20pg/l
— . — —— — — — ——

Figure 5.9 Contours of modeled chlorophyll a concentrations in current eelgrass areas (100 ha, top panels) and potential maximum eelgrass areas
(373 ha, bottom panels) in May (A1 and A2), June (B1 and B2), July (C1 and C2), August (D1 and D2) and September (E1 and E2).
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Z. marina L. is a suitable eelgrass for this purpose and is a common species
growing on sandy-muddy sediments in temperate areas around the world, including
Europe, North America and Asia (Lee et al. 2007). Despite only 2.4% of the northern
Hiroshima Bay containing eelgrass beds, this study suggested that the recovery and
expansion of Z. marina L. had a strong effect on phytoplankton growth through
nutrient competition from May to August. Seagrasses, including Z. marina L. have
nutrient storage strategies that include the uptake of nutrients when available and
storage and then use of reserves when environmental conditions become suitable for
plant growth. The maximum nitrogen content in the roots, rhizomes and leaves of
Zostera noltii and Cymodocea nodosa were twice the minimum in the Mediterranean
Sea (Kraemer and Mazzella 1999). Minimum nitrogen content persisted from June to
July, indicating that stored nutrients were used for growth in the warm season; thus,
there is a possibility to show strong nutrient uptake in the growing period when
nutrient content is relatively low. Therefore, seagrass restoration represents an
effective approach to control eutrophication or an approach that can be implemented
simultaneously with terrestrial nutrient reduction in semi-enclosed seas, especially the

estuarine area vulnerable to excessive phytoplankton growth and accumulate.

5.5 Conclusions

This study proposed a novel indicator for the MPSD, which was defined as the SD
when the Chl.a concentration was equal to a reference Chl.a concentration. We used
the MPSD and BSD to evaluate possible improvements in water clarity by reducing
terrigenous anthropogenic nutrient loading. We found that phytoplankton largely did
not control water clarity in this area and, therefore, improvements in water clarity
could not be expected by reducing anthropogenic nutrient loading. The potential
habitat of Z. marina L. is controlled by light availability; when the area with >20%
surface irradiance was studied, Z. marina L. existed in 27% of the potential area (100
ha to 373 ha). The maximum recovery by SD improvements to the MPSDos was
estimated at 36 ha. A modelling analysis on the impact of eelgrass recovery and
expansion on phytoplankton growth from May to September found that improvements
in Chl.a concentrations were achieved with concentrations decreasing to 1.0 to 3.0 pg

I'! from 4.0 to 7.0 pg I"! from May to July. These findings could help us gain a better
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understanding of nutrient management in seagrass-vegetated semi-enclosed seas

subjected to anthropogenic nutrient input.
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Chapter 6 Summary and Major Findings

1. Background Secchi depth is related to salinity and water depth in semi-enclosed
seas and low background Secchi depths are generally observed in the inner
regions adjacent to large rivers.

2. Phytoplankton’s contributions to light attenuation are generally less than 40%.

3. Salinity, Secchi depth and water stability are the best factors to predict Chl.a
concentration in the Seto Inland Sea.

4. Chl.a concentration and Secchi depth in the west-central Seto Inland Sea are
mainly determined by salinity and distance to Honshu coast.

5. Eelgrass recovery is a good method to control the Chl.a concentration in northern
Hiroshima Bay, reducing the Chl.a concentration by 1.0 to 3.0 pug I-1 from 4.0 to
7.0 pg 1-1 from May to July.

113



114



List of Achievements

Original Papers

1.

Nishijima, W., A. Umehara, S. Sekito, F. Wang, T. Okuda, and S. Nakai. 2018.
Determination and distribution of region-specific background Secchi depth based
on long-term monitoring data in the Seto Inland Sea, Japan. Ecological
Indicators 84:583-589. (related to Chapter 2)

Wang, F., A. Umehara, S. Nakai and W. Nishijima. 2019. Determination of
region-specific background Secchi depth in Tokyo Bay and Ise Bay, Japan.
Ecological Indicators 98: 397-408. (related to Chapter 2)

Wang, F., A. Umehara, S. Nakai and W. Nishijima. 2019. Management of the
west-central Seto Inland Sea, Japan: factors controlling the spatiotemporal
distributions of chlorophyll a concentration and the Secchi depth. Water Policy.
(related to Chapter 4)

Nishijima, W., F. Wang, Y. Uchida, A. Umehara, S. Nakai, K. Kasamo. Impact
of eelgrass bed recovery and expansion on phytoplankton growth through nutrient

competition. (Under Review, related to Chapter 5)

International Conferences

1.

Wang, F., A. Umehara, M. Ohno, S. Nakai and W. Nishijima. A new index for
assessing phytoplankton growth potential in the Seto Inland Sea, Japan. The
Third Asian Marine Biology Symposium, Kumamoto, Japan, Nov. 3 to 5, 2017.
Oral Presentation (related to Chapter 3)

Wang, F., A. Umehara, S. Nakai and W. Nishijima.. Determination of
region-specific background Secchi depth in four temperate semi-enclosed seas,
central Japan. 12th International Conference on the Environmental Management
of Enclosed Coastal Seas, Pattaya, Thailand, Nov. 4 to 8, 2018. Oral Presentation
(related to Chapter 2)

Wang, F., A. Umehara, S. Nakai and W. Nishijima. Identification coastal zone
vulnerable to phytoplankton growth in the Seto Inland Sea, Japan. The 9th
International Conference on Marine Pollution and Ecotoxicology, Hong Kong,

China, Jun. 10 to 14, 2019. Oral Presentation (related to Chapter 3)

115



	Abstract
	List of Tables
	List of Figures
	Chapter 1: Preface
	1.1 Introduction
	1.2 Objectives
	1.3 Research flow
	1.4 References

	Chapter 2: Determination of region-specific backgr
	2.1 Introduction
	2.2 Materials and methods
	2.2.1. Study sites
	2.2.2 Water quality dataset
	2.2.3 Estimation of background Secchi depth (BSD)

	2.3 Results
	2.3.1. Spatial and seasonal variability in water q
	2.3.2. Secchi depth (SD) and background Secchi dep
	2.3.3 Factors affecting background Secchi depth (B
	2.3.4 Phytoplankton proportional contributions to 

	2.4 Discussion
	2.4.1 Seasonal and regional changes in water quali
	2.4.2 Comparison of background Secchi depths (BSDs

	2.5 Conclusions

	Chapter 3: Identification of coastal zone vulnerab
	3.1 Introduction
	3.2 Materials and methods
	3.2.1 Study area
	3.2.2 Sample collection and analysis
	3.2.3 Development of Vulnerable Index
	3.2.3.1 Parameters selecting
	3.2.3.2 VI model establishment and selection

	3.2.4 Mapping and date analysis

	3.3 Results
	3.3.1 Summer water quality in the Seto Inland Sea 
	3.3.2 Selection of model variables
	3.3.3 Distribution of VI in the Seto Inland Sea 

	3.5 Conclusions
	3.6 References

	Chapter 4: Management of the west-central Seto Inl
	4.1 Introduction
	4.2 Materials and Methods
	4.2.1 Study area
	4.2.2 Data set
	4.2.3 Analysis
	4.2.4 Factors influencing Chl.a concentration and 
	4.2.5 Estimation of phytoplankton contribution to 
	4.2.6 Statistical analysis

	4.3 Results
	4.3.1 Spatial distribution of Secchi depth and Chl
	4.3.2 Factors determining Chl.a concentration and 
	4.3.3 Spatial and historical changes in Chl.a conc

	4.4 Discussion
	4.4.1 The relationship between nutrient load and C
	4.4.2 Implications for future policy-making and ma

	4.5 Conclusions
	4.6 References

	Chapter 5: Potential and impact of eelgrass bed re
	5.1 Introduction
	5.2 Materials and methods
	5.2.1 Study site
	5.2.2 Data sources
	5.2.3 Estimation of potential improvement in Secch
	5.2.4 Estimation of the critical depth for eelgras
	5.2.5 Estimation of chlorophyll a concentration 

	5.3 Results
	5.3.1 Water quality in the northern Hiroshima Bay
	5.3.2 BSD and MPSD distribution of northern Hirosh
	5.3.3 Estimation of critical depth for eelgrass su
	5.3.4 Current and potential distribution of eelgra
	5.3.5 Impact of eelgrass recovery and expansion on

	5.4 Discussion
	5.5 Conclusions
	5.6 References

	Chapter 6 Summary and Major Findings
	List of Achievements

