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ABSTRACT

Green port structures (i.e. green infrastructure in ports and harbors) featuring habitats for
marine organisms have been promoted in Japan as part of a comprehensive policy to reduce
the environmental impact of ports and carry out habitat conservation, restoration, and crea-
tion. In this study, we evaluated the ecosystem services provided by green port structures in
two highly urbanized bays (Tokyo Bay and Osaka Bay) in Japan. Our results show that the
provision of some ecosystem services can be limited by circumstances particular to ports and
other areas with restricted access. In the case of green port structures that have strong usage
restrictions, for example, cultural services can only be provided if relevant authorities are
prepared to conduct public events while ensuring participant safety. On the other hand,
green port structures with weak usage restrictions are often equipped with incidental facilities
such as parking lots and restrooms; these facilities can enhance the provision of cultural
services (e.g. recreation and environmental education). Green port structures in highly urba-
nized bays often have usage restrictions, but their proximity to large populations means that
they can potentially provide numerous ecosystem services. However, our study shows that
appropriate management goals, such as protecting species and ensuring healthy habitats, are
needed to maintain the value of these services in highly urbanized and eutrophic bays.
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1. Introduction
This is an issue of global concern. In 1992, the
Convention on Biological Diversity (https://www.cbd.

Coastal areas provide places for people to relax, as
exemplified by the waterfronts of Boston (David

and Gordon 1999; Bowen et al. 2019) and
Baltimore (Timur 2013). In Japan, areas around
harbors, which were once treated as industrial
areas with limited public access, have been trans-
formed by land-use changes into valuable urban
areas that provide widespread public access to the
sea (Yabe 1991). At the same time, the public has
come to demand a greater abundance of nature,
culture, and tradition in these places. These traits
are integral to the provision of ecosystem services
(Costanza et al. 1997, 2017), also known as nature’s
contributions to people (Pascual et al. 2017; Ellis,
Pascual, and Mertz 2019). Improving the provision
of ecosystem services requires maintaining a rich
ecosystem, which often entails the restoration of
marine habitats.

int/) was adopted as a comprehensive international
framework for preserving biodiversity and promoting
the sustainable use of biological resources. Efforts are
underway in coastal regions around the world to
restore and create artificial wetlands, tidal flats, sea-
weed beds, and coral reefs with the ultimate goal of
restoring and preserving coastal habitats. In
Chesapeake Bay in the United States, for example,
these efforts have included reducing nutrient inputs
into the bay and restoring three major bay habitats
(seagrass beds, oyster reefs, and tidal marshes) (Kemp
et al. 2005). In recent years, ecosystems in the bay have
been greatly affected by rising human populations and
extensive agricultural activities, which increase nutri-
ent input into the bay and cause severe eutrophica-
tion. As a consequence, many plant species (seagrasses
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and other submersed vascular plants) have declined. In
San Francisco Bay, large-scale tidal wetland restoration
projects have been implemented to counteract an
approximately 80% reduction in tidal wetland area
over the last 150 years (Marcus 2000; Brown 2003;
Callaway et al. 2011). In the UK., wetlands are being
restored in areas that formerly existed as drained and
farmed arable land to prevent biodiversity loss and
increase the provision of ecosystem services (Kelvin
et al. 2014). Mangroves have also been the focus of
restoration efforts worldwide. As populations expand
in coastal zones, mangroves are increasingly being
cleared for coastal development, aquaculture, or
resource use. Globally, about 20-35% of mangrove
area has been lost since 1980 (Polidoro et al. 2010). In
response, rehabilitation and restoration projects are
becoming more prevalent, with some countries even
achieving increases in mangrove area (Alongi 2002;
Andradi-Brown et al. 2013). Similar efforts are under-
way for coral reefs, which have declined over the past
several decades owing to disease and other stressors
such as storms and temperature anomalies (Jaap 2000;
Precht 2006; Lirman and Schopmeyer 2016). Seaweed-
bed and mangrove restoration projects have also
attracted attention in recent years as a means of
enhancing blue carbon (i.e. coastal carbon stocks) for
climate change mitigation (Pendleton. et al. 2012;
Greiner et al. 2013; Alongi 2018; Kuwae and Hori 2019).

In Japan, the country’s rapid economic develop-
ment since the 1960s has coincided with a rapid
increase in industrial and domestic wastewater and
excessive nutrient and organic effluxes into the sea,
causing serious eutrophication, algal blooms, and oxy-
gen depletion in many coastal areas (Furukawa and
Okada 2006). Therefore, a total maximum daily loads
program was implemented in 1979 to reduce total
loading of industrial and domestic wastewater (Okada
and Peterson 2000). In addition, sewage systems were
improved, with the sewered population in Japan
reaching 79.3% in 2018 (Japan Sewage Works
Association: https://www.jswa.jp/sewage/qa/rate/). As
a result, coastal water quality has improved consider-
ably since the 1970s. However, the abundance and
diversity of marine organisms have not fully recovered
(Hibino et al. 2013). One reason for this is thought to be
a reduction in spawning habitat (Sato 2010; Furukawa,
Atsumi, and Okada 2019). For example, Tokyo Bay,
which is one of the most urbanized bays in Japan,
contained 136 km? of tidal flats in 1920, but as coastal
development and land reclamation progressed during
and after the 1960s, tidal flat area declined to only
10 km? in 2002 (i.e. 7% of the 1920 area) (Furukawa
and Okada 2006). Some 97% of fish species in Tokyo
Bay use tidal flats as nursery habitats (Akiyama, Iseri,
and Okada 2014); consequently, this reduction in tidal
flat area is thought to have had a serious impact on fish
populations in the bay. Osaka Bay is an example of

another highly urbanized bay; currently, only 1% of its
natural shoreline remains due to widespread coastal
reclamation (International EMECS Center 2007). To
improve this situation and restore lost habitats, several
tidal flats and marine forests (i.e. seagrass meadows
and macroalgal beds) have been created in both bays
(Working Group for Marine Natural Reclamation 2003).

In these coastal environmental conservation and
improvement projects, a growing awareness of
declines in ecosystem services and the need to
improve existing management has led to a shift
toward ecosystem-based approaches to coastal and
marine management and conservation (Leslie and
McLeod 2007, Barbier et al. 2008; Levin and
Lubchenco 2008). The goal of marine ecosystem-
based management is to protect, maintain, and restore
ecosystem functions to achieve long-term sustainabil-
ity of marine ecosystems and the human communities
that depend on them (Levin and Lubchenco 2008).

Another concept that is gaining traction is the
“Building with Nature” approach to infrastructure con-
struction (Borsje et al. 2017). Under this approach,
engineers start from the existing natural system and
make use of ecosystem services to meet society’s
needs for infrastructure functionality while also creat-
ing room for natural development (De Vriend et al.
2015). In addition, the “Working with Nature” approach
has been proposed to more succinctly capture the
concept as it applies to navigation infrastructure
(PIANC 2008).

In Japan, a related policy of port “greenization” was
established to encourage environmentally friendly
port design and to implement a comprehensive pro-
gram of habitat conservation, restoration, and creation
(MLIT Ports and Harbours Bureau 2005). Under this
policy, environmentally friendly hard port structures
with habitats for marine organisms were built across
the country. Hard port structures with habitats are
a hybrid of gray (hard) and green infrastructure. The
gray (hard) components fulfil the essential functions of
a port structure (e.g. wave resistance and dissipation),
and the green components fulfil the multifunctional
functions of the ecosystem (e.g. biological habitat
functioning and water quality improvement) (Kuwae
and Crooks 2020). Technical development of hard port
structures with habitats began in the 2000s, and in
2014, guidelines were established for their mainte-
nance and management (MLIT Ports and Harbours
Bureau 2014).

In this paper, restored and created port habitats and
hard port structures with habitats are referred to as
green port structures (i.e. green port infrastructure).
First, we quantify the ecosystem services provided by
four green port structures and four natural tidal flats in
Tokyo Bay and Osaka Bay, which are highly urbanized
bays that currently feature several green port struc-
tures. Then, we discuss the characteristics of the
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ecosystem services provided by the green port struc-
tures in comparison with those provided by natural
tidal flats.

2. Methods
2.1. Evaluation of green port structures

We evaluated ecosystem services provided by green
port structures in Tokyo Bay and Osaka Bay (Figure 1,
Table 1). The two bays have nearly the same surface
area. As many as 30 million people live in the watershed
of Tokyo Bay. In addition, 17 million people live in the
watershed of Osaka Bay (MLIT Kinki Regional
Development Bureau 2014). As mentioned in the intro-
duction, both bays have experienced considerable urba-
nization, and most of the coastline has been reclaimed.

Despite the large numbers of people that live near
each bay, the provision of some ecosystem services has
been limited by circumstances particular to ports with
restricted access. In this study, we refer to green port
structures with strong usage restrictions as limited-use
green port structures and those with weak usage
restrictions as less-limited-use green port structures.
In other words, limited-use green port structures are
those that the public cannot normally access and use,
and less-limited-use green port structures are those
that the public can normally access and use.

In Tokyo Bay, we evaluated two green port struc-
tures (Figure 1): Shiosai Nagisa (Figure 2) is in the MLIT
Kanto Regional Development Bureau, Yokohama
Research and Engineering Office for Port and Airport
and is a limited-use green port structure, and Umi Koen
is a restored and created tidal flat and a less-limited-
use green port structure (Table 2). The natural Tama
River and the Obitsu River tidal flats were used as
reference sites. In Osaka Bay, we evaluated two green
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Table 1. Basic dimensions of Tokyo Bay and Osaka Bay.
Adapted from the Osaka Bay environmental database (MLIT
Kinki Regional Development Bureau, 2014).

Tokyo Bay  Osaka Bay
Total surface area (km?) 1380 1447
Area with depth < 10 m 360 140
Area with depth <20 m 730 740
Mean water depth (m) 45 30
Area of reclaimed land (km?), 1945-1991 157 85
Population of watershed (in millions), 2014 30 17

port structures (Figure 1): Sakai 2-ku (Figure 3) is in
a port area and is a limited-use green port structure,
and Nanko Wetland is a wild bird sanctuary containing
restored and created wetlands and is a less-limited-use
green port structure. The natural Omaehama and Yodo
River tidal flats were used as reference sites.

2.2, Evaluation of ecosystem services

Gray infrastructure is not evaluated here as it is typically
examined during the design process. Instead, we focus
on ecosystem services provided by green infrastructure.
Okada et al. (2019) identified 12 services derived from
tidal flats: food provision, coastal protection, recreation,
environmental education, research, historical designa-
tion as a special site, everyday rest and relaxation,
removal of suspended matter, organic matter decom-
position, carbon storage, degree of diversity, and rare
species. In this study, to avoid double counting of some
services, the list of services was revised to the following:
provisioning services (food provision), regulating ser-
vices (water quality improvement and global warming
mitigation), cultural services (recreation, environmental
education, research, historical site, and everyday relaxa-
tion), and supporting services (species conservation)
(Table 3). Moreover, indices for these services were
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Figure 1. Locations of green port structures and tidal flats in Tokyo Bay and Osaka Bay. Abbreviations are as follows: UK, Umi Koen;
SN, Shiosai Nagisa; TR, Tama River tidal flat; OR, Obitsu River tidal flat; S2, Sakai 2-ku; NW, Nanko Wetland; OH, Omaehama; YR,

Yodo River tidal flat.
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Figure 2. Hard port structure with habitats (Shiosai Nagisa). (a) Environmental education activities being held on the tidal flat. (b)
View of the port after construction of the green port structure. (c) The port before the construction of the hard port structures with
habitats. Photographs were provided by the MLIT Kanto Regional Development Bureau, Yokohama Research and Engineering

Office for Port and Airport.

standardized by converting them to amounts per unit
time (i.e. flow units), thus making it possible to sum
individual economic values.

The index used for provisioning services was changed
from biomass per unit area (t ha™": stock units) of com-
mercially important species to catch quantity per unit
area per year (t ha™' yr''; flow units) by using the
Schaefer production model (Schaefer 1957; Okada et al.
2020). Coastal protection services were excluded from the
evaluation because we did not evaluate the effects of gray
infrastructure and because the effect of wave reduction
on the tidal flats examined in this study is very small
(Okada et al. 2015). Removal of suspended matter and
organic matter decomposition stem from related ecosys-
tem processes and would likely be double-counted if
assessed as two distinct services. Thus, the two services
were combined into one water quality improvement ser-
vice. The index for this service was defined as the magni-
tude of annual chemical oxygen demand (COD) removal
(t-COD ha™' yr'"), and was estimated by multiplying the
biomass of benthic organisms by an assumed produc-
tion/biomass (P/B) ratio. Here, the P/B ratio was set to 2,
which is the average value for coastal benthic organisms
(Schwinghamer et al. 1986). The carbon storage service
was renamed global warming mitigation for ease of
understanding. Because the double-counting problem
also applies to biodiversity and providing habitat for
rare species, the two were combined into one species
conservation service, which was defined as the maximum
number of species observed during a year (species yr™).

The indicators used for cultural services (recreation,
environmental education, research, historical site, and
everyday relaxation) are the same as in Okada et al.
(2019). The names of two of the services, historical site
and everyday relaxation, have been slightly modified

from those used in Okada et al. (2019) (where they were
called “historical designation as a special site” and
“everyday rest and relaxation,” respectively) for clarity.

2.3. Scoring ecosystem services

Service scores I; were calculated for each service i by
following the methods described by Okada et al.
(2019). The calculation process is similar to that used
for the Ocean Health Index (Halpern et al. 2012). /; was
calculated from the normalized present status x; and
the likely near-term future status x;r as follows:

;= (Xi + x,-,F)/2, (M

where x; was obtained by normalizing the observed
present status X; by a reference valueX;x:

Xj = X,'/X,',R . (2)

X;r was defined as the maximum observed status of
service i in the four tidal flats in each bay during the
most recent 5-year period. Reference values can be
regarded as the environmental capacity specific to
each bay. Since the environmental capacity of each
bay is different, different reference values were used
for Tokyo Bay and Osaka Bay.

The likely near-term future status x;r takes into
account trends in the conditions of natural and social
systems over the most recent 5-year period, such as
dissolved oxygen, stability of ground (e.g. erosion,
deposition, consolidation, subsidence), predatory or
competitive species interactions, management of habi-
tat conditions, incidental facilities, and accessibility
(Okada et al. 2019).
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Figure 3. Hard port structure with habitats (Sakai 2-ku). (a) Artificial reef blocks placed below the intertidal zone. (b) Juvenile ayu
(Plecoglossus altivelis) collected from the tidal flat. (c) Environmental education activities being held on the tidal flat. Photographs

were provided by the MLIT Kinki Regional Development Bureau.

Table 3. List of ecosystem services provided by tidal flat ecosystems.

Service category Service

Specific content of services provided Proxy

Measurement units

Provisioning Food provision Supplying seafood as food Annual catch tha ' yr
services
Regulating Water quality Organic matter decomposition Annual COD*-removal amount t-COD ha™" yr™
services improvement
Global warming Carbon storage in organisms and Annual carbon storage t-Cha ' yr’
mitigation sediment
Cultural services  Recreation Marine leisure Annual visitors for recreation Number of visitors ha™" yr™'
Environmental Environmental education Annual visitors for environmental Number of visitors yr'
education education
Research Research Number of annual reports and papers Papers yr'

Festivals and rituals
Rest and relaxation

Historical site
Everyday relaxation

Supporting
services

Species conservation Existence of diverse species

Number of annual rituals and festivals Number held yr™'
Annual visitors for rest and relaxation Number of visitors ha™' yr™'

Number of annual confirmed species Species yr™'

*COD: Chemical Oxygen Demand

Any difference between the normalized present sta-
tus x; and likely near-term future status x; indicates an
increase or decrease in the value of the service over the
next 5 years; this is defined as the sustainability score S;:

Si= i = X)/x; (3)

A positive sustainability score means that the service
will improve under present conditions, and a negative
score means the service will decline.

2.4. Data collection

We used data collected during the 5 years prior to the
evaluation year. For green port structures and natural

tidal flats in Tokyo Bay, the data were from Okada et al.
(2019) who set the evaluation year as 2013 and used
data from 2009-2013. For Osaka Bay, we prioritized data
availability rather than matching the evaluation year
used in Tokyo Bay. Therefore, we selected a data collec-
tion period of 2012-2016, when data availability was
relatively high, and an evaluation year of 2016. Data
collection methods for Osaka Bay are described below.

For food provision service scores, as there was no
data available on catch quantity per unit area per year
(t ha™ yr‘1) for commercially important species, we
instead used the biomasses per unit area (t ha™) of
these species. We used data from Endo and Otani
(2019) for the Yodo River tidal flat and data from
Otani et al. (2018) for Omaehama. Since there is no



fishing at Sakai 2-ku and the Nanko Wetland, these
sites were excluded from the evaluation.

To calculate water quality improvement service
scores, we used the wet weight (g-wet m™2) of benthic
organisms. Global warming mitigation service scores
were calculated from sediment total organic carbon
(mg-C g-dry™") or ignition loss (%). Species conservation
service scores were calculated from the number of
benthic species. The data used for each wetland were
as follows: Sakai 2-ku, MLIT Kinki Regional Development
Bureau, Kobe Research and Engineering Office for Port
and Airport (2013, 2014, 2015, 2016, 2017); Nanko
Wetland, Kume (2016); Yodo River tidal flat, Endo and
Otani (2019); and Omaehama, Otani et al. (2018).

To calculate recreation service scores, we needed the
number of recreational visitors per year (people yr‘1), and
to calculate everyday relaxation service scores, we needed
the number of routine users per day (people d).
However, preexisting data were not available for the
four sites. Instead, we conducted field surveys on
November 18 2017 at three of the sites (surveys were
not conducted at Sakai 2-ku because recreation and
relaxation is not permitted at this site). The survey fol-
lowed the method described by Okada et al. (2019).

Research service scores were calculated from the
number of papers and reports published during the
years 2012-2016. These were identified by searching
Google Scholar, CiNi, J-Stage, and Agri-Knowledge
(keywords: Sakai No.2 & seawall, Pro-Environmental &
seawall or Osaka Bay & seawall for Sakai 2-ku, Osaka
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nanko bird sanctuary, Osaka & nanko & tidal flat or
Osaka Bay & Artificial tidal flat for Nanko Wetland,
Juso & tidal flat, Yodo River & tidal flat or Osaka Bay &
tidal flat for Yodo River tidal flat, Omaehame,
Nishinomiya & tidal flat or Osaka Bay & tidal flat for
Omaehama. In addition, we conducted interviews with
members of research institutions, administrators, and
nonprofit organizations about research activities that
relate to green port structures or natural tidal flats.
Environmental education service scores were calcu-
lated from the number of visitors for environmental
education activities. Historical site service scores were
calculated from the number of rites and festivals. To
obtain these numbers, we conducted interviews with
administrators and nonprofit organizations associated
with the green port structures or natural tidal flats.

3. Results

Service scores for each of the green port structures and
natural tidal flats are shown in Figure 4. Scores were
calculated by assigning equal weight to each service.

3.1. Limited-use green port structures

Provisioning services. There are no food provision ser-
vices provided by Shiosai Nagisa and Sakai 2-ku
because commercial fishing is not permitted and pub-
lic access is restricted.

Green port structures y
Natural habitats
Limited-use Less-limited-use
Shiosai Nagisa Umi Koen Tama River tidal flat Obitsu River tidal flat
z
M
g
S oy,
: /)
v
A
,jb
Omaehama
SCigUp
- Il
& o Qi
2 A E
S 21 2
J"& =
Gl &

Figure 4. Ecosystem service scores for each green port structure or tidal flat. Diagonal stripes indicate restricted services, and cross
hatches indicate services for which data were not available. Abbreviations are as follows: FP, Food provision; WI, Water quality
improvement; GM, Global warming mitigation; RC, Recreation; EE, Environmental education; RS, Research; HS, Historical site; ER,
Everyday relaxation; SC, Species conservation.
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Regulating services. The value of the water quality
improvement services provided by Shiosai Nagisa
was higher than those provided by natural tidal
flats (i.e. the Tama River and Obitsu River tidal flats
in Tokyo Bay) because of the higher benthic organ-
ism biomass at Shiosai Nagisa than at the natural
tidal flats. By contrast, the value of the water quality
improvement services provided by Sakai 2-ku was
not as high as those provided by natural tidal flats
(i.e. the Yodo River tidal flat and Omaehama in
Osaka Bay). The low score at Sakai 2-ku was caused
by low benthic organism biomass. The global warm-
ing mitigation services provided by Shiosai Nagisa
and Sakai 2-ku were higher than those provided by
natural tidal flats in each bay. This is most likely
because both green port structures are less than
10 years old and the carbon storage capacity of
the bottom sediments at both sites is not yet
saturated.

Cultural services. Public access is restricted at Shiosai
Nagisa and Sakai 2-ku; consequently, the two sites
provide no recreational, historical, or everyday relaxa-
tion services. On the other hand, environmental edu-
cation services and research services can be provided
with the cooperation of administrators so long as the
safety of participants is taken into account. The envir-
onmental education service score for Shiosai Nagisa
met or exceeded scores for the natural tidal flats (the
Tama River and Obitsu River tidal flats in Tokyo Bay), as
did the score for Sakai 2-ku (in comparison to the Yodo
River tidal flat and Omaehama in Osaka Bay).

Supporting services. The species conservation service
score for Shiosai Nagisa was almost the same as or
smaller than those of natural tidal flats in Tokyo Bay.
The score for Sakai 2-ku was comparable to those of
natural tidal flats in Osaka Bay.

3.2. Less-limited-use green port structures

Provisioning services. Although commercial fishing is
banned in Umi Koen, shellfish collection is allowed.
The bivalve Ruditapes philippinarum is particularly
abundant, and the food provisioning score at this
green port structure was comparable to that of natural
tidal flats in Tokyo Bay. By contrast, because the Nanko
Wetland is a bird sanctuary, both commercial fishing
and shellfish gathering are prohibited. Consequently, it
does not provide any food provisioning services.

Regulating services. The water quality improvement
service score for Umi Koen was nearly the same as that
of natural tidal flats in Tokyo Bay. The score for Nanko
Wetland was smaller than or almost the same as that of
natural tidal flats in Osaka Bay. Global warming mitiga-
tion service scores were not evaluated at either tidal
flat owing to a lack of data.

Cultural services. Both less-limited-use green port
structures scored higher on recreation services and

environmental education services than did natural
tidal flats. Everyday relaxation service scores were
high in Umi Koen, but were almost zero in Nanko
Wetland. Although many people live in the area
around Umi Koen, few residents live near Nanko
Wetland. The research service score for Umi Koen
was lower than those calculated for natural tidal
flats, but the score for Nanko Wetland was higher
than at natural tidal flats. Research services are diffi-
cult to interpret because they are affected not only
by field conditions such as environmental status and
the ease of field research, but also by external fac-
tors such as interest and the availability of research
funding. Historical site services were not provided
by Umi Koen and Nanko Wetland.

Supporting services. Although the species conserva-
tion service score for Umi Koen was not low, it was still
less than that of natural tidal flats in Tokyo Bay.
However, the species conservation service score of
Nanko Wetland, which is a protected bird sanctuary,
was higher than that of natural tidal flats in Osaka Bay.

4. Discussion

4.1. Ecosystem services provided by green port
structures

The species conservation service scores of limited-use
green port structures were almost the same as or
smaller than those of natural tidal flats (Figure 4).
Limited-use green port structures function like pro-
tected areas by restricting human use, including by
fisheries. However, as exemplified by Shiosai Nagisa
and Sakai-2-ku, high species conservation service
scores cannot be expected, because green port struc-
tures are often installed in areas where the natural
environment has deteriorated. To achieve a level of
biodiversity comparable to that of natural tidal flats,
adaptive management practices (Thom 2000) should
be adopted and appropriate monitoring and habitat
management should be carried out.

The environmental education service scores of lim-
ited-use green port structures met or exceeded the
scores for natural tidal flats (Figure 4). Ensuring the
safety of on-site environmental education is important
(Ernst 2012). Environmental education in limited-use
green port structures is carried out in places where
access is normally restricted, so further safety manage-
ment by administrators and educators is required. With
effective safety management, however, the provision
of environmental education services can meet or
exceed that of natural tidal flats.

Less-limited-use green port structures had higher
recreation and environmental education service
scores than did natural tidal flats (Figure 4). This is
likely related to the ease of access provided by
incidental facilities such as parking lots and



restrooms. Umi Koen and Nanko Wetland are
equipped with such facilities. With less-limited-use
green port structures, these incidental facilities can
be built during construction of the green port struc-
tures themselves, providing an advantage over nat-
ural tidal flats. In addition to these incidental
facilities, education programs featuring on-site
trained educators are important for boosting envir-
onmental education (Jhaveri and Smith 2019). The
resulting ease of use helps attract not-for-profit
organizations, which conduct many environmental
education events. Therefore, less-limited-use green
port structures with incidental facilities can provide
cultural services more effectively than do natural
tidal flats.

Historical site services were not provided by either
of the less-limited-use green port structures (Figure 4).
This may reflect a lack of widespread recognition of the
historical value of coastal sites (Chaudhary et al. 2019);
in fact, neither green port structure was initially
designed to provide historical site services. This is an
important aspect that should be improved upon in
future green port structures.

The species conservation service score of Umi Koen
was less than those of natural tidal flats in Tokyo Bay
(Figure 4). This lower score may reflect the trade-offs
that often exist between conservation and human use
(Bennett, Peterson, and Gordon 2009; Ruijs et al. 2013;
Deng, Li, and Gibson 2016). On the other hand, the
species conservation service score of Nanko Wetland
was higher than those of natural tidal flats in Osaka Bay
(Figure 4). This high score may be thanks to the admin-
istrator's conservation-minded management. In this
wetland, people are not allowed to enter tidal flats in
the bird sanctuary. Instead, visitors use telescopes to
watch the birds from observation huts and learn about
bird ecology. This ethos of enjoying cultural services
provided by natural systems while minimizing adverse
impacts mirrors the approach taken in marine pro-
tected areas and national parks (Gonson et al. 2017;
Walden-Schreiner et al. 2017; Pifeiro-Corbeira et al.
2020). To improve ecosystem services, it is important
to understand the trade-offs among on-site services
and to implement appropriate management strategies
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(Weijerman et al. 2018; Chaudhary et al. 2019). The
Nanko Wetland, as a less-limited-use green port struc-
ture and a bird sanctuary, is a unique place where
conservation and human use, instead of being in con-
flict, can go hand in hand.

4.2. Sustainability and management

Note that we do not consider the sustainability of
research services in the following discussion for the
reasons outlined in Section 3.2 - research services are
affected not only by field conditions but also by exter-
nal factors.

Green port structures are often subjected to severe
environmental conditions. In the absence of effective
management, these conditions can also degrade the
ecosystem services provided by the green port struc-
tures. Therefore, in the following text, we discuss the
sustainability of ecosystem services provided by green
port structures based on the sustainability scores
defined in equation (3).

We found negative sustainability scores for a variety
of ecosystem services provided by green port struc-
tures (Table 4). Shiosai Nagisa, for example, had nega-
tive sustainability scores for global warming mitigation
and environmental education services. Similarly, Umi
Koen had negative sustainability scores for food provi-
sion and recreation services. Finally, Sakai 2-ku had
negative sustainability scores for water quality
improvement, global warming mitigation, and envir-
onmental education services. Tokyo Bay and Osaka Bay
are remarkably eutrophic, and negative sustainability
scores were found for natural tidal flats as well as for
the green port structures. However, sustainability
scores were more negative for the green port struc-
tures than for the natural tidal flats. Therefore, green
port structures may require more appropriate manage-
ment than natural tidal flats. The conceptual model of
Okada et al. (2019) can be used as a reference for
increasing sustainability in green port structures. For
example, a positive sustainability score for environ-
mental education services in Shiosai Nagisa could be
achieved by attracting more visitors, conducting pub-
licity, improving accessibility, protecting species,

Table 4. Calculated sustainability scores for all services. Negative sustainability scores are indicated by gray shading.

Green port structures

Limited-use Less-limited-use Natural habitats
Tama River  Obitsu River Yodo River

Service Shiosai Nagisa ~ Sakai 2-ku ~ Umi Koen  Nanko Wetland  tidal flat tidal flat tidal flat ~ Omaehama
Food provision — — -25 — 5 17 36 —
Water quality improvement 51 -1 17 5 =15 13 0 -26
Global warming mitigation —61 -29 — — 0 -2 0 0
Recreation — — -1 12 =7 16 12 17
Environmental education —44 -3 10 7 0 17 4 7
Historical site - - - - 3 17 0 7
Everyday relaxation — - 10 17 -3 17 8 17
Species conservation 9 10 23 14 12 32 -13 15
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ensuring healthy habitats, and improving stability of
ground.

5. Conclusions

Some ecosystem services provided by green port
structures in highly urbanized bays are limited by
circumstances particular to ports and other areas
with restricted access. For green port structures with
strong usage restrictions (i.e. limited-use green port
structures), the provision of cultural services depends
on whether authorities are prepared to conduct pub-
lic events while maintaining the safety of participants.
On the other hand, green port structures with weak
usage restrictions (i.e. less-limited-use green port
structures) are often equipped with incidental facil-
ities such as parking lots and restrooms; these green
port structures can provide more people-related eco-
system services than natural tidal flats. Green port
structures in highly urbanized bays often have usage
restrictions, but their proximity to large populations
means that they can potentially provide numerous
ecosystem services. Therefore, green port structures
should be managed in a way that balances usage
restrictions against the provision of ecosystem
services.

In addition, we also need effective management to
maintain the value of these services. In this study, we
were able to evaluate the services themselves and
understand the environmental factors that could be
used to effectively increase sustainability. When plan-
ning a green port structure, similar methods should be
used to comprehensively assess the services provided
by the structure and to develop a management plan to
maintain this value after the structure is completed.

Our study only evaluated the ecosystem services
provided by restored and created tidal flats, restored
and created wetlands, and sand-covered green port
structures. In the future, it will be important to assess
and evaluate the ecosystem services of other types of
green port structures, such as seaweed beds and arti-
ficial reefs constructed out of gravel and blocks, in
highly urbanized bays.

Acknowledgments

This work was funded by the Ministry of Land, Infrastructure,
Transport and Tourism (MLIT) in Japan. The authors acknowl-
edge and thank the Ministry for its financial support of this
work as well as for providing the necessary data. This study
was supported in part by a Grant-in-Aid for Scientific
Research (JSPS KAKENHI, no. 18H04156). We also thank the
following entities for their help with data collection: the MLIT
Tohoku Regional Development Bureau, the MLIT Kinki
Regional Development Bureau, the MLIT Kanto Regional
Development  Bureau’s Yokohama  Research  and
Engineering Office for Ports and Airports, the Japanese
Ministry of the Environment, the Japan Coast Guard, the

Tokyo Metropolitan Government, the Chiba Prefectural
Government, the City of Yokohama, Osaka City, Amagasaki
City, the Chiba Prefecture Fisheries Research Center, the
Yokohama Greenery Foundation, the Nankou Wetland
Conservation Group, the Osaka Museum of Natural History,
Nature Osaka, the Ota Fisheries Cooperative, the Kawasaki
River Fisheries Cooperative, and the Osaka-city Fishermen’s
Cooperative Association.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported by the Japan Society for the
Promotion of Science [18H04156]; Ministry of Land,
Infrastructure, Transport and Tourism in Japan.

ORCID

Tomonari Okada (=) http://orcid.org/0000-0003-3481-4603
Yoshihiro B. Akiyama http://orcid.org/0000-0002-6116-
5920

Takahiro Kubo (%) http://orcid.org/0000-0002-4832-5539

References

Akiyama, B. Y., E. Iseri, and T. Okada. 2014. “Classification of
Fish on an Inner Bay Based on Their Habitat Features and
Lifecycles.” Technical Note of National Institute for Land and
Infrastructure Management 809: 1-24.

Alongi, D. M. 2002. “Present State and Future of the World's
Mangrove Forests.” Environmental Conservation 29 (3):
331-349. doi:10.1017/50376892902000231.

Alongi, D. M. 2018. Blue Carbon: Coastal Sequestration for
Climate Change Mitigation. Cham, Switzerland: Springer.
Andradi-Brown, D. A., C. Howe, G. M. Mace, and A. T. Knight.
2013. “Do Mangrove Forest Restoration or Rehabilitation
Activities Return Biodiversity to Pre-impact Levels?”
Environmental Evidence 2 (1): 20. doi:10.1186/2047-2382-

2-20.

Ariji, R, H. Yagi, K. Nadaoka, Y. Nakagawa, H. Ogawa,
K. Simosako, and S. Kimura. 2010. “Temporal and Spatial
Variations of Bottom Sediment the Tama River Mouth in
Tokyo Bay.” Journal of Japan Society of Civil Engineers, Ser.
B2 (Coastal Engineering) 66 (1): 446-450. doi:10.2208/
kaigan.66.446.

Barbier, E. B, E. W. Koch, B. R. Silliman, S. D. Hacker,
E. Wolanski, J. Primavera, E. F. Granek, et al. 2008.
“Coastal Ecosystem-Based Management with Nonlinear
Ecological Functions and Values.” Science 319 (5861):
321-323. doi:10.1126/science.1150349.

Bennett, E. M., G. D. Peterson, and L. J. Gordon. 2009.
“Understanding Relationships among Multiple Ecosystem
Services.” Ecology Letters 12 (12): 1394-1404. doi:10.1111/
j-1461-0248.2009.01387 x.

Borsje, B. W., S. De Vries, S. K. H. Janssen, A. P. Luijendijk, and
V. Vuik. 2017. “Building with Nature as Coastal Protection
Strategy in the Netherland.” In Living Shorelines, edited by
D. M. Bilkovice, M. M. Mitchell, M. K. L. Peyre, and J. D. Toft,
137-156. New York: CRC Press.

Bowen, J. L, C. J. Baillie, J. H. Grabowski, A. R. Hughes,
S. B. Scyphers, K. R. Gilbert, S. G. Gorney, J. Slevin, and


https://doi.org/10.1017/S0376892902000231
https://doi.org/10.1186/2047-2382-2-20
https://doi.org/10.1186/2047-2382-2-20
https://doi.org/10.2208/kaigan.66.446
https://doi.org/10.2208/kaigan.66.446
https://doi.org/10.1126/science.1150349
https://doi.org/10.1111/j.1461-0248.2009.01387.x
https://doi.org/10.1111/j.1461-0248.2009.01387.x

K. A. Geigley. 2019. “Boston Harbor, Boston, Massachusetts,
USA: Transformation from ‘The Harbor of Shame’ to
a Vibrant Coastal Resource.” Regional Studies in Marine
Science 25: 100482. doi:10.1016/j.rsma.2018.100482.

Brown, L. R. 2003. “Will Tidal Wetland Restoration Enhance
Populations of Native Fishes?” San Francisco Estuary and
Watershed Science 1 (1): 1. doi:10.15447/sfews.2003vTiss1art2.

Callaway, J. C,, V. T. Parker, M. C. Vasey, L. M. Schile, and
E. R. Herbert. 2011. “Tidal Wetland Restoration in San
Francisco Bay: History and Current Issues.” San Francisco
Estuary and Watershed Science 9 (3): 3. doi:10.15447/
sfews.2011v9iss3art2.

Chaudhary, S., A. McGregor, D. Houston, and N. Chettri. 2019.
“Spiritual Enrichment or Ecological Protection?: A
Multi-scale Analysis of Cultural Ecosystem Services at the
Mai Pokhari, A Ramsar Site of Nepal.” Ecosystem Services
39: 100972. doi:10.1016/j.ecoser.2019.100972.

Costanza, R., R. dArge, R. Groot, S. Farber, M. Grasso,
B. Hannon, K. Limburg, et al. 1997. “The Value of the
World's Ecosystem Services and Natural Capital.” Nature
387 (6630): 253-260. doi:10.1038/387253a0.

Costanza, R, R. De Groot, L. Braat, |. Kubiszewski,
L. Fioramonti, P. Sutton, S. Farber, and M. Grasso. 2017.
“Twenty Years of Ecosystem Services: How Far Have We
Come and How Far Do We Still Need to Go?” Ecosystem
Services 28: 1-16. doi:10.1016/j.ecoser.2017.09.008.

David, L. A, and D. L. A. Gordon. 1999. “Implementing Urban
Waterfront Redevelopment in an Historic Context: A Case
Study of the Boston Naval Shipyard.” Ocean & Coastal
Management 42 (10-11): 909-931. doi:10.1016/50964-
5691(99)00054-X.

De Vriend, H. J, M. Van Koningsveld, S. G. J. Aarninkhof,
M. B. De Vries, and M. J. Baptist. 2015. “Sustainable
Hydraulic Engineering through Building with Nature.”
Journal of Hydro-environment Research 9 (2): 159-171.
doi:10.1016/j.jher.2014.06.004.

Deng, X., Z. Li, and J. Gibson. 2016. “A Review on Trade-off
Analysis of Ecosystem Services for Sustainable Land-use
Management.” Journal of Geographical Sciences 26 (7):
953-968. doi:10.1007/s11442-016-1309-9.

Ellis, E. C., U. Pascual, and O. Mertz. 2019. “Ecosystem Services
and Nature’s Contribution to People: Negotiating Diverse
Values and Trade-offs in Land Systems.” Current Opinion in
Environmental Sustainability 38: 86-94. doi:10.1016/j.
cosust.2019.05.001.

Endo, T., and S. Otani. 2019. “Carbon Storage in Tidal Flats.” In
Blue Carbon in Shallow Coastal Ecosystems: Carbon
Dynamics, Policy, and Implementation, edited by T. Kuwae
and M. Hori, 129-151. Singapore: Springer. doi:10.1007/
978-981-13-1295-3_5.

Ernst, J. 2012. “Influences on and Obstacles to K-12
Administrators’  Support  for  Environment-Based
Education.” The Journal of Environmental Education 43
(2): 73-92. doi:10.1080/00958964.2011.602759.

Furukawa, K., M. Atsumi, and T. Okada. 2019. “Importance of
Citizen Science Application for Integrated Coastal
Management - Change of Gobies’ Survival Strategies in
Tokyo Bay, Japan.” Estuarine, Coastal and Shelf Science 228:
106388. doi:10.1016/j.ecss.2019.106388.

Furukawa, K, and T. Okada. 2006. “Tokyo Bay: Its
Environmental Status - Past, Present and Future -.” In The
Environment in Asia Pacific Harbors, edited by E. Wolanski,
15-34. Dordrecht: Springer.

Gonson, C,, D. Pelletier, F. Alban, C. Giraud-Carrier, and J. Ferraris.
2017. “Influence of Settings Management and Protection
Status on Recreational Uses and Pressures in Marine

COASTAL ENGINEERING JOURNAL (&) 11

Protected Areas.” Journal of Environmental Management
200: 170-185. doi:10.1016/j.jenvman.2017.05.051.

Greiner, J. T., K. J. McGlathery, J. Gunnell, and B. A. McKee.
2013. “Seagrass Restoration Enhances “Blue Carbon”
Sequestration in Coastal Waters.” PloS ONE 8 (8): €72469.
doi:10.1371/journal.pone.0072469.

Halpern, B. S., C. Longo, D. Hardy, K. L. Mcleod, J. F. Samhouri,
S. K. Katona, K. Kleisner, et al. 2012. “An Index to Assess the
Health and Benefits of the Global Ocean.” Nature 488
(7413): 615-620. doi:10.1038/nature11397.

Hibino, M., T. Mizuno, Y. Tajima, and M. Nakamura. 2013.
“Synchronous Fluctuation of Marine Benthic Resources in
Ise-Mikawa and Tokyo Bays, Two Major Enclosed Bays in
Central Japan.” Bulletin of the Japanese Society of Fisheries
Oceanography 77 (4): 259-265.

Ishigaki, M., Y. Kozuki, S. Otani, N. Nishikawa, T. Anakura, and
H. Murakami. 2004. “Effects of Physical Disturbance on
Habitat in Tidal Flats on Inner Part of Osaka Bay.”
Proceedings of Coastal Engineering, JSCE, 51, 1171-1175.
doi: 10.2208/proce1989.51.1171.

Jaap, W. C. 2000. “Coral Reef Restoration.” Ecological
Engineering 15 (3-4): 345-364. doi:10.1016/50925-
8574(00)00085-9.

https://www.jswa.jp/sewage/qa/rate

Jhaveri, P. K, and J. R. Smith. 2019. “Evaluation of Two Outreach
Tools, an Educator Program and a Mobile Tidepool Exhibit, in
Reducing Deleterious Visitor Activities and Raising Marine
Protected Area Awareness in Rocky Intertidal Ecosystems of
Southern California, USA.” Ocean & Coastal Management 178:
104821. doi:10.1016/j.ocecoaman.2019.104821.

Kelvin, S.-H. P., A. Balmford, R. H. Field, A. Lamb, J. C. Birch,
R. B. Bradbury, C. Brown, et al. 2014. “Benefits and Costs of
Ecological Restoration: Rapid Assessment of Changing
Ecosystem Service Values at a U.K. Wetland.” Ecology and
Evolution 20 (4): 3875-3886. d0i:10.1002/ece3.1248.

Kemp, W. M., W. R. Boynton, J. E. Adolfl, D. F. Boesch,
W. C. Boicourt, G. Brush, J. C. Cornwell, et al. 2005.
“Eutrophication of Chesapeake Bay: Historical Trends and
Ecological Interactions.” Marine Ecology Progress Series
303: 1-29. doi:10.3354/meps303001.

Kume, Y. 2016. “An Investigation on the Community of
Macro-benthic Animals at the North Salt Marsh of Osaka
Nanko Bird Sanctuary.” Master’s Thesis, Osaka City
University. 2 December 2020. https://dlisv03.media.osa
kacu.ac.jp/il/meta_pub/G0000438repository_
111G0000009-2015-021

Kuwae, T. and S. Crooks. 2020. “Linking Climate Change
Mitigation and Adaptation through Coastal Green-grey
Gray Infrastructure: A Perspective.” Coastal Engineering
Journal. under review.

Kuwae, T., and M. Hori. 2019. “The Future of Blue Carbon:
Addressing Global Environmental Issues.” In Blue Carbon in
Shallow Coastal Ecosystems: Carbon Dynamics, Policy, and
Implementation, edited by T. Kuwae and M. Hori, 347-373.
Singapore: Springer. doi:10.1007/978-981-13-1295-3_13.

Leslie, H. M., and K. L. McLeod. 2007. “Confronting the
Challenges of Implementing Marine Ecosystem-Based
Management.” Frontiers in Ecology and the Environment 5
(10): 540-548. doi:10.1890/060093.

Levin, S. A., and J. Lubchenco. 2008. “Resilience, Robustness,
and Marine Ecosystem-based Management.” BioScience 58
(1): 27-32. doi:10.1641/B580107.

Lirman, D., and S. Schopmeyer. 2016. “Ecological Solutions to
Reef Degradation: Optimizing Coral Reef Restoration in
the Caribbean and Western Atlantic.” Peer) 4: e2597.
doi:10.7717/peerj.2597.


https://doi.org/10.1016/j.rsma.2018.100482
https://doi.org/10.15447/sfews.2003v1iss1art2
https://doi.org/10.15447/sfews.2011v9iss3art2
https://doi.org/10.15447/sfews.2011v9iss3art2
https://doi.org/10.1016/j.ecoser.2019.100972
https://doi.org/10.1038/387253a0
https://doi.org/10.1016/j.ecoser.2017.09.008
https://doi.org/10.1016/S0964-5691(99)00054-X
https://doi.org/10.1016/S0964-5691(99)00054-X
https://doi.org/10.1016/j.jher.2014.06.004
https://doi.org/10.1007/s11442-016-1309-9
https://doi.org/10.1016/j.cosust.2019.05.001
https://doi.org/10.1016/j.cosust.2019.05.001
https://doi.org/10.1007/978-981-13-1295-3_5
https://doi.org/10.1007/978-981-13-1295-3_5
https://doi.org/10.1080/00958964.2011.602759
https://doi.org/10.1016/j.ecss.2019.106388
https://doi.org/10.1016/j.jenvman.2017.05.051
https://doi.org/10.1371/journal.pone.0072469
https://doi.org/10.1038/nature11397
https://doi.org/10.2208/proce1989.51.1171
https://doi.org/10.1016/S0925-8574(00)00085-9
https://doi.org/10.1016/S0925-8574(00)00085-9
https://www.jswa.jp/sewage/qa/rate
https://doi.org/10.1016/j.ocecoaman.2019.104821
https://doi.org/10.1002/ece3.1248
https://doi.org/10.3354/meps303001
https://dlisv03.media.osakacu.ac.jp/il/meta_pub/G0000438repository_111G0000009-2015-021
https://dlisv03.media.osakacu.ac.jp/il/meta_pub/G0000438repository_111G0000009-2015-021
https://dlisv03.media.osakacu.ac.jp/il/meta_pub/G0000438repository_111G0000009-2015-021
https://doi.org/10.1007/978-981-13-1295-3_13
https://doi.org/10.1890/060093
https://doi.org/10.1641/B580107
https://doi.org/10.7717/peerj.2597

12 (&) T.OKADAET AL.

Marcus, L. 2000. “Restoring Tidal Wetlands at Sonoma
Baylands, San Francisco Bay, California.” Ecological
Engineering 15 (3-4): 373-383. do0i:10.1016/50925-
8574(00)00087-2.

Ministry of Land, Infrastructure, Transport and Tourism, Kinki
Regional Development Bureau, 2014. “Osaka Bay
Environmental Database.” http://kouwan.pa.kkr.mlit.go.
jp/kankyo-db/intro/detail/osakawan/detail_p02-2.aspx (4
December 2020)

Ministry of Land, Infrastructure, Transport and Tourism, Kinki
Regional Development Bureau, Kobe Research and
Engineering Office for Port and Airport. 2013,
“Monitoring Report on Environmental Improvement
Projects in Osaka Bay, FY2012."

Ministry of Land, Infrastructure, Transport and Tourism, Kinki
Regional Development Bureau, Kobe Research and
Engineering Office for Port and Airport. 2014.
“Monitoring Report on Environmental Improvement
Projects in Osaka Bay, FY2013.”

Ministry of Land, Infrastructure, Transport and Tourism, Kinki
Regional Development Bureau, Kobe Research and
Engineering Office for Port and Airport. 2015.
“Monitoring Report on Environmental Improvement
Projects in Osaka Bay, FY2014.”

Ministry of Land, Infrastructure, Transport and Tourism, Kinki
Regional Development Bureau, Kobe Research and
Engineering Office for Port and Airport. 2016.
“Monitoring Report on Environmental Improvement
Projects in Osaka Bay, FY2015.”

Ministry of Land, Infrastructure, Transport and Tourism, Kinki
Regional Development Bureau, Kobe Research and
Engineering Office for Port and Airport. 2017.
“Monitoring Report on Environmental Improvement
Projects in Osaka Bay, FY2016.”

Ministry of Land, Infrastructure, Transport and Tourism, Ports
and Harbours Bureau. 2005. “Greenization of Port
Administration (Environment Friendly Administration of
Ports and Harbours).” Independent Administrative
Institution National Printing Bureau.

Ministry of Land, Infrastructure, Transport and Tourism, Kinki
Regional Development Bureau, Kobe Research and
Engineering Office for Port and Airport. 2013. “Monitoring
Report on Environmental Improvement Projects in Osaka
Bay, FY2012."

Ministry of Land, Infrastructure, Transport and Tourism, Ports
and Harbours Bureau. 2014. “Guidelines for Maintenance and
Management of Hard Port Structures with Habitats.” http://
www.mlit.go.jp/common/001048849.pdf, (8 August 2020)

Morohoshi, K., N. Suzuki, H. Imamura, K. Furukawa,
Y. Kameyama, and T. Kimura. 2008. “Project Planning of
the Urban Wetland for the Enhancement of Ecosystem
Restoration, Utilization, and Disaster Prevention
Function.” Proceedings of Civil Engineering in the Ocean,
24, 759-764. doi:10.2208/prooe.24.759.

Natuhara, Y., K. Yamazaki, H. Moriwaki, K. Fujishima,
K. Matsumiya, E. Yoshida, and K. Yamada. 1998.
“Macrobenthos of the Juso Lagoon in the Yodo River.”
SEIKATSU  EISEI  (Journal of Urban Living and Health
Association) 42: 59-61. doi:10.11468/seikatsueisei1957.42.59.

Nishio, N., T. Endo, and S. Yamochi. 2016. “A Research on the
Dynamics of Refractory Organic Carbon in the Sediment of
an Artificial Salt Marsh.” Journal of Japan Society of Civil
Engineers, Ser. B2 (Coastal Engineering) 72 (2): 1_1315-
I_1320. doi:10.2208/kaigan.72.l_1315.

Okada, M., and S. A. Peterson. 2000. “Water Pollution Control
Policy and Management: The Japanese Experience.” Gyosei.

Okada, T. Y. Mito, Y. Akiyama, T. Masuda, D. Muraoka,
T. Yamakita, and T. Kuwae. 2020. “Estimation Method for
Ecosystem Services of Food Provision in Tidal Flats and
Seagrass Beds.” Journal of Japan Society of Civil Engineers,
Series B2 (Coastal Engineering) 76 (2): 1.973-1_978.
doi:10.2208/kaigan.76.2_|_973.

Okada, T., Y. Mito, E. lIseri, T. Takahashi, T. Sugano,
Y. B. Akiyama, K. Watanabe, et al. 2019. “Method for the
Quantitative Evaluation of Ecosystem Services in Coastal
Regions.” Peer) 6: €6234. doi:10.7717/peerj.6234.

Okada, T. T. Takahashi, Y. Mito, T. Sugano, E. Iseri,
Y. B. Akiyama, K. Watanabe, et al. 2015. “Evaluation of the
Coastal Protect Function and the Port Function of Tidal
Flats in Tokyo Bay.” Journal of Japan Society of Civil
Engineers, Ser. B2 (Coastal Engineering) 71 (2): 1_1651-
|_1656. d0i:10.2208/kaigan.71.I_1651.

Otani, S., A. Nomoto, S. Kamimura, K. Higashi, and Y. Kozuki.
2018. ““Study on the Habitat of Batillaria Multiformis in
Inner Part of Osaka Bay."."” Journal of Japan Society of Civil
Engineers, Ser. B3 (Ocean Engineering) 74 (2): 1_504-1_509.
doi:10.2208/jscejoe.74.1_504.

Pascual, U., P. Balvanera, S. Di'az, G. Pataki, E. Roth,
M. Stenseke, R. T. Watson, et al. 2017. “Valuing Nature’s
Contributions to People: The IPBES Approach.” Current
Opinion in  Environmental Sustainability ~26: 7-16.
doi:10.1016/j.cosust.2016.12.006.

Pendleton.,, L, D. C. Donato, B. C. Murray, S. Crooks,
W. A. Jenkins, S. Sifleet, C. Craft, et al. 2012. “Estimating
Global “Blue Carbon” Emissions from Conversion and
Degradation of Vegetated Coastal Ecosystems.” PLoS ONE
7 (9): e43542. doi:10.1371/journal.pone.0043542.

PIANC 2008. “Working with Nature.” PIANC Position Paper,
PIANC, Brussels, Belgium.

Pifieiro-Corbeira, C., R. Barreiro, M. Olmedo, and R. D. Cruz-
Modino. 2020. “Recreational Snorkeling Activities to
Enhance Seascape Enjoyment and Environmental
Education in the Islas Atldnticas De Galicia National Park
(Spain).” Journal of Environmental Management 272:
111065. doi:10.1016/j.jenvman.2020.111065.

Polidoro, B. A, K. E. Carpenter, L. Collins, N. C. Duke,
A. M. Ellison, E. J. Farnsworth, E. S. Fernando, et al. 2010.
“The Loss of Species: Mangrove Extinction Risk and
Geographic Areas of Global Concern.” PLoS ONE 5 (4):
€10095. doi:10.1371/journal.pone.0010095.

Precht, W. F. 2006. Coral Reef Restoration Handbook. Boca
Raton: CRC Press.

Ruijs, A., A. Wossink, M. Kortelainen, R. Alkemade, and
C. J. E. Schulp. 2013. “Trade-off Analysis of Ecosystem
Services in Eastern Europe.” Ecosystem Services 4: 82-94.
doi:10.1016/j.ecoser.2013.04.002.

Sassa, S., Y. Watabe, and H. Ishii. 2007. “Mechanisms of Water
Retention Dynamics in Intertidal Sandy Flats and Beaches.”
Proceedings of Coastal Engineering, JSCE, 54, 1151-1155.
doi:10.2208/proce1989.54.1151.

Sato, M. 2010. ““Anthropogenic Decline of the Peculiar
Fauna of Estuarine Mudflats in Japan.".” Plankton and
Benthos Research 5 (Supplement): 202-213. doi:10.3800/
pbr.5.202.

Schaefer, M. B. 1957. “A Study of the Dynamics of the
Fishery for Yellowfin Tuna in the Eastern Tropical
Pacific Oceans.” Bull. Inter-Amer. Trop. Tuna Comm 2
(6): 245-285.


https://doi.org/10.1016/S0925-8574(00)00087-2
https://doi.org/10.1016/S0925-8574(00)00087-2
http://kouwan.pa.kkr.mlit.go.jp/kankyo-db/intro/detail/osakawan/detail_p02-2.aspx
http://kouwan.pa.kkr.mlit.go.jp/kankyo-db/intro/detail/osakawan/detail_p02-2.aspx
http://www.mlit.go.jp/common/001048849.pdf
http://www.mlit.go.jp/common/001048849.pdf
https://doi.org/10.2208/prooe.24.759
https://doi.org/10.11468/seikatsueisei1957.42.59
https://doi.org/10.2208/kaigan.72.I_1315
https://doi.org/10.2208/kaigan.76.2_I_973
https://doi.org/10.7717/peerj.6234
https://doi.org/10.2208/kaigan.71.I_1651
https://doi.org/10.2208/jscejoe.74.I_504
https://doi.org/10.1016/j.cosust.2016.12.006
https://doi.org/10.1371/journal.pone.0043542
https://doi.org/10.1016/j.jenvman.2020.111065
https://doi.org/10.1371/journal.pone.0010095
https://doi.org/10.1016/j.ecoser.2013.04.002
https://doi.org/10.2208/proce1989.54.1151
https://doi.org/10.3800/pbr.5.202
https://doi.org/10.3800/pbr.5.202

Schwinghamer, P., B. Hargrave, D. Peer, and C. M. Hawkins.
1986. “Partitioning of Production and Respiration among
Size Groups of Organisms in an Intertidal Benthic
Community.” Marine Ecology Progress Series 31: 131-142.
doi:10.3354/meps031131.

Thom, R. M. 2000. “Adaptive Management of Coastal
Ecosystem Restoration Projects.” Ecological Engineering
15 (3-4): 3-4. doi:10.1016/50925-8574(00)00086-0.

Timur, U. P. 2013. “Urban Waterfront Regenerations.” In
Advances in Landscape Architecture, edited by
M. Ozyavuz. IntechOpen. doi:10.5772/55759.

Walden-Schreiner, C,, Y. Leung, T. Kuhn, T. Newburger, and
W. Tsai. 2017. “Environmental and Managerial Factors
Associated with Pack Stock Distribution in High Elevation
Meadows: Case Study from Yosemite National Park.”
Journal of Environmental Management 193: 52-63.
doi:10.1016/j.jenvman.2017.01.076.

COASTAL ENGINEERING JOURNAL (&) 13

Weijerman, M., J. M. Gove, |.
D. Minton, and J. J. Polovina. 2018. “Evaluating
Management Strategies to Optimise Coral Reef
Ecosystem Services.” Journal of Applied Ecology 55 (4):
1823-1833. doi:10.1111/1365-2664.13105.

Working Group for Marine Natural Reclamation. 2003.

D. Williams, W. J. Walsh,

Handbook of Marine Natural Reclamation. Tokyo:
Gyosei.

Yabe, Y. 1991. ““Major Characteristics of Urban
Waterfront Redevelopment in Japan.”.” Marine

Pollution Bulletin 23: 397-401. doi:10.1016/0025-326X
(91)90707-Y.

Yamanaka, R, M. Murai, and Y. Inoue. 2007. “Field
Observation of Human Impacts on the Clam Resource in
‘Umino-kouen’.” Conference Proceedings The Japan Society
of Naval Architects and Ocean Engineers. doi:10.14856/

conf.4.0_119.


https://doi.org/10.3354/meps031131
https://doi.org/10.1016/S0925-8574(00)00086-0
https://doi.org/10.5772/55759
https://doi.org/10.1016/j.jenvman.2017.01.076
https://doi.org/10.1111/1365-2664.13105
https://doi.org/10.1016/0025-326X(91)90707-Y
https://doi.org/10.1016/0025-326X(91)90707-Y
https://doi.org/10.14856/conf.4.0_119
https://doi.org/10.14856/conf.4.0_119

	Abstract
	1. Introduction
	2. Methods
	2.1. Evaluation of green port structures
	2.2. Evaluation of ecosystem services
	2.3. Scoring ecosystem services
	2.4. Data collection

	3. Results
	3.1. Limited-use green port structures
	3.2. Less-limited-use green port structures

	4. Discussion
	4.1. Ecosystem services provided by green port structures
	4.2. Sustainability and management

	5. Conclusions
	Acknowledgments
	Disclosure statement
	Funding
	ORCID
	References



