Supplemental Information for the Calculation of the Coastal Ecosystem Service Index

In this supplemental information, we describe the calculation processes and data sources used to determine the Coastal Ecosystem services Index (CEI). In the CEI, a service score (Ii) is calculated for each of 12 services (i=1 to 12). In addition, a trend score (Ti), pressure and resilience score (PRi), and sustainability score (Si) were calculated as part of the calculation process of the service score (Ii). In an evaluation using the CEI, each of these scores can have important implications.

1. Food provision (i = 1)
1.1. Setting the index
In tidal flats, various marine products are caught and provision of food is one of the most popular ecosystem services (Barbier et al., 2011). There are two approaches to evaluating food provision: considering biomass (stock) and considering the quantities caught (flow). With the first method, the system is evaluated by considering the potential capacity (option value) of the ecosystem service; with the second, we evaluate the ecosystem service at the present time. To evaluate the state and sustainability of ecosystem services, it is more direct to use the biomass (i.e., the potential capacity) rather than the catch (Halpern et al., 2015). Therefore, we used the wet weight of commercially important species rather than the catch. We assigned an index value of 1 to the existing quantity (wet weight) of commercially important species. Because the existing quantity of commercially important species is strongly influenced by the size of the tidal flat, the existing quantity per unit area (g-wet/m2) was used as the indicator. Furthermore, to eliminate the bias of seasonal variation of biomass to the extent possible, the index (X1) was averaged annually and calculated as follows:
 	(S1)

where  is the biomass of commercially important species (g-wet/m2) in survey l at station k, N is the number of stations, and M is the number of surveys per year.
	Commercially important species were defined as species targeted for fishing in the intertidal zone and consisted of 12 species (Anadara broughtonii, Scapharca kagoshimensis, Atrina pectinata, Fulvia mutica, Ruditapes philippinarum, Meretrix lusoria, Tresus keenae, Stichopus japonica Celenka, Mercenaria mercenaria, Corbicula japonica, Solen strictus, and Mactra chinensis) (Japanese Fisheries Agency Marino Forum 21, 2007; Water Environment Committee of the Ministry of the Environment Central Environment Council, 2007; Central Block Council for Fisheries Industry R&D, 2013).

1.2. Conceptual model
We created a conceptual model of the environmental factors affecting the appearance of commercially important species (Fig. S1). In Tokyo Bay, deterioration of water quality accompanying eutrophication has been remarkable (Furukawa and Okada, 2006). Anoxic water of the bottom layer occurs 3–4 months a year (Furukawa and Okada, 2006). Sulfide is eluted from the bottom sediments due to the anaerobic condition, and the sulfide sometimes reaches the surface layer via upwelling caused by the wind. The sulfides reaching the surface layer oxidize and turn a pale white color, and this water mass is called blue tide. Because this water mass contains much sulfide, it is highly toxic for aquatic organisms, and organisms on tidal flats with poor migration abilities die in large quantities during a blue tide. In Tokyo Bay, the blue tide occurs about four times a year (Furukawa and Okada, 2006), and it induces death in marine organisms, including commercial species (Uzaki et al., 2003: Toba et al., 2008: Nagasoe et al., 2011). On the other hand, eutrophic conditions in Tokyo Bay supply enough feed to some commercial species, such as clams.

Figure S1. Conceptual model of environmental factors for food provision

	Other factors in the natural system affect food provision. For example, competing species such as Musculista senhousia and predator species such as Glossaulax didyma influence the habitat of Ruditapes philippinarum, which is major commercial species (Kakino, 1992). In addition, bivalves are inhibited in tidal flats where floating sand, erosion, or subsidence occurs (Kakino, 2000). Furthermore, the supply of larvae from the surrounding habitat is necessary for the reproduction of commercial species (Kakino, 1992).
	In terms of the social system, to maintain the production of commercial species, it is important to have groups that manage the fishing area environment. In addition, the management groups also need to conduct species protection activities, such as seedings, control predators and competitors, and manage ground conditions (e.g., by sand capping, cultivation and removing massive Ulva sp.).
	Considering the above environmental conditions, we set the environmental factors of the food provision as shown in Table S1. Anoxic water, blue tide, predatory or competitive species, primary productivity, stability of ground, and source of juveniles were included in the natural system. Management of the ground and protection of species were included in the social system. Each environmental factor acts both as a pressure and resilience force and will be assigned a PR score as described below.

Table S1. Environmental factors for food provision


1.3. Data collection
To calculate the wet weight of commercially important species, we collected survey results for benthic organisms for 2009 to 2013 (Ministry of Land, Infrastructure, Transport and Tourism [MLIT], Kanto Regional Development Bureau, Tokyo International Airport Construction Development Office, 2008, 2009a, 2009b, 2010a, 2010b, 2011, 2012, 2013a, 2013b; MLIT, Kanto Regional Development Bureau, Yokohama Port and Airport Technology Investigation Office, 2009, 2011a, 2012a, 2013a, 2014a; Biodiversity Center, Nature Conservation Bureau, Ministry of the Environment, 2010, 2011, 2012, 2013; Yokohama Environmental Science Research Institute, 2010, 2014). The data used included benthic organism survey data for three locations in SN, three locations in UK, four locations in TR, and five locations in OR (Fig. S2).

Figure S2. Location of survey stations for benthic organisms in four tidal flats: (a) SN, (b) UK, (c) TR, and (d) OR

	As quantitative data for anoxic waters and primary productivity, we collected DO concentration and Chl-a concentration data, respectively, from surrounding waters for 2009 to 2013 (MLIT, Kanto Regional Development Bureau, Tokyo International Airport Construction Office, 2008, 2009a, 2009b, 2010a, 2010b, 2011, 2012, 2013a, 2013b; MLIT, Kanto Regional Development Bureau, Yokohama Port and Airport Technology Investigation Office, 2009, 2011a, 2012a, 2013a, 2014a; Yokohama Environmental Planning Bureau, 2009, 2010, 2011, 2012, 2013; Subcommittee on Monitoring of the Tokyo Bay Renaissance Promotion Conference, 2010, 2011, 2012, 2013, 2014). With respect to the other environmental factors, we conducted interviews with administrators, caretaker organizations, and fishermen.

1.4. Calculation results 
Mean annual wet weights for commercially important species were calculated by averaging data from a given year. Present status (x1) was calculated with Equation (2), using the highest mean annual wet weight recorded for the four tidal flats over the most recent 5 years (3323 g/m2 in 2010 for SN) as the reference point X1,R (Table S2). In addition, the PR scores for each environmental factor at each tidal flat were evaluated (Fig. S3) as part of the calculation of the overall PR score as described in the main text. The trend score (T1), PR score (PR1), likely near-term future status (x1,F) service score (I1), and sustainability score (S1) were obtained by using Equations (1)–(4) (Table S3). Please note the index of food provision (X1) does not represent the annual catch (flow), but the biomass (stock). Therefore, even if the maximum value is used as the reference point, there is no risk of evaluating an overfishing status as optimal.

Figure S3. Radar chart of PR1 scores for each environmental factor in food provision: (a) SN, (b) UK, (c) TR, and (d) OR 
[bookmark: _Hlk525193611]Table S2. Mean annual wet weights of commercially important species (X1; g-wet/m2) and present status (x1) values for food provision
[bookmark: _Hlk525195058][bookmark: _Hlk524950178]Table S3. Present status (x1), trend score (T1), PR score (PR1), likely near-term future status (x1,F), service score (I1), and sustainability score (S1) for each tidal flat for food provision


2. Coastal protection (i = 2)
2.1. Setting the index
Waves from offshore break in front of tidal areas because of their shallow depth. Since the wave energy is reduced when the wave breaks, a tidal flat is expected to have the function of maintaining the coastline. In addition, to protect the area near the coast from waves and storm surges during weather disturbances, seawalls have often been constructed behind tidal flats (on the landward side) in urban areas in Japan. Therefore, we considered both of these functions for the coastal protection service.
	As the index of the function of maintaining the coastline during normal periods, we used the reduction ratio of wave energy. For the protection index, we used the wave run-up height ratio of the wave relative to the seawall. Because it is difficult to quantitatively clarify a superiority/inferiority relationship between these two indices, they were weighted equally in the main index:

 	(S2)

where  is the present status of coastal protection,  is the present status of the wave energy reduction ratio,  is the present status of the wave run-up height ratio, and  is the weighting coefficient (i.e., 0.5).
	The wave energy reduction ratio can be calculated from Equations (S3) and (S4):

 	(S3)
E 	(S4)

where  is the wave energy reduction ratio, E0 and ES are offshore and coast wave energies (N/m), ρ is seawater density (1025 kg/m3), g is gravitational acceleration (9.8 m/s2), and H is the wave height (m).
	The offshore wave height H0 was estimated from wind direction and wind speed data by the SMB method (Bretschneider, 1957). The wave height (H) at the coast was calculated from the wave height change equation for shallow water areas (Mase et al., 1986):

 	(S5)
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where Hb is the breaking wave height (m), h is the depth of water (m), and hb is the depth of the breaking wave (m). K is calculated from Equations (S8)–(S10), tan θ is the seabed gradient, and L0 is the offshore wave length.

	(S8)
 	(S9)
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Coefficient B is a function of water depth as shown in Equation (S11) (Mase et al., 1986). The breaking wave height (Hb) is calculated from Equation (S12) (Goda, 1970).

	(S11)
 	(S12)

The wave run-up height was calculated using Equations (S13) and (S14) (Tamada et al., 2009); it was scored as the ratio of the wave run-up height of the wave to the top height of the seawall (Equation S15).

	(S13)
	(S14)
 	(S15)

	In these equations, R is the wave run-up height (m); H0 is the offshore wave height (m); L0 is the offshore wave wavelength (m); tan α is the improved virtual gradient (Fig. S4); Ir,s is the Iribarren constant; a, b, and c are constants, and h is water depth (m). The constants a, b, and c corresponde to a wave run-up height of R2% for wave numbers of 2% of the incident wave (a = 2.99, b = –2.73, c = –0.57).

Figure S4. Definition of variables for calculating wave run up height

2.2. Conceptual model
We created a conceptual model of the environmental factors affecting the wave energy reduction ratio and relative wave run-up height (Fig. S5). During normal times, it is important to maintain the intertidal zone shape where wave energy decreases. For this purpose, the ground needs to be stable and little or no ground subsidence, erosion, and floating sand should occur. Ground condition management such as beach nourishment and leveling to maintain the topology are also important. To reduce wave run-up height during weather disturbances, it is important that the height of the top of seawall is maintained, which requires that seawalls be inspected and restored.

Figure S5. Conceptual model of environmental factors for coastal protection

	Based on the conceptual model, we defined three environmental factors for the coastal protection service. Ground stability was defined as an environmental factor in the natural system, and management of ground condition and inspection and repair were defined in the social system (Table S4).

Table S4. Environmental factors for coastal protection


2.3. Data collection
[bookmark: _Hlk526177697][bookmark: _Hlk526178078]To calculate the wave energy reduction and wave run-up height ratios, wind direction and speed data from 2009 to 2013 and topography data for each tidal flat were collected (Japan Oceanographic Data Center; Japan Meteorological Agency; Yokohama Offshore Environmental Conservation Agency, 2000; MLIT, Kanto Regional Development Bureau, Yokohama Port and Airport Technology Investigation Office, 2010, 2011b, 2012b, 2013b, 2014b; Port and Airport Research Institute, unpublished data). Information about the three environmental factors were collected by interviews with administrators, caretaker organizations, and fishermen.

2.4. Calculation results 
In the four tidal flats, we calculated the distribution of wave energy in the shore-off direction using Equations (S3)–(S10) and found that wave energy was reduced sufficiently in each tidal flat, except for SN (Fig. S6). The wave energy reduction ratio in the past 5 years had almost no annual variation, and the reference point was set at 0.97 at OR in 2013 (Table S5). In addition, the difference in the wave run-up height ratios among four tidal flats was small, ranging from 0.68 to 0.86 (Table S6). The wave run-up height ratio in the past 5 years had almost no annual variation, and the reference point was set 0.88 at UK in 2012 (Table S7). The weighted average rate W2 was set at 0.5, and the present status x2 was calculated (Table S8). In addition, the PR score for each environmental factor at each tidal flat was determined (Fig. S7), as were T2, x2,F, I2, and S2 (Table S9).

Figure S6. Relationship between distance from shoreline and mean annual wave energy: (a) SN, (b) UK, (c) TR, and (d) OR 
Figure S7. Radar chart of PR2 scores for each environmental factor in coastal protection: (a) SN, (b) UK, (c) TR, and (d) OR 
Table S5. Mean annual wave energy reduction ratio (X2.1) and present status (x2.1) values for coastal protection 
Table S6. Calculation results for annual maximum wave run-up height ratio (X2.2) in 2013 
Table S7. Annual maximum wave run-up height ratio (X2.2) and present status (x2.2) values for coastal protection 
Table S8. Present status (x2) values for coastal protection 
Table S9. Present status (x2), trend score (T2), PR score (PR2), likely near-term future status (x2,F), service score (I2), and sustainability score (S2) for each tidal flat for coastal protection

3. Recreation: water front use (i = 3)
3.1. Setting the index
Tidal flats are places that offer many recreational opportunities (i.e., cultural services) such as shell gathering, swimming, and leisure fishing (Garcia Rodrigues et al., 2017). In Japan, shell gathering is particularly popular. Many people visit tidal flats for shell gathering from spring to summer. In some tidal flats, there are tens of thousands of visitors per day participating in this activity. We used the number of visitors who came for the purpose of recreation per year as an index of recreation. Because that number is strongly influenced by the size of the tidal flat, the index used visits per unit area as shown in Equation (S16):

 	(S16)

where Rec represents the number of visitors to the tidal flat per year (people/y) and A represents the area (m2).

3.2. Conceptual model
We created a conceptual model of the environmental factors affecting the number of visitors for the purpose of recreation (Fig. S8). In terms of natural systems, for recreation use, a health natural system is important as well as the absence of mass die-offs, the bad odor accompanying blue tide, and the outbreak of specific species (Ulva sp.). In addition, to maintain good seascapes, erosion or subsidence need to be avoided. Because recreation is a human activity, social factors have a great influence. Therefore, infrastructure such as rest huts, public toilets, event rooms, and wash facilities are needed. Publicity works such as public relations via the web and distribution of advertisements to attract visitors for a variety of activities are also needed. Moreover, to maintain a good seascape, a management organization is needed to conduct and supervise cleaning activities and other facility maintenance. Finally, accessibility is an important factor for visitors, so access to parking or a nearby public transportation station is important.

Figure S8. Conceptual model of environmental factors for recreation

	From the conceptual model in recreation, seven environmental factors were set (Table S10). Two were in the natural system (healthy habitat and stability of ground) and five were in the social system, two of which were related to infrastructure (accessibility and incidental facilities) and three were related to management (management groups, attracting visitors, and publicity work).

Table S10. Environmental factors for recreation

3.3. Data collection
The number of visitors for recreation was collected from surveys by the government and other local administrators (Chiba Prefecture Commerce and Industry Labor Tourism Planning Division, 2010, 2011, 2012, 2013, 2014; Kanagawa Prefecture Tourism Promotion Council, 2010, 2012, 2012, 2013, 2014; MLIT, River Bureau). Because all of the environmental factors are qualitative, information about them was collected through interviews with administrators, caretaker organizations, and fishermen. SN is a demonstration facility and is not open to the public, so it is not used for recreation. We therefore omitted it from the evaluation process for this service.

3.4. Calculation results 
The number of visitors per unit area (X3) was calculated from the survey data (Table S11). The survey frequency was different for each tidal flat because the survey administrator was different for each tidal flat. The present status (x3) was obtained with the reference point X3,R, which was 2220 people/m2/y at UK in 2009 (Table S11). In addition, the PR scores for each environmental factor at each tidal flat were evaluated (Fig. S9), and T3, PR3, x3,F, I3, and S3 were obtained by using Equations (1)–(4) (Table S12).

Figure S9. Radar chart of PR3 scores for each environmental factor in recreation: (a) UK, (b) TR, and (c) OR. SN was excluded because recreation is not allowed in this area.
Table S11. Annual number of visitors for the purpose of recreation (X3; people/m2/y) and present status (x3) values for recreation
Table S12. Present status (x3), trend score (T3), PR score (PR3), likely near-term future status (x3,F), service score (I3), and sustainability score (S3) for each tidal flat for recreation

4. Environmental education: water front use (i = 4)
4.1. Setting the indicators
Environmental education activities have been implemented as a part of educational activities since the 1950s in Japan (Ogawa, 2009), and these activities can be defined as a different service than other cultural services (e.g., recreation) (Millennium Ecosystem Assessment, 2005). Tidal flats are places where many organisms live and people can interact with the ocean and are thus one of the best places for environmental education activities in Japan. The index was defined as the number of people who visited for the purpose of an environmental education activity. In general, the number of visitors per one environmental education activity was limited to about 50 people at most. Therefore, tidal flat size was not considered to be a strong constraint of the number of visitors for this purpose, and the total number of annual visitors was used as the index without adjustment for area.

 	(S17)

where Edu indicates the number of annual visitors for the purpose of environmental education on the tidal flat (people/y).

4.2. Conceptual model
We created a conceptual model of the environmental factors that influence the number of visitors for environmental education activities (Fig. S10). To maintain or increase the number of visitors, similar to recreation, the natural system should be healthy and a good seascape and biodiversity must be maintained. In the social system, factors similar to recreation are also important for environmental education for the same reasons. In addition, it is also important that species protection activities to maintain biodiversity and educational activities are conducted.

Figure S10. Conceptual model of environmental factors for environmental education

	Based on the conceptual model, nine environmental factors of environmental education were established (Table S13). Three of these were in the natural system (healthy habitat, diversity of creatures, and stability of ground). There were six in the social system, of which accessibility and incidental facilities were related to infrastructure and management groups, attracting visitors, publicity work, and protection of species were related to maintenance and management.

Table S13. Environmental factors for environmental education


4.3. Data collection
The number of visitors for the purpose of environmental education activities was estimated from interviews with facility administrators, caretaker organizations, and fishermen. We asked about the average number of visitors per activity and the number of activities implemented per year. Using these numbers, we estimated the number of visitors per year.
	Data needed for calculating the diversity index (see Section 11.1) for the diversity of creatures were obtained from public benthos research for 2009 to 2013 (see Section 1.3). For the other environmental factors, we conducted interviews with administrators, caretaker organizations, and fishermen.

4.4. Calculation results 
For SN, we were able to calculate the number of visitors for the purpose of environmental education activities every year from the visitor records. For the other sites, which do not record the number of visitors every year, the number of visitors for this purpose in 2013 was estimated from the hearing (Table S14). The maximum value of the past 5 years, 331 people/y in SN in 2009, was taken as the reference point X4,R, and the present status (x4) was calculated. In addition, the PR score for each environmental factor at each tidal flat was calculated (Fig. S11), as were T4, PR4, x4,F, I4, and S4 (Table S15).

Figure S11. Radar chart of PR4 scores for each environmental factor in environmental education: (a) SN, (b) UK, (c) TR, and (d) OR 
Table S14. Annual number of visitors for the purpose of environmental education (X4; people/y) and present status (x4) values for environmental education
Table S15. Present status (x4), trend score (T4), PR score (PR4), likely near-term future status (x4,F), service score (I4), and sustainability score (S4) for each tidal flat for environmental education


5. Research: water front use (i = 5)
5.1. Setting the indicators
Tidal flats are an attractive research subject for researchers and have various characteristic physical, chemical, biological, and social phenomena. The number of published papers and reports related to each tidal flat was used as an index of research. Because the number of publications is not considered to be affected by the size of the tidal flat, the index was not corrected for area.

 	(S18)

where Stu shows the number of papers and reports published per year related to each tidal flat.

5.2. Conceptual model
Motivation for research is very diverse, and any phenomenon in a tidal flat can be the subject of research. For example, ecosystem dynamics in natural tidal flats is an interesting theme. On the other hand, in artificial tidal flats in an urban region, the ecosystem response to human activity is of interest. For this reason, it was difficult to define specific environmental factors for research. Therefore, we did not create a conceptual model of the environmental factors affecting research.

5.3. Data collection
The number of papers and reports from 2009 to 2013 was collected by using a web search and interviews. We used four web search engines, Google Scholar, CiNi, J-Stage, and Agri-Knowledge, and set three keywords for each tidal flat (Table S16). In addition, we conducted interviews with members of research institutions, administrators, and nonprofit organizations related to tidal flats.

Table S16. Keywords used for web search in research

5.4. Calculation results 
The number of papers and reports per year (X5) is shown in Table S17. The present status x5 was obtained with the reference point X5,R, which was 14 papers/y at OR in 2012 (Table S18). In addition, T5, x5,F, I5, and S5 were obtained by using Equations (1)–(4).

Table S17. Annual number of papers (X5; papers/y) and present status (x5) values for research
Table S18. Present status (x5), trend score (T5), PR score (PR5), likely near-term future status (x5,F), service score (I5), and sustainability score (S5) for each tidal flat for research


6. Historical designation as special sites: sense of place (i = 6)
6.1. Setting the indicators
The ocean has been recognized as a symbol or object of faith since ancient times in Japan, and various rites and festivals have traditionally been held in coastal zones. In addition, buildings related to faith such as torii, a traditional Japanese gate most commonly found at the entrance of or within a Shinto shrine, have been built in coastal areas (Akiyama et al., 2017). In the historical designation as special sites, the annual number of rites and festivals and the number of faith-related buildings were used as indices. Because these indices are not considered to be affected by the scale of the tidal flats, we did not correct for area in the indicator. The following equations were used for calculations:

 	(S19)
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where  is the present status of the historical designation as special sites.  is the weighting coefficient between x6.1 and x6.2, which was set at 1:1 because it is difficult to clarify quantitatively the difference between the two indices, where  is the present status of the annual number of rites and festivals and  is the present status of the number of faith-related buildings, which are obtained from Equation (2) using  and , respectively. Fes is the annual number of rites and festivals, and Str is the number of faith-related buildings.

6.2. Conceptual model
We created a conceptual model of environmental factors that affect the number of rites and festivals and the number of faith-related buildings (Fig. S12). To maintain rites/festivals and faith-related buildings, it is very important to secure successors who will be responsible for maintaining these activities and facilities. In many regions in Japan, festivals in coastal areas are directly or indirectly linked with fishing-related prosperity. In addition, in order for people to have a sense of reverence for the nature, the seascape must be maintained, which requires some sort of management organization that conducts cleaning activities and facility maintenance. Furthermore, similar to recreation and environmental education, the natural system needs to be healthy and the ground has to be stable. Management of the ground condition, such as beach nourishment and leveling, are also important to maintain the tidal flat.

Figure S12. Conceptual model of environmental factors for historical designation as special sites

	Based on conceptual model, five environmental factors were established for historical designation as special sites (Table S19). Fishery, management groups, and management of ground conditions were defined as environmental factors in the social system and healthy habitat and stability of ground were defined in the natural system.

Table S19. Environmental factors for historical designation as special sites


6.3. Data collection
Numbers of rites/festivals and faith-related buildings were collected from interviews with facility managers, nonprofit organizations, neighboring residents, and published sources. Because SN and UK are artificial tidal flats, religious activities are prohibited. Therefore, they were excluded from valuation in historical designation as special sites.

6.4. Calculation results 
In TR, rites and festivals continuing from the Edo era (1603–1868) are held twice a year, in May and January, to wish for a bountiful catch and the safety of the fishery. In OR, a religious ceremony is held on 7 January every year, in which a local young man walks off the tidal flat and then a ritual is held offshore (Kisarazu City, 2012). Currently, these festivals and ceremonies are managed by local fishermen. In addition, there is a torii in OR (Figure S13). From these results, the reference point of the annual number of rites and festivals X6.1,R was set at 2 (Table S20). The reference point for the number of faith-related buildings X6.2,R was set at 1. In addition, the PR score for each environmental factor at each tidal flat was evaluated (Fig. S14), and x6, T6, PR6, x6,F, I6 , and S6 were obtained by using Equations (1)–(4) (Table S21).

Figure S13. Photo of a torii (a traditional Shinto gate) in OR
Figure S14. Radar chart of PR6 scores for each environmental factor in historical designation as special sites: (a) SN, (b) UK, (c) TR, and (d) OR. SN and UK were excluded because these types of activities and structures are not permitted in these areas.
Table S20. Annual number of number of rites and festivals (X6.1), number of faith-related buildings (X6.2), and present status (x6) values for historical designation as special sites
Table S21. Present status (x6), trend score (T6), PR score (PR6), likely near-term future status (x6,F), service score (I6), and sustainability score (S6) for each tidal flat historical designation as special sites


7. Places for everyday rest and relaxation: sense of place (i = 7)
7.1. Setting the indicators 
The tidal flat provides attractive amenities for people, and people obtain mental relief or enjoyment from them. These values are defined by a sense of place or aesthetics and are a different kind of value from the dynamic activity and enjoyment obtained from recreation (Millennium Ecosystem Assessment.2005; Halpern et al, 2012; Garcia Rodrigues et al., 2017). In this study, we defined these values as places for everyday rest and relaxation in association with the specific behavior of visitors to tidal flats. The index was set as the total duration of everyday (routine) use, which was defined as people resting, walking, and running at the beach and tidal flat area. In addition, we adjusted the total duration of stay by the visitors’ awareness of the importance of the tidal flat to obtain the index (X7). The following equation was used for calculations:

 	(S22)

[bookmark: _Hlk524094856]where V is the number of routine users per day (people/d), k is the identify number of questionnaire respondents, N is the number of respondents in the questionnaire described below, ak is a dummy variable that distinguishes respondents (everyday users=1, others=0),  is a variable that distinguishes a respondent who recognized the existence of the tidal flat (recognize=1, not=0), hk is the duration of stay in the tidal flat (hour), and rk is the weighting coefficient of awareness of tidal flat. rk was obtained from answers to the question, “Is this tidal flat important for your community?”: very important=1, important=0.8, rather important=0.6, rather unimportant = 0.4, not important = 0.2, and unnecessary = 0.0. Data for these variables were obtained from an on-site survey described later.

7.2. Conceptual model
We created a conceptual model of environmental factors that affect the total duration of stay by everyday users and their awareness of the importance of the tidal flat (Fig. S15). To function as places for everyday rest and relaxation, at tidal flat must be healthy and provide amenities. Therefore, as with recreation, the natural system must be healthy and the ground be stable. In the social system, infrastructure such as rest huts, public toilets, and wash facilities are also needed. In addition, a management organization is needed to ensure that cleaning activities are conducted and that ground condition maintenance, such as sand capping, cultivation, and removal of massive Ulva sp., is conducted.

Figure S15. Conceptual model of environmental factors for places for rest and relaxation

	Based on the conceptual model, five environmental factors of places for everyday rest and relaxation were considered (Table S22), healthy habitat and stability of ground in the natural system and incidental facilities, management groups, and management of ground condition in the social system.

Table S22. Environmental factors for places for everyday rest and relaxation 


7.3. Data collection
Data for this service could not be obtained from existing monitoring or statistical data. Therefore, we conducted a field survey in each tidal flat except SN (which is not open to the public). SN was treated as not subject to valuation in places for everyday rest and relaxation.
	We set survey stations for counting the number of visitors and conducting questionnaire surveys (Fig. S16). The field survey was conducted on 20 November 2014 at OR and on 21 November 2014 at UK and TR. The survey was conducted on a weekday from sunrise to sunset to collect data on routine use. We counted the number of visitors to each tidal flat at the survey stations. Use was classified and recorded from appearance in the categories of walking/resting, running, bicycling, fishing, shell gathering, and other recreation. The number of everyday users (V) was defined as the sum of the number of users engaged in walking/resting and running.

Figure S16. Location of survey stations for field survey in three tidal flats: (a) UK, (b) TR, and (c) OR

	We also conducted a questionnaire survey for visitors on the same days. The questionnaire survey was conducted face to face with randomly selected visitors. We asked about personal information (gender, age, distance from place of residence, how they arrived), information on the use and awareness of tidal flats (purpose for visit, duration of stay, and recognition and awareness of the tidal flat). The number of respondents to the questionnaire and the percentage of respondents to the total number of visitors was 81 people (7.3%) in UK, 11 people (40.7%) in TR, and 14 people (37.8%) in OR. Although we only evaluated survey results from one day at each location, we plan to conduct additional similar surveys in different seasons to improve the evaluation’s accuracy. In addition to the survey data, those for the environmental factors were collected from interviews with administrators, caretaker organizations, and fishermen.

7.4. Calculation results 
There were 1,098 visitors to UK on the survey day, of which 836 visitors were classified as everyday users (Fig. S17). In TR, there were 94 visitors, but 71% of those only biked through the area on a sidewalk, so the number of everyday users was 17 people. In OR, there were 76 visitors, of which 36 people were everyday users. The percentage of people who recognized the existence of tidal flats was more than 90% in all tidal flats (Fig. S18a). The duration of the stay at UK and OR was less than 30 minutes to 1 hour for more than 60% of respondents (Fig. S18b). In contrast, at TR where many users are fishing, more than 60% of respondents stayed for more than 1 hour. Most respondents stated that tidal flats were very important, important, or rather important at all three locations (Fig. S18c).

Figure S17. Number of visitors per day by usage type 
Figure S18. Results of questionnaire survey: (a) recognition of the existence of the tidal flat, (b) duration of stay (h), and (c) awareness of the importance of the tidal flat

	Based on the survey results, we used the number of routine users per day and total duration of stay adjusted by awareness of the importance of the tidal flat to calculate X7 (Table S23). The maximum value of 522 at the UK was set as reference point X7,R, and the present status (x7) was obtained by using Equation (2) (Table S23). In addition, the PR score for each environmental factor at each tidal flat was evaluated (Fig. S19), and T7, PR7, x7,F, I7, and S7 were obtained by using Equations (1)–(4) (Table S24).

Figure S19. Radar chart of PR7 scores for each environmental factor in places for rest and relaxation: (a) UK, (b) TR, and (c) OR. SN was excluded because these activities are not permitted in this area. 
Table S23. Number of everyday users per day (V, people/day), total duration of everyday use adjusted by an awareness factor (X7) and present status (x7) values for places for everyday rest and relaxation 
Table S24. Present status (x7), trend score (T7), PR score (PR7), likely near-term future status (x7,F), service score (I7), and sustainability score (S7) for each tidal flat for everyday rest and relaxation 


8. Suspended material removal: water quality (i = 8)
8.1. Setting the indicators
In tidal flats, filter feeders such as bivalves remove suspended materials such as phytoplankton from sea water via predation activities (Prins and Smal, 1994; Hosokawa et al., 1996; Magni et al., 2000; Kohata et al., 2003). This is a very important service for maintaining transparency and water quality in coastal areas, and in suspended material removal, the amount of water filtered by bivalves was used as the index. The volume of water filtration by bivalves can be obtained from the following equation (Hosokawa et al., 1996):

 	(S23)

where Q is the filtration volume (L/h/g-wet), Tw is the water temperature (°C), and W is the individual wet weight of bivalves (g-wet).
	Bivalve water filtration volume strongly depends on the scale of the tidal flats, so the bivalve water filtration volume per unit area () was obtained from the average wet weight per bivalve and the average number of individuals at each survey station as follows:

	(S24)
 	(S25)

where  is the amount of filtered water per unit area (L/m2/h) in survey l at station k, N is the number of stations, and M is the number of surveys per year,  is the water temperature (°C),  is the average weight of a bivalve (g-wet), and  is the number of bivalves per unit area (individuals/m2).

8.2. Conceptual model
We created a conceptual model of the environmental factors affecting the water filtration volume of bivalves (Fig. S20). A stable habitat and appropriate water environment are important to maintain or increase the abundance of bivalves. Therefore, as is the case with food provision, damage to the ecosystem stemming from anoxic waters and blue tides needs to be avoided (Uzaki et al., 2003: Toba et al., 2008: Nagasoe et al., 2011). Sufficient primary production and a source of larvae in the surrounding area are also important (Kakino, 1992). In addition, the ground should be stable and there should be no floating sand, erosion, and subsidence. In the social system, ground condition management is important, including sand capping, cultivation, and removal of massive Ulva sp. 

Figure S20. Conceptual model of environmental factors for suspended material removal

	Based on the results of the conceptual model, six environmental factors were considered for suspended material removal (Table S25), five in the natural system (anoxic waters, blue tide, primary productivity, ground stability, and source of juveniles) and one in the social system (management of ground condition).

Table S25. Environmental factors for suspended material removal


8.3. Data collection
Benthic organism survey data from 2009 to 2013 were collected from public survey data (MLIT, Kanto Regional Development Bureau, Tokyo International Airport Construction Development Office, 2008, 2009a, 2009b, 2010a, 2010b, 2011, 2012, 2013a, 2013b; MLIT, Kanto Regional Development Bureau, Yokohama Port and Airport Technology Investigation Office, 2009, 2011a, 2012a, 2013a, 2014a; Biodiversity Center, Nature Conservation Bureau, Ministry of the Environment, 2010, 2011, 2012, 2013;Yokohama Environmental Science Research Institute, 2010, 2014; Chiba Prefectural Fisheries Research Center, unpublished data). The data used included survey data for three locations in SN, 10 locations in UK, four locations in TR, and one location in OR (Fig. S21).

Figure S21. Location of survey stations for bivalves in four tidal flats: (a) SN, (b) UK, (c) TR, and (d) OR

	Quantitative data were used for anoxic waters and primary productivity; we collected DO concentration data and Chl-a concentration data, respectively, from surrounding waters from 2009 to 2013 (see Section 1.3). For the other environmental factors, we conducted interviews with administrators, caretaker organizations, and fishermen.

8.4. Calculation results 
The mean annual amounts of filtered water were calculated with Equations (S23)–(S25). Present status (x8) was calculated with Equation (2), using the highest mean annual amount of filtered water over the most recent 5 years, 13.7 m3/m2/h in 2010 for SN, as the reference point X8,R (Table S26). In addition, the PR scores for each environmental factor at each tidal flat were evaluated (Fig. S22), and T8, PR8, x8,F, I8, and S8 were obtained by using Equations (1)–(4) (Table S27).

Figure S22. Radar chart of PR8 scores for each environmental factor in suspended material removal: (a) SN, (b) UK, (c) TR, and (d) OR 
Table S26. Annual mean of bivalve water filtration volume (X8; m3/m2/h) and present status (x8) values for suspended material removal
Table S27. Present status (x8), trend score (T8), PR score (PR8), likely near-term future status (x8,F), service score (I8), and sustainability score (S8) for each tidal flat for suspended material removal


9. Organic matter decomposition: water quality use (i = 9)
9.1. Setting the indicators
Organic matter is consumed and decomposed into nutrients as a result of the activities of consumers and decomposers. Nutrients are used by primary producers, such as benthic microalgae, and transferred to consumers (Aller, 1982; Prins and Smaal, 1994; Epstein, 1997; Kohata et al., 2003). Furthermore, because of the unique physical environment in a tidal flat with its repeating ebb and flow tides, a redox boundary is easy to develop and denitrification occurs (Kaspar, 1983). Therefore, a tidal flat has essentially the same service as a sewage treatment plant. Here we focused on the process of organic matter purification by benthic organisms and defined the service of organic matter decomposition. Organic matter ingested by organisms is divided into parts that are assimilated as body tissues and parts that are excreted by metabolism (Ursin, 1967; Goulletquer & Bacher, 1988; Padres et al., 2000). The purification process was defined as the assimilation part of this process. The amount of organic matter assimilated by benthic organisms was estimated using the P/B (production/abundance) ratio, which was converted into the chemical oxygen demand (COD) purification amount. In addition, because the COD purification amount strongly depends on the area, the COD purification amount per unit area was used as the index, X9:

 	(S26)
 	(S27)

where  is the COD purification amount per unit area (g-COD/m2/y) at the station k, N is the number of stations, and S is the total number of species,  is the conversion coefficient from the wet weight of species s to the COD (g-COD/g-wet),  is the annual average wet weight (g-wet/m2) of species s, and  is the P/B ratio of species s. Because there is not enough information to determine  and  in these tidal flats, we set these coefficients for each phylum by referring to past research (Schwinghamer et al., 1986; Miura et al., 2013) (Table S28).

Table S28. Production-to-biomass ratio and conversion coefficient (from the wet weight to COD (g-COD/g-wet) for each phylum

	As mentioned above, there are many processes related to purification in tidal flats, including decomposition of organic substances and denitrification by microorganisms. However, there is currently not enough information concerning these other purification processes; therefore, they were not considered as subjects for evaluation in this study. We recognize this as a future task to improve the index.

9.2. Conceptual model
In Japanese tidal flats, bivalves often make up most of the benthic organism biomass. Therefore, the environmental factors affecting the biomass of benthic organisms can be regarded as equivalent to those affecting bivalve biomass. For this reason, we assumed that organic matter decomposition has the same environmental factors as suspended matter removal (see Section 8.2). Therefore, the conceptual model of organic matter decomposition was defined using the same factors as those used for suspended material removal (Fig. S23, Table S29).

Figure S23. Conceptual model of environmental factors for organic matter decomposition
Table S29. Environmental factors for organic matter decomposition


9.3. Data collection
To calculate the wet weight of benthic organisms, we collected the necessary survey results for benthic organisms for 2009 to 2013 (see Section 1.3). We used quantitative data for anoxic waters and primary productivity; we collected DO concentration data and Chl-a concentration data, respectively, from surrounding waters for 2009 to 2013 (see Section 1.3). With respect to the other environmental factors, we conducted interviews with administrators, caretaker organizations, and fishermen.

9.4. Calculation results 
The annual COD purification amount was calculated from the wet weight of benthic organisms. The present status (x9) was calculated with Equation (2), using the maximum annual COD purification amount over the most recent 5 years, 214 g-COD/m2/y in 2010 for SN, as reference point X9,R (Table S30). In addition, the PR scores for each environmental factor at each tidal flat were evaluated (Fig. S24), and T9, PR9, x9,F, I9, and S9 were obtained by using Equations (1)–(4) (Table S31).

Figure S24. Radar chart of PR8 scores for each environmental factor in organic matter decomposition: (a) SN, (b) UK, (c) TR, and (d) OR 
Table S30. Annual COD purification amount by benthic organisms (X9; g-COD/m2/y) and present status (x9) values for organic matter decomposition
Table S31. Present status (x9), trend score (T9), PR score (PR9), likely near-term future status (x9,F), service score (I9), and sustainability score (S9) for each tidal flat for organic matter decomposition


10. Carbon storage (i = 10)
10.1. Setting the indicators
The high biological activity in coastal areas is conducive to carbon storage. In particular, mangroves, tidal marshes, and seagrasses are defined as blue carbon, and it was estimated that the amount of CO2 absorption as blue carbon is from 50% to 71% of the total CO2 absorption by all oceans (Nellemann et al., 2009). The absorption of CO2 in tidal flats is largely influenced by environment factors, and both sources and sinks have been reported (Migné et al., 2002, 2004; Spilmont et al., 2005; Klaassen and Spilmont, 2012). Current knowledge concerning carbon storage in tidal flats is not sufficient to use carbon storage flux as an index. Therefore, in this study, we set the amount of carbon fixation in a tidal flat as the indicator. In other words, we considered that the relative carbon storage function can be evaluated from the carbon fixation amount. We recognize that scores for carbon storage are based on a relative comparison between tidal flats, and they do not guarantee a contribution to the mitigation of global warming or climate change. Developing an evaluation method for carbon storage flux remains as a future task.
	The carbon fixation amount in a tidal flat was defined as the sum of the amounts of benthic organism carbon fixation and sediment carbon fixation. Both of these fixation amounts show seasonal variations, so to avoid an overestimation, the annual minimum value was used as an index. In addition, because both of these amounts strongly depend on area, the carbon fixation amount per unit area was used as the index:

 	(S28)

where  is carbon fixation amount per unit area (g-C/m2),  is benthic organism carbon fixation amount in survey l (g-C/m2), and  is sediment carbon fixation amount (g-C/m2).  and  are defined by the following equations:

	(S29)
 	(S30)
 	(S31)

where  is carbon content of the organism at phylum d (g-C/g-wet),  is wet weight per unit area of phylum d in survey l (g-wet/m2),  is dry weight of sediment from the surface layer to a depth of 0.1 m (g-dry/m2),  is TOC content per gram dry mud (g-C/g-dry), and  is ignition loss (%). The carbon content of each phylum (was set according to a study in tidal flat areas in Japan as shown in Table S32. Equation (S31), which is a conversion equation from ignition loss to TOC content, is from Fourqurean et al. (2012). The evaluation range of the sediment carbon fixation amount was defined as 0.1 m because the sampling depth in most of the survey data was 0.1 m.

Table S32. Carbon contents for each phylum (Miura et al., 2013)


10.2. Conceptual model
The influences of environmental factors on the amounts of benthic organism carbon fixation and sediment carbon fixation differ greatly; therefore, we created separate conceptual models for each type of carbon fixation (Figs. S25, S26). Carbon fixation by benthic organisms increases with increasing benthic biomass, so the same index used for organic matter decomposition applies here, and the environmental factors are also the same (see Section 9.2). The sediment carbon fixation amount increases through processes that create organic loads to sediment. Therefore, eutrophication and the deaths of organisms associated with anoxic waters and blue tide are resilience factors. In addition, it is also important to avoid floating sand and erosion so that organic matter can be buried in the bottom mud. In the social system, the countermeasures related to sediment are the main environmental factor, but their influence on sediment carbon fixation depends on the type of countermeasure. Countermeasures that keep organic matter in the sediment (e.g., sand capping) are resilience factors, but those that make it easier to transport sediment organic matter out of the bottom mud (e.g., cultivation) are pressure factors.

Figure S25. Conceptual model of environmental factors for carbon storage in benthic organisms 
Figure S26. Conceptual model of environmental factors for carbon storage in sediment 

	The environmental factors for the benthic organism carbon fixation amount were the same as those for suspended material removal and organic matter decomposition (Table S33). For the sediment carbon fixation amount, four environmental factors were evaluated: death of organisms, organic load, and ground stability in the natural system, and embedding organic matter in the social system (Table S34). The PR score of carbon storage was calculated by a weighted average of the PR scores of the benthic organism carbon fixation amount and the sediment carbon fixation amount. The ratio of the amounts of benthic organism carbon fixation to sediment carbon fixation was approximately 1:9 in all of the tidal flats, and the weighted average was also set at a 1:9 ratio.

Table S33. Environmental factors for annual minimum benthic organism carbon fixation amount
Table S34. Environmental factors for annual minimum sediment carbon fixation amount


10.3. Data collection
The data for benthos and sediment from 2009 to 2013 necessary for calculating the amount of carbon in organisms and sediments were collected from public survey data (MLIT, Kanto Regional Development Bureau, Tokyo International Airport Construction Development Office, 2008, 2009a, 2009b, 2010a, 2010b, 2011, 2012, 2013a, 2013b; MLIT, Kanto Regional Development Bureau, Yokohama Port and Airport Technology Investigation Office, 2009, 2011a, 2012a, 2013a, 2014a; Biodiversity Center, Nature Conservation Bureau, Ministry of the Environment, 2010, 2011, 2012, 2013; Yokohama Environmental Science Research Institute, 2010, 2014; Port and Airport Research Institute, unpublished data).The data used included benthic organism survey data for three locations in SN, two locations in UK, four locations in TR, and four locations in OR. They also included sediment survey data for three locations in SN, one location in UK, four locations in TR, and two locations in OR (Fig. S27).

Figure S27. Location of survey stations for benthic organisms and sediment in four tidal flats: (a) SN, (b) UK, (c) TR, and (d) OR

	We used quantitative data of anoxic waters and primary productivity, for which we collected DO concentration data and Chl-a concentration data, respectively, from surrounding waters for 2009 to 2013 (see Section 1.3). With respect to the other environmental factors, we conducted interviews with administrators, caretaker organizations, and fishermen.

10.4. Calculation results 
The minimum carbon fixation (X10) was calculated for each area (Table S35). More than 90% of the carbon fixation was in sediment. The value of TR in 2009, which had the highest value among all the tidal flats over the past 5 years, was defined as the reference point X10,R, and the values for the present status index (x10) were obtained (Table S35). The PR scores of benthic organism carbon fixation were the same as the PR scores for suspended material removal　(Fig. S28). The PR scores for each environmental factor of sediment carbon fixation were calculated (Fig. S29), and T10, PR10, x10,F, I10, and S10 were obtained by using Equations (1)–(4) (Table S36).

Figure S28. Radar chart of PR10 scores for each environmental factor in carbon storage with benthic organisms: (a) SN, (b) UK, (c) TR, and (d) OR 
Figure S29. Radar chart of PR10 scores for each environmental factor in carbon storage with sediments: (a) SN, (b) UK, (c) TR, and (d) OR 
Table S35. Annual minimum carbon fixation in benthic organisms and sediments (X10; g-C/m2) and present status (x10) values for carbon storage
Table S36. Present status (x10), trend score (T10), PR score (PR10), likely near-term future status (x10,F), service score (I10), and sustainability score (S10) for each tidal flat for carbon storage


11. Degree of diversity: biodiversity (i = 11)
11.1. Setting the indicators
Biodiversity is the foundation of ecosystem services and also has value in itself (Millennium Ecosystem Assessment, 2005; Chan et al., 2016). There are many indices showing whether the composition of the species is diverse. In this study, the Shannon-Wiener diversity index (H'), which can be used to evaluate diversity while accounting for population bias, was used (Shannon and Weaver, 1949). In addition, there are several definitions of diversity that vary depending the spatial range to be evaluated. The diversity in one environment is known as α diversity, the differences in diversity between different environments represent β diversity, and the species diversity of all environments in evaluating a region is called γ diversity (Crist et al., 2003). In this study, because there are tidal flats with different environments within the evaluation area, γ diversity was applied. In addition, species richness varies according to the sampling effort (Gotelli and Colwell, 2001). Therefore, the survey area and number of surveys are expected to influence H', but there were insufficient data to develop an appropriate model to correct for these factors, so we did not correct for scale of the evaluation area. Instead, to reduce the influence of the sampling effort on the index (X11), we unified the sampling method of the data to be used. The following equations were used:

 	(S32)
 	(S33)

where is the diversity index of the entire evaluation area in survey l, is total number of surveys in a year,  is the ratio of the number of individuals in species s to the total number of individuals, and S is the total number of species.

11.2. Conceptual model
We created a conceptual model of the environmental factors affecting the diversity index (Fig. S30). A healthy natural system and diverse habitats are needed to maintain or improve the diversity index. For this reason, it is important that there is little damage to ecosystems from anoxic waters and blue tides (Kodama et al., 2012) and that there is no floating sand, erosion, and subsidence. The surrounding area also needs to have healthy habitats and supply various species’ larvae. On the other hand, alien species often destroy traditional ecosystems and reduce biodiversity. In the social system, therefore, species protection activities, such as removal of alien species and maintenance and creation of diversified habitats, are important countermeasures.

Figure S30. Conceptual model of environmental factors for degree of diversity

	Based on these results, six environmental factors were considered (Table S37). Healthy habitat, ground stability, source of juveniles, and alien species were defined as environmental factors of the natural system, and diversity of environment, and protection of species were defined in the social system.

Table S37. Environmental factors for degree of diversity


11.3. Data collection
Public survey data for benthos from 2009 to 2013 were used to calculate the diversity index (see Section 1.3). For the other environmental factors, we conducted interviews with administrators, caretaker organizations, and fishermen.

11.4. Calculation results 
[bookmark: _Hlk525187281]The present status (x11) was calculated from the annual average value of the diversity index (H') in each tidal flat (Table S38), with the maximum value of the past 5 years, 3.46 in OR in 2012, set as the reference point X11,R. In addition, PR scores for each environmental factor at each tidal flat were evaluated (Fig. S31) and T9, PR9, x9,F, I9, and S9 were obtained by using Equations (1)–(4) (Table S39).

Figure S31. Radar chart of PR11 scores for each environmental factor in degree of diversity: (a) SN, (b) UK, (c) TR, and (d) OR 
Table S38. Diversity index (X11, also H') and present status (x11) values for degree of diversity
Table S39. Present status (x11), trend score (T11), PR score (PR11), likely near-term future status (x11,F), service score (I11), and sustainability score (S11) for each tidal flat for degree of diversity


12. Rare species: biodiversity (i = 12)
12.1. Setting the indicators
The extinction of species is a serious global problem, and the conservation of threatened species is an important goal to stop the loss of biodiversity (Butchart et al., 2010). Tidal flats are valuable habitats for many species and are necessary habitats for reproduction (Barbier et al., 2011). For rare species, we set the number of threatened species confirmed in the area in a year as the index . In addition, because it is important to consider the different types of threatened categories, we weighted the number of threatened species by category. The number of threatened species is expected to have bias associated with the sampling effort for both survey area and times, but there was no suitable model for sampling effort correction and the index was therefore not adjusted. The following equation was used:

 	(S34)

where  is the weighting coefficient for threatened category i (Table S40), N is the number of threatened categories and  is the number of species in threatened category i for a given year. Threatened categories conformed to the definitions of the Japan Association of Benthology (2012).


Table S40. Weighting factors for endangered species categories


12.2. Conceptual model
We created a conceptual model of the environmental factors affecting the number of threatened species (Fig. S32). To maintain or increase the number of threatened species, the natural system must provide appropriate habitat. Therefore, similar to the case of degree of diversity, it is important that there is little damage to ecosystems caused by anoxic waters and blue tides; that there is no floating sand, erosion, and subsidence; and that the surrounding area has healthy habitats and that various species’ larvae are supplied. In addition, alien species and predators or competing species for threatened species will inhibit the survival of threatened species. In the social system, species protection activities, such as the removal of alien species and predatory or competitive species and the establishment of protected areas, are considered to be important.

Figure S32. Conceptual model of environmental factors for rare species

	Based on the conceptual model, six environmental factors were considered (Table S41). Healthy habitat, ground stability, source of juveniles, alien species, and predator or competing species were defined as environmental factors of the natural system, and protection of species was defined in the social system.

Table S41. Environmental factors for rare species


12.3. Data collection
Public survey data for benthos from 2009 to 2013 were used to obtain the annual confirmed species list necessary for calculating rare species (see Section 1.3). Necessary information for the other environmental factors was collected through interviews with administrators, caretaker organizations, and fishermen.

12.4. Calculation results 
In each tidal flat, the number of threatened species weighted by category was calculated. The reference point (X12,R) was set at 1.20, the maximum point at OR in 2009, 2012, and 2013, and the present status (x12) values were obtained (Table S42). In addition, the PR scores for each environmental factor at each tidal flat were evaluated (Fig. S33), and T12, PR12, x12,F, I12 , and S12 were obtained by using Equations (1)–(4) (Table S43).

[bookmark: _GoBack]Figure S33. Radar chart of PR12 score for each environmental factor in rare species: (a) SN, (b) UK, (c) TR, and (d) OR 
Table S42. Annual number of threatened species weighted by threatened category (X12) and present status (x12) values for rare species
Table S43. Present status (x12), trend score (T12), PR score (PR12), likely near-term future status (x12,F), service score (I12), and sustainability score (S12) for each tidal flat for rare species
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