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The importance of local knowledge as a relevant information resource for ecosystem
conditions has recently been the focus of sustainable ecosystem management.
However, the accuracy of economic evaluation based on local knowledge regarding
ecosystems has not yet been discussed, despite most activities in human society,
including ecological conservation, being monetarily mediated. This study reports the
correspondence between the economic value estimated by the fisher community and
the analyzed environmental factors in the marine areas sectioned for oyster farming in
Japan. At the study site, community-agreed usage fees for the area sections showed a
gradient from the inner to the outer part of the bay. Our numerical modeling showed that
the gradient of the economic value correlated with oyster feeding efficiency, indicating
that a better location for feeding was empirically evaluated at a high price by the
local fisher community. This suggests that the economic evaluation based on the local
knowledge was biologically reasonable and could be a reliable information source for
the aim of the area use in the study site.

Keywords: aquaculture, community-based management, fisheries, local knowledge, socioecological approach

INTRODUCTION

The sustainability of fisheries production has become an important subject worldwide (Eigaard
et al,, 2014). Although sustainability has been discussed based on the scientific data in sociological
or ecological studies, local and experiential knowledge has only recently been focused on as a
relevant information source to understand human-environment relationships (Berkes, 2004). Local
knowledge is defined as “the cumulative body of knowledge, practices, and beliefs regarding the
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relationships of living things to their environment (Diaz et al.,
2015).” Recent studies have revealed that there are complex
levels of correspondence between local knowledge and scientific
evidence (Silvano et al., 2006; Lozano-Montes et al., 2008;
Anadon et al., 2009; Berkstrom et al., 2019; Morales-Reyes et al,,
2019). However, these studies have only documented the accuracy
between local ecological knowledge and biological scientific data,
such as abundance and population dynamics. Few studies have
discussed the link between recognized economic value based on
local knowledge and actual ecosystem quality. The economic
value refers to the context of ecosystem services (Pagiola et al.,
2004). As most human activities are mediated by money, it is
important to determine how accurate those living in a particular
location recognize the economic value of that ecosystem when
it is utilized for any industry. The easiest value that the local
ecosystem user can recognize is a consumptive value by the
direct use of an ecosystem. In fisheries, this might be affected by
the number of fish produced from the target ecosystem (Guerra
et al., 2017). However, the amount of trials representing the link
between the empirical economic evaluation of an ecosystem on
use in a community and the actual environmental conditions
is limited. Is the economic evaluation by local knowledge
scientifically reliable? We focused on oyster farming as an ideal
research target to answer this question.

Opyster farming is one of the largest aquaculture systems in
the world (Botta et al., 2020). The practice is believed to have
begun in 1st century BC in ancient Rome, making oyster farming
one of the oldest aquaculture systems in human history (Botta
et al., 2020). The continuous history of oyster farming until
now implies high interest in oysters as a preferable target for
aquaculture. Global aquaculture production in oyster farming
has continuously increased over the past 70 years, and the total
production has increased 1.5-fold from 4 million tons in 2009
to 6 million tons in 2019 (Food and Agriculture Organization
[FAO], 2021). With the increase in the market value of farmed
oysters, the production value doubled from 3 billion USD to 6
billion USD 2009-2019. The importance of oyster farming has
been increasing worldwide. In most types of oyster farming,
oysters feed on natural phytoplankton in areas where they are
farmed and grown without artificial feeding (Oluniyi Solomon
and Olawale Ahmed, 2016). Preferrable ecosystem conditions
for oyster farming are that with abundant consumptive resource
that have the potential to return the production from the input
of the oyster seeds. The economic value of oyster production
in this farming style is considered as the direct use value
of the consumptive use of the target ecosystem resources.
Opyster farming is supported by a simple ecosystem comprising
target oysters (primary consumers), phytoplankton (primary
producers), and the physical environment. This characteristic
makes it simple to analyze the ecosystem which controls the
productivity of oyster farming. Therefore, we believed oyster
farming would be a good target to determine the validity of
the empirical economic evaluation based on local knowledge of
successful fisheries management. However, the number of studies
on oyster farming in this field is very limited. Despite the large
industrial impacts, an approach based on an interest similar to
ours has not been considered in the studies on this topic.

In this study, we researched the link between the value of
the marine sections recognized in the target community and the
ecosystem conditions in oyster farming in a village in Japan.
As is the general practice of oyster farming in Japan (Inui,
2013), these fishers often moved their oyster farming from one
marine section to another. Therefore, the actual oyster growth
was not clear. Nevertheless, the fishers were required to pay a
fee for the usage of different sectionized marine areas for oyster
farming, that is, the areas were subject to monetary evaluation.
We analyzed the correlation between environmental conditions
and the community’s perception of this usage fee for marine
sections designated for oyster farming. Our numerical analysis
suggested that there is a validity in the perceived economic value
of the individual marine area sections within the community for
the growth of oysters. This case study reports that the fishers’
local knowledge can be a source of reliable information for
understanding an ecosystem in terms of fisheries management.

MATERIALS AND METHODS
Study Site

The study site was a local village near Ohnoura Bay in Uramura,
Mie, Japan (Figure 1A; 34°26'N, 136°53'E). The village has
less than 900 people in an approximately 16 km? area and
is surrounded by mountains and the sea. The major industry
in this village is oyster farming, targeting the Pacific oyster
Crassostrea gigas, which has been practiced since around 1926
(Toba, 1992). The oysters were cultured using the common
oyster farming method in Japan of hanging clumps using a
raft (Figure 1B). Oyster farming in this area is managed by a
single institution, namely the Uramura Fisheries Cooperative. By
targeting this area, this study intended to minimize the difference
in the sociological background that determined the variability in
management rule through the top-down control caused by the
difference in institutions. The number of rafts used for hanging
oyster clumps for cultivation in the managed area was limited
to 1,250 around 40 years ago. This is because the overuse of the
capacity of the bay decreased the productivity of oyster farming,
which was a challenge. Since the establishment of this rule, oyster
farming has continued sustainably in the bay to the present day.

Interview Survey for Socioeconomical
Conditions

This study focused on the usage fees for sectioned marine
areas for oyster farming. The imposition of different usage fees
implies that the empirical economic evaluations differing in area
sections are perceived by the fishers and are agreed to within the
community based on their local knowledge. We expected that this
economic value would be a consumptive value by the direct use
of ecosystem resources for oyster production. Accordingly, the
price list and the area map with the details of the area sections
designated for oyster farming at the study site were obtained
from the three representatives of the local fisheries cooperative in
February 2020, together with a qualitative explanation of oyster
farming. The obtained data were used to analyze the relationship
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FIGURE 1 | Changes in the economic values and environmental characteristics of the area sections for oyster farming in the study area. (A) Map indicating the study
site. The original map of Japan was obtained from the web system for generating a map, CraftMap (http://www.craftmap.box-i.net/). (B) Hanging culture method for
oyster farming at the study site. (C) Map of the sectioned marine areas for oyster farming at the study site. (D) Correlation between the latitude and the increase in
the usage fee for a single area section (t-test for Pearson’s correlation coefficient; P < 0.05). The number of the plots corresponds to the number of the area sections
in Figure 1C. (E) Biplot of the principal component scores representing the differences in environmental conditions between the area with area management rules
(white squares and triangles) and that free from management (gray circles).
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between this usage fee and the environmental factors analyzed in
the subsequent field survey.

Correlation Analysis Between the Usage
Fee and the Locations

We first performed a correlation analysis to reveal the link
between the economic value and the locations of the area sections
under the area management rule. The distribution of the marine
area sections for oyster farming at the study site was wide along
the vertical axis of the bay. Based on the information on the area
map obtained from the fisher community, the usage fee appeared
to be related to the latitude represented as the distance from the
inner part of the bay. Accordingly, we analyzed the correlation
between the usage fee for the respective area sections and latitude
using linear regression analysis with the optimized least squares
method. The significance of the correlation was tested using a
t-test for Pearson’s correlation coefficient.

Field Survey for Environmental

Conditions

Next, we performed a field survey to collect environmental
data characterizing the respective marine sections. In this study,
environmental conditions were monitored continuously at four
data sampling points. The locations of the sampling points
were established at almost equivalent intervals. The detailed
locations of the sampling points are shown in Figure 1C. Each
sampling point had three replicates at intervals of approximate
15-30 m. The field survey was conducted once a month,
approximately midway between the low tide and high tide during
the day on the low tide days. The duration of the study was
from November 22, 2020, to February 19, 2021, which is the
growth and harvesting period at the study site and follows the
spawning period. Dissolved oxygen (DO), water temperature,
and water velocity were measured directly at the respective
sampling sites using commercial analytical instruments (DO
and water temperature: DO-5519E, FUSO Corporation, Tokyo,
Japan; water velocity: CM-1BD, Toho Dentan Co. Ltd., Tokyo,
Japan). A 1-L water sample was collected from a depth of 1 m
at each sampling point. This water depth is generally used for
actual oyster farming using the hanging method with a basket.
The collected water samples were transported on ice to the
laboratory. The salinity, turbidity, and abundance of chlorophyll-
a were measured using commercial instruments (salinity: YK-
31SA, Mothertool Co. Ltd., Nagano, Japan; turbidity: Hanna
instruments, Woonsocket, RI, United States; chlorophyll-a: CHL-
30, Kasahara Chemical Instruments Corp., Saitama, Japan).
The salinity was first analyzed using the NaCl standard in
accordance with the manual provided by the manufacturer, and
corrected to the salinity of seawater based on the difference in
the electroconductivity between the NaCl solution and seawater
caused by the difference in the ionic compositions. The respective
data were used for the statistical analyses.

Modeling Based on Statistical Analyses
To eliminate the effect of seasons on the environmental
conditions, the collected environmental data were transformed

into differences considering data from the management-free
area as the base. We first analyzed the change trends in
the environmental factors using principal component analysis
(see Supplementary Information for the validation of this
procedure). Principal component (PC) scores were calculated
and plotted as a biplot to represent the characteristics of the
respective sampling points.

Finally, to evaluate the relationship between the economic
value and environmental conditions via the positional
characteristics (latitude), we analyzed the correlation between
the latitudes and the PC scores representing the ecological
trends. The data according to sampling time were used to
estimate the tidal fluctuation from low tide to high tide. Multiple
regression analysis using the optimized least-squares method
was used to estimate the parameters. The best model was
determined using a stepwise method, in accordance with Akaike’s
information criterion. The homoscedasticity of the variance
was tested using the Breusch—Pagan test. The significance of the
parameters was examined using the likelihood-ratio test. All
statistical analyses were performed using R software version 4.0.2
(R Core Team, 2020).

RESULTS AND DISCUSSION

The division of the study site for the management of resources
by the local fisher community has been historically followed
based on their subjective analysis and understanding of local
marine resources. During oyster farming, the raft size is limited
to 54 m x 7.2 m and the rope for hanging oyster clumps must
be less than 7 m to restrict the overuse of marine ecosystem

TABLE 1 | Summary of the principal component analysis using the
environmental data.

(A) n Mean + SD Min Max
Water temperature (°C) 48 13.24 + 3.28 8.1 19
Dissolved oxygen (mg/L) 48 9.26 £1.64 5 1.6
Salinity (psu) 48 30.45 + 1.25 28.1 33.2
Chlorophyll-a (ng/L) 48 0.65 + 0.64 0 25
Turbidity (FTU) 48 0.70 +£ 0.55 0 2.4
Water velocity (cm/s) 48 1.70 £ 1.57 0 5.5
(B) Component loadings

PC1 PC2 PC3 PC4
Water temperature -0.75 0.36 0.5 0
Dissolved oxygen 0.16 -0.86 -0.27 0.35
Salinity -0.19 0.52 -0.77 -0.31
Chlorophyll-a 0.89 0.32 0.06 0.07
Turbidity 0.84 0.39 0.23 -0.08
Water velocity -0.15 0.66 -0.18 0.71
Cumulative proportion 0.358 0.662 0.83 0.951

(A) Statistical summary of the variables used in this analysis. (B) Principal
component (PC) loadings and cumulative proportions in the analysis targeting the
environmental factors at the study site. High values are expressed in bold (more
than 0.6 or less than -0.6).
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resources in a single area section. Within the fisher community,
there are rules for determining the distribution of resources and
the allocation of the different divisions in the area. The bay is
divided into two large areas: the area which uses a lottery system
to allocate the section areas, and the area free from this rule
(Figure 1C). The usage fees differed based on the determined
sectioned marine areas and were the lowest in the area free from
any management rules. This was considered the baseline usage fee
and increased as the farming location moved to the outer part of
the bay at higher latitudes. This usage fee was designated for the
area used in oyster farming. Although there is a chance to change
the usage fee every 5 years when updating the demarcated fishery
rights during the fisheries cooperative meeting, the price has not
been revised in at least 20 years. At the study site, almost all of
the used marine area was occupied with oyster farming, so the
price for the area use was not considered to be affected by other
marine industries (such as other fisheries and marine leisure).
This usage fee for the area section used by the oyster farmers
is paid to the fisheries cooperative that manages oyster farming
at the study site and is used for operating this institution. This
pricing rule is provided by the fisheries cooperative managing
the oyster farming covering all of this area to fix the usage fee.
Like general oyster farmers in Japan (Inui, 2013), the fishers often
move their oyster rafts from one section to another within their
designated area sections because they believe it is beneficial for
the growth of the oysters. Accordingly, there is no available data
regarding which area section shows the largest production in the
fisher community; nevertheless, a price gradient exists.

As long as the usage fee is accepted by a local community, the
fee difference for a specific area can be regarded as the difference
in the economic values agreed upon by the community. The
price increase in the usage fee compared to that in the rule-free
sections was highly correlated with the latitudinal distance from
the management-free division (Figure 1D). Given the map of
the study site (Figure 1C), further areas from the fisher ports
seemed to be recognized as good places for oyster farming. This

implies that better access to the respective area sections was less
evaluated in the economic value of the area sections for the
oyster farmers. This indicates that the environmental conditions
of the outer area of the bay were recognized as a better place for
oyster farming than the inner bay, which seemed to be used more
easily by the fishers. This expectation supported our hypothesis
that fishers at the study site value oyster productivity rather
than workability. Accordingly, we examined the environmental
conditions for oyster growth.

Our principal component analysis showed reasonable
environmental trends at the study site. The PC1 score was
positively correlated with turbidity and chlorophyll-a as
indicators of phytoplankton abundance. Although the turbidity
was initially intended to be analyzed as an indicator for
determining light conditions for phytoplanktonic proliferation,
this indicated that most of the suspended turbidity-inducing
particles were assumed to be phytoplankton themselves. PC1 was
consequently considered to represent phytoplankton abundance
as a food for oysters. Initially, the negative correlation between
PCl1 and water temperature appeared to conflict with the
generally accepted theory that phytoplanktonic activity is high
at high temperatures (Eppley, 1972; Norberg, 2004). However,
phytoplankton blooms have been reported to occur even in
winter owing to water transport among the water layers (Lacour
etal.,, 2017). In this study, the structure of the water layers at the
study site was not analyzed; however, our result was considered
to not contradict the conditions in a natural ecosystem. Both
PC2 and PC4 scores were correlated with water velocity and tidal
fluctuation from low to high tide (Table 1). This indicates that
these PCs are related to water flow due to tides. However, the
two scores were distinct in the direction of flow. The coeflicient
between PC2 and the sampling time corresponding with the tide
fluctuation toward high tide showed a positive value; however,
for PC4, this relationship was negative. This implies that PC2
represents the water flow coming from the outside of the bay
at high tide, and PC4 represents the water flow coming from

TABLE 2 | Top three models explaining the respective principal component (PC) scores.

Objective Model AlIC Standardized coefficient (SE)
Intercept Latitude (difference from the Sampling time (difference Latitude x sampling time
base [decimal degrees]) from the base [h])

PC1 1 (Best) 94.51 0.000 (0.142) —-0.544 (0.144)**

2 96.50 0.000 (0.144) 0.011 (0.147) —-0.543 (0.147)***

3 98.46 0.006 (0.150) 0.007 (0.151) —-0.579 (0.243)*** 0.049 (0.259)
pPC2 1 (Best) 96.71 0.000 (0.144) 0.499 (0.148)* 0.281 (0.148)***

2 97.96 -0.026 (0.149) 0.655 (0.241) 0.299 (0.15)** -0.211 (0.257)
PC3 1 (Best) 105.15 0.000 (0.167)

2 105.96 0.000 (0.166) 0.180 (0.169)

3 107.93 0.000 (0.169) 0.027 (0.173) 0.184 (0.173)
PC4 1 (Best) 82.74 0.053 (0.120) 0.395 (0.121)** -0.813 (0.195)*** 0.430 (0.208)**

PC2 and PC4 showed less than three steps when determining the best model from the full model. Latitude indicates the latitudinal distance from the area management
rule-free division (Figure 1C) used as a baseline. Sampling time indicates the difference in the data collection time from the area management rule-free division used as
a baseline. This survey was conducted during the period from low tide to high tide. Sampling time accordingly corresponds to the tidal movement from low tide to high
tide. Asterisks indicate significant differences (n = 45; likelihood-ratio test; *P < 0.1, *P < 0.05; **P < 0.01; ***P < 0.001). All the models showed homoscedasticity
(Breusch-Pagan test; P > 0.05).
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the inside of the bay at low tide. This hypothesis was supported
by the negative correlation between PC2 and DO. It has been
reported that a hypoxic water mass often emerges outside the
study site in Ise Bay (Tanaka and Ikeda, 2015). The low oxygen
content and high PC2 value at high tide seemed to correspond
to this possibility. The biplot from our principal component
analysis suggested that there were two environmental groups
at the study sites (Figure 1E). The management-free divisions
were clearly distinct from those under the area management
rule along the PC1 axis (Figure 1D). As mentioned above, PC1
was positively correlated with phytoplankton abundance and
PC2 positively correlated with changes in water flow along the
tide. According to the high PC1 value and the small variation of
the PC2 scores in the rule-free area, it was considered that this
was abundant with phytoplankton but with low levels of change
in water flow along with the tide. In fact, the water velocity
was almost zero. Generally, the feeding efficiency in oysters
is considered to be the product of phytoplankton abundance
and water velocity (Comeau et al,, 2010) because oysters eat
phytoplankton using open-shell mouths to catch phytoplankton
as they are carried by the flowing water. Accordingly, the area
management rule-free sections for oyster farming seemed to
be rich in food abundance but did not seem to be an effective
location for the oysters to utilize these food resources owing to
the lack of tidal water flow. However, our biplot analysis could
not characterize the areas under the area management rule with

a gradient of the usage fee. Therefore, in the subsequent analysis,
we focused only on the area sections that were shared under
the area management rule and required additional financial
charge by the fishers.

In our multiple regression analysis, the PC2 and PC4 scores
correlated with latitude (Table 2), indicating that the latitudinal
difference in the economic value as recognized by the fisher
community was based on the water flow caused by tides. In
contrast, the latitude did not show any correlation with PCI,
representing food abundance for the oysters (Table 2). This
implies that food abundance was similar along the latitudinal
gradient in the sections under the area management rule. Given
these factors, feeding efficiency was considered to be affected
by the difference in the water flow strength rather than the
food abundance in this area. Feeding efficiency as a product of
food abundance, and water flow was considered to be higher
in the outer part of the bay located at higher latitudes than
in the inner part of the bay at lower latitudes (Figure 2).
This indicates that the economic values of the respective area
sections empirically estimated by the fishers were scientifically
appropriate for oyster growth. Generally, a strong tide flow
disturbs fisher work. However, our results implied that the strong
tide flow in the study area was preferred for oyster farming in
the target fisher community. Therefore, the pricing rule seemed
to be based on productivity of oyster growth rather than the
workability of fishers.
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Thus, our findings showed that the economic evaluations of
the detailed sectioned marine areas based on local knowledge of
the fisher community were scientifically adequate in terms of the
productivity of oyster farming. Although the actual production
capacity was not clear for each individual area section because
of the lack of data, the empirical economic evaluation in the
community was supported by the environmental conditions
for production. The gradient in the reliable financial charge
representing the ecological quality of the study site indicated
that the use of a location expected to be better for production
requires a higher cost. This correspondence was assumed to
be one of the reasons that different financial charges were
accepted in the management rules at the study site. This case
study has thus indicated that the experiential understanding of
the ecosystem for fisheries use by the local fisher community
can be a reliable information source for the management of
oyster farming. A reason why reliability is achieved is the
biological characteristics of the oysters as sessile organisms that
do not move. This likely enabled the monitoring of biomass
and health conditions more easily and accurately than other
farming targets. Although some studies have insisted on the
utility of local knowledge as ecological information with different
levels of reliability (Silvano et al., 2006; Lozano-Montes et al.,
2008; Berkstrom et al., 2019), the number of studies that have
examined the validity of local knowledge remains small in the
fisheries research field. Future studies should examine when and
to what extentlocal fisher knowledge would be an efficient tool for
fisheries management and ecosystem conservation in the future.
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