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Abstract 

The contribution of marine capture fisheries to global food security and the development of 

many coastal communities around the world is evident. Since the late 1980s, however, fishing 

communities have globally experienced structural changes in fish production due to the 

quiescent periods of capture fisheries and the significant capacity growth in aquaculture. This 

global trend is not attributable to a single driver but related to the complex interaction of 

many factors, both internal and external to the fisheries system including: environmental 

fluctuations, marine ecosystems, management institutions, socio-cultural characteristics of 

fishing communities and seafood markets at both global and local levels. Despite the 

significant implications of socio-environmental factors on fish production, the root causes of 

changes in these factors are often beyond the control of an individual fishing operator and 

indeed fishery managers. Understanding the process and implications of the transition in fish 

production induced by various socio-environmental changes is necessary to ensure 

sustainable fish production and enhanced adaptive capacity of fishing communities. 

This thesis explores how environmental changes, including long-term environmental 

fluctuations and local weather conditions, influence fish production, and how structural 

changes at community level, such as the increase in aquaculture and aging fishers, affect the 

economic wellbeing of fishing communities. These objectives are addressed in the three 

essays presented in this dissertation. The first essay examines the effectiveness of alternative 

fishery management approaches for small pelagic fisheries, the target species of which 

experiences cyclic stock collapse due to multi-decadal environmental fluctuations. In this first 

essay, an age-structured bioeconomic model is developed to explore possible trade-offs 

between the fishery’s overall profits and the intertemporal distribution of fishery profits; these 

trade-offs are further related to the possibility and extent of stock collapse driven by cyclic 
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environmental fluctuations. The second essay evaluates the community-level transition 

process in fish production between coastal fisheries and aquaculture and provides an 

understanding of how the connectedness of neighbouring fishing communities influences the 

transition between the two economic activities. In this essay, a panel data set of 1,922 fishing 

communities is constructed based on the Census of Fisheries in Japan. A spatial panel 

regression model is used to examine whether, and to what extent, coastal fisheries and 

aquaculture act as a substitute at the community level, and whether there are spillover effects 

of changes in a community’s production mix on neighbouring communities. The third essay 

undertakes an empirical analysis of the impact of local environmental and socio-economic 

factors on the productivity of a small-scale fishery. Using an instrumental variable approach, 

day-to-day variation in sea surface temperature, cross-sectional differences in market 

accessibility and age of individual fishers are explored to measure the own-price elasticity of 

demand. The estimated demand parameters are used to evaluate how fishing revenue and 

consumer surplus within the fishery are affected by the local socio-environmental conditions. 

The results in this dissertation highlight the importance of considering socio-environmental 

changes at multiple scales in time and space in order to sustain fishery productivity and to 

keep the economic wellbeing of fishing communities viable. The bioeconomic model of a 

small pelagic fishery developed in the thesis shows that the effects of multi-decadal 

environmental fluctuations on the fishery are heightened by the cumulative impact of fishing. 

Although restricting fishing reduces a fishery’s overall profits, it smooths the intertemporal 

distribution of profits, resulting in greater intergenerational equity. Additionally, community-

level analysis provides evidence of substitution effects between capture fisheries and 

aquaculture in Japanese fishing communities. The results show that an increase in a 

community’s aquaculture intensity is likely to occur in concert with a decrease in the number 

of coastal fishing entities within the community. The results also show that changes in a 
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community’s production mix are not solely determined within the community per se but also 

depend on the production mix of neighbouring fishing communities. Finally, the thesis finds 

that increasing sea surface temperature and aging workforce in a small-scale fishery increase 

fish supply in a local market, and there are positive net effects of these socio-environmental 

changes on fishing revenue and consumer surplus within the fishery.  
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Chapter 1: Introduction 

 

1.1. Background 

Since the early 1950s, global fisheries have experienced substantial productivity growth, 

contributing to the economic development of many coastal communities around the world 

(UNEP 2011; World Bank 2012). According to the United Nations of Food and Agriculture 

Organization (FAO 2018), over 40 million people were engaged in capture fisheries in 2016, 

the total production of which was 90 million tonnes, valued at USD 362 billion. The exports 

of fish have also grown significantly in the same period from USD 8 billion in 1976 to USD 

143 billion in 2016 (FAO 2018). Fish products including edible and non-edible products are 

the most traded items in international trade. In addition to the direct economic contribution to 

many coastal communities, fisheries promote food security by consistently providing high-

quality proteins to people throughout the world (UNEP 2011). Fish protein accounted for 

about 17 per cent of animal protein consumed by the global population in 2015. Fish are 

particularly important for less developed countries (LDCs) because they provide relatively 

more affordable diets than livestock, accounting for more than 50 per cent of the average per 

capita animal protein intake in LDCs (FAO 2016; FAO 2018). 

The important role of fish production from marine waters is expected to continue in line with 

population growth and increasing global seafood demand. However, fishing communities the 

world over have experienced quiescent periods of productivity growth in the last three 

decades, despite that capture fisheries have dominated marine fish production since the 

industrialisation of fishing in the early 1950s (UNEP 2011; World Bank 2012). Aquaculture 

production has, on the other hand, significantly grown since the late 1980s with an annual 

growth rate of 8.6 per cent, reaching 80 million tonnes of fish production in 2016 (Pauly et al. 
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2002; FAO 2018). The proportion of employers in capture fisheries accordingly decreased 

from 83 per cent in 1990 to 68 per cent in 2016, accounting for 40.3 million people, while in 

corresponding years those employed in aquaculture increased from 17 to 32 per cent, 

accounting for 19.3 million people (FAO 2018). Given the structural shift in fish production 

from wild-caught fish to farmed products, the share of aquaculture production is predicted to 

exceed the share of capture fisheries production by 2030 (FAO 2016; FAO 2018). 

There are many factors both internal and external to fishery systems, interacting to affect the 

productivity of capture fisheries; these include, climate changes, marine ecosystems, 

management institutions, socio-cultural characteristics of fishing communities and seafood 

markets at both global and local levels (Jennings et al. 2001; Anderson 2002; Asche et al. 

2005; Grafton et al. 2008; Sumaila et al. 2016; Bjørndal and Guillen 2017; Yletyinen et al. 

2018). Fishing communities are under increasing pressure to adapt to these structural changes 

and face continuous challenges to maintain the productivity and economic returns from 

fisheries resources (Briones 2006; Merino et al. 2012; Rust et al. 2017; Cleaver et al. 2018; 

Kiyama and Yamazaki 2018). For the efficient and sustainable use of fisheries resources, 

fishery managers and scientists have also increasingly recognised the importance of 

formulating a policy framework that incorporates not only the biological characteristics of 

fisheries resources but also broader environmental and socio-economic nature of fishery 

systems (Grafton 2010; Hilborn et al. 2015; Jennings et al. 2016). Despite the significant 

implications of these socio-environmental factors on fishery production and management, the 

root causes of changes in these factors are often beyond the control of an individual fishers 

and indeed fishery managers.  

This dissertation contributes to our understanding of how the economic returns and 

productivity of fisheries respond to global and local environmental changes, and how 

structural changes at community level, such as capacity growth in aquaculture and aging 
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workforce in fisheries, affect the economic wellbeing of fishing communities. Although there 

is a large literature regarding the impacts of socio-environmental factors on economic 

wellbeing in fishing communities (Anderson 2002; Fréon et al. 2005; Sorte et al. 2010; 

Lindegren et al. 2013; Natale et al. 2013; Gattuso et al. 2015; Bjørndal and Guillen 2016; 

Regnier and Bayramoglu 2017; Free et al. 2019), few studies have evaluated how the 

economic performance of fisheries and the effectiveness of alternative fishery management 

approaches are affected by multi-decadal environmental fluctuations. Additionally, there are 

few studies documenting community-level transitions between fisheries and aquaculture or 

the impact of local weather conditions and demographic factors on fish supply and the 

welfare consequence of such supply shocks.  

 

1.2. Socio-environmental changes in fishery production 

1.2.1. Global environmental changes 

Global environmental changes, such as global warming and the El Niño Southern Oscillation, 

significantly affect the abundance of fishery resources on multi-decadal timescales. This 

long-term global environmental variability impacts on the distribution and growth of fish 

stocks as fish migration and the stock-recruitment relationship are sensitive to changing 

environmental conditions. Where immature juveniles are vulnerable to global environmental 

changes, the stock often exhibits cyclic fluctuations in abundance and may even experience 

periodic collapse (Fréon et al. 2005; Yatsu et al. 2005; Lindegren et al. 2013; Essington et al. 

2015). These long-term environmental fluctuations affect not only the productivity of fish 

stocks but also fisheries (Sorte et al. 2010; Madin et al. 2012; Gattuso et al. 2015; Free et al. 

2019). For example, cyclic fluctuations in stock abundance have hindered the effectiveness of 

conventional fisheries management approaches by providing perverse incentives for fishers to 
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overinvest in technology and capital (Hamilton et al. 2006; Tacon and Metian 2009; Kim 

2010).  

A number of previous studies have evaluated the effects of stochastic environmental variation 

in stock dynamics on the optimal harvest strategy and the effectiveness of alternative 

management approaches (Weitzman 2002; Sethi et al. 2005; Briones 2006; Costello and 

Polasky 2008). Essington et al. (2015) have also shown that the presence of cyclic 

environmental fluctuations complicates fisheries management. In particular, lagged 

management responses to these environmental changes can amplify the effects of fishing, 

reduce the fishery’s overall economic returns and may lead to stock collapse. Importantly, the 

presence of multi-decadal cyclic fluctuations impacts not only the overall economic returns 

from the fishery but the intertemporal distribution of fishery profits. This means that failure 

to incorporate such economic implications of cyclic environmental fluctuations in policy 

design can cause boom and bust fisheries and fishing communities that rely on these 

resources (Ludwig et al. 1993; Francis and Shotton 1997; Sumaila 2004).  

 

1.2.2. Aquaculture 

Besides global environmental changes, the rise of aquaculture is another important factor that 

has affected the marine capture fisheries production globally (Sumaila et al. 2016). Fish 

production in capture fisheries and aquaculture interacts in many ways, including marine 

ecosystems, technologies, regulations and seafood markets (Anderson 2002; Natale et al. 

2013; Bjørndal and Guillen 2016; Regnier and Bayramoglu 2017). For example, in response 

to the depletion of fish stocks in capture fisheries, fishing operators in both commercial and 

subsistence fisheries have reweighed the composition of fish production between capture 

fisheries and aquaculture, helping to maintain the economic viability of fishing communities 
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(Makino 2011; Asche et al. 2012; Kiyama and Yamazaki 2018). Technological advances in 

aquaculture have also allowed governments in some developing countries to provide 

institutional supports for fishers to engage in aquaculture production as a substitute for 

capture fisheries (Belton and Thilsted 2014; Betcherman and Marschke 2016). Moreover, 

given the increasing productive capacity of aquaculture, farmed fish products have earned 

market share against wild-caught fish products in seafood markets, intensifying market 

competition with an increasing fish supply and falling fish prices (Asche et al. 2005; 

Kobayashi et al. 2015; Bjørndal and Guillen 2016; Bjørndal and Guillen 2017).  

Interactions between fishing communities which share the same coastal resources, 

administrative boundaries and socio-ecological settings are another important factor that is 

likely to affect the transition between fisheries and aquaculture. The significant role of 

communities in fisheries management and the utilisation of coastal resources has been 

highlighted in existing literatures (Ostrom 1990; Jentoft 2000; Bodin and Crona 2008; 

Gutierrez et al. 2011). Previous studies have, for example, shown that fishery productivity 

and management success is highly dependent on the presence of strong community leaders 

and social organisation that can promote trust and cooperative relationships among different 

resource user groups (Grafton 2005; Holland et al. 2013; Yamazaki et al. 2018).  

 

1.2.3. Local socio-environmental factors 

Local socio-environmental factors, including seasonal weather variations and demographic 

changes in fishing communities, impact fishery productivity to a similar effect as global 

factors. Seasonal variations in local weather conditions, such as wind speed and wave 

heights, affect access to coastal resources, and fishers thereby respond to these local weather 

variations autonomously changing their harvesting behaviours (Angrist et al. 2000; Sievanen 
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2014). For example, fishers commonly change the location or timing of fishing in order to 

reduce the risk associated with the seasonal local weather variations (Sievanen 2014). 

Previous studies have also identified other strategies that fishers often take against local 

weather variations; they include adopting new fishing technology, changing the mixture of 

species in their catches and participating in aquaculture as an alternative form of fish 

production (Anderson 2002; Grafton et al. 2008; Basurto et al. 2013; Natale et al. 2013; 

Bjørndal and Guillen 2016; Regnier and Bayramoglu 2017).  

Fishery productivity is also sensitive to demographic changes in fishing communities, such 

as population aging and reducing fertility, as they are often associated with a decreased 

labour force in the community (Katagiri 2018; Aksoy et al. 2019). Many rural areas in 

developed countries have experienced such demographic changes, resulting in structural 

changes in the workforce in the communities and affecting the productivity of labour-

intensive activities (Muramatsu and Akiyama 2011; Maestas et al. 2016). However, the net 

effects of an aging workforce in the fishery is ambiguous as fishing skills and experience 

often increase with the age of fishers (Kirkley et al. 1998; Pascoe and Coglan 2002; Tingley 

et al. 2005). It is therefore of interest to explore the relationship between fishery productivity 

and demographic changes in a fishing community.  

 

1.3. Thesis aims and structure 

1.3.1. Thesis structure 

The overarching aims of this dissertation are to explore how environmental changes, 

including long-term environmental fluctuations and local weather conditions, influence fish 

production, and how structural changes at community level, such as the rise of aquaculture 
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and aging fishers, affect the economic wellbeing of fishing communities. These objectives are 

addressed in three separate essays.  

The first essay (Chapter 2) focuses on environmental regime changes that generate multi-

decadal cyclic fluctuations in stock abundance. This essay examines the effectiveness of 

alternative management approaches for small pelagic fisheries whose stocks are sensitive to 

global environmental changes. To this end, an age-structured bioeconomic model is 

developed. The fishery outcomes are evaluated against the overall profit of the fishery and the 

intertemporal distribution of fishing profits. The model is parameterised for the Japanese 

sardine fishery, once the largest fishery in Japan, and one which has experienced a prolonged 

period of stock collapse over the last 100 years. The parameterised model is used to address 

two research questions. First, are there trade-offs between the overall profit of the fishery and 

the intertemporal distribution of profits in the management of small pelagic fisheries due to 

the presence of multi-decadal cyclic fluctuations? Second, to what extent is the presence of 

such trade-offs related to the possibility and extent of stock collapse?   

The second essay (Chapter 3) assesses community-level transition in fish production between 

coastal capture fisheries and aquaculture and examines how changes in a community’s 

production mix between the two sectors are related to the production mix of neighbouring 

communities. This essay is motivated by the global trend of aquaculture production that has 

consistently expanded in the last three decades, and it is expected to exceed marine capture 

production by 2030. A comprehensive understanding of the community-level transition 

process between coastal fisheries and aquaculture allows fishery managers to facilitate the 

efficient use of resources and to minimise potential conflicts between resource users. In this 

chapter, a panel data set of 1,922 fishing communities in 2008 and 2013 is constructed with 

data retrieved from the Census of Fisheries in Japan. The essay uses a spatial panel regression 
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model to examine the transition process in production mix between coastal capture fisheries 

and aquaculture and the spatial dependency between neighbouring communities.  

The third essay (Chapter 4) presents an empirical analysis of how local weather and socio-

economic factors impact fish supply and the market outcome of small-scale fisheries. The 

information of how sensitive the fish supply and market price are to changes in the local 

socio-environmental conditions is critical for fisheries managers and fishers to build adaptive 

capacity to structural changes, the causes of which are beyond their control. In this chapter, 

day-to-day variation in sea surface temperature (SST) and cross-sectional variations in 

market accessibility, age of individual fishers and fishing methods are used to measure the 

consumers’ responsiveness to price changes (i.e., the own-price elasticity of demand). Using 

instrumental variable approaches and estimated demand parameters, fishing revenue and 

consumer surplus are quantified to evaluate the welfare consequences of theses local socio-

environmental factors within a small-scale fishery.  

The final chapter (Chapter 5) concludes the dissertation and suggests future research. 

 

1.3.2. Empirical case studies 

The dissertation uses Japanese fisheries as empirical case studies. Japan has developed its 

coastal fisheries and aquaculture based on a community-based resource management system 

which has a long history of collaboration between fishers and government officials 

(Yamamoto 1995; Makino and Matsuda 2005; Uchida and Makino 2008; Makino 2011). In 

Japan, about 95 per cent of fishing entities are privately owned and managed at the household 

level, and more than 85 per cent of fishers operate in nearshore coastal waters to which they 

can travel within a day (Matsuda et al. 2010; FA 2018). These fishers operate in coastal 

capture fisheries and/or aquaculture under the fishing rights system, which effectively work 
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analogously to the territorial use rights for fisheries (TURFs) (Uchida and Makino 2008). 

Fishing communities are granted the responsibility and authority to manage fisheries 

resources within their jurisdictions. To this end, Fisheries Cooperative Associations (FCAs) 

and more ‘purpose-based’ Fishery Management Organisations (FMOs) have been established 

in each fishing community in order to coordinate various fishing operations as well as to 

operationalise localised fishery management rules (Matsuda et al. 2010). National and 

prefectural governments and research agencies also provide administrative support and 

scientific advice to fishing communities for the management of coastal fisheries resources 

and the surrounding ecosystems. Fishery management systems for Japanese coastal fishing 

communities are, hence, characterised as the co-management between group of local fishers 

(i.e., FCAs and FMOs) and government agencies (Yamamoto 1995; Makino and Matsuda 

2005; Uchida and Makino 2008; Makino 2011). 

Despite the historical contribution to the development of fishing communities in Japan, many 

Japanese fisheries have experienced a decline in fish stocks, and substantial gains from 

management reforms are expected (Matsuda et al. 2010; Ichinokawa et al. 2017; Tokunaga et 

al. 2019). Tokunaga et al. (2019) recently showed that 79 per cent of the 95 stocks assessed 

in their study are overfished and the adoption of an economically optimal policy could lead to 

a substantial increase in both the profits and biomass levels. Distinctively, the Japanese 

Pacific sardine fishery, which provided more than 41 per cent of Japan’s annual fishery 

production in early 1980s, experienced a decline of 89 per cent in biomass and 80 per cent in 

yield between 1990 and 1994. Previous studies have identified that these declines were 

associated with global environmental changes which triggered multiple years of recruitment 

failure (Noto and Yasuda 1999; Nishida 2005; Yatsu and Kaeriyama 2005; FRA 2014). 

Additionally, many fishing communities in Japan face structural changes, such as aging 

workforce and aquaculture development in nearshore coastal waters (Matsuda et al. 2010; 
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Kobayashi et al. 2015; Delaney and Yagi 2017; Kiyama and Yamazaki 2018). Japanese 

fisheries, therefore, provide useful empirical case studies to improve our understanding of the 

economic implications of these socio-environmental changes. The results from the 

dissertation also provide useful insights to other parts of the world as these socio-

environmental changes are not uniquely observed in Japan but experienced by other fishing 

communities throughout the world.  
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Chapter 2: Profit and equity trade-offs in the management of 
small pelagic fisheries: the case of the Japanese 
sardine fishery 

 

2.1. Introduction 

This paper examines the fishery dynamics and effectiveness of alternative management 

approaches for small pelagic fisheries whose stocks are subject to cyclic fluctuations at multi-

decadal timescales. The stocks of small pelagic fish, such as sardines and anchovies, are 

abundant relative to other marine fish species. Small pelagic species represent the world’s 

largest species group, comprising approximately 30 per cent of global marine capture 

production and contributing to 20 per cent of global catch values of all marine fisheries 

(Pikitch et al. 2014; FAO 2016). Commercial exploitation of these species occurs globally at 

different scales, ranging from large-scale industrial fisheries to small-scale artisanal fisheries. 

The importance of these species to the economic and social development of coastal 

communities has long been recognised (Alder and Pauly 2008; Tacon and Metian 2009). 

Their benefits include direct human consumption and non-food uses, such as the production 

of fish meal and fish oil (Alder and Pauly 2008; Tacon and Metian 2009). Small pelagic fish 

also play a vital role in marine food webs by providing primary food sources for higher 

trophic level predators, such as marine mammals and seabirds (Cury et al. 2000; Pikitch et al. 

2014). 

Despite the broad benefits afforded by small pelagic fish stocks, the management of these 

stocks is notoriously difficult because species distribution, interaction with other species, 

recruitment and growth are affected by abrupt environmental regime changes that occur at 

multi-decadal timescales (Beverton 1990; Kawasaki 1992; Fréon et al. 2005; Laukkanen 

2005; Yatsu et al. 2005; Golubtsov and McKelvey 2007; Ishimura et al. 2013; Lindegren et 
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al. 2013; Essington et al. 2015). The effects of environmental variabilities on small pelagic 

stock disruption and interaction with other species are examined in a transboundary fisheries 

management framework (Golubtsov and McKelvey 2007; Ishimura et al. 2013). The 

sensitivity of small pelagic fish to environmental conditions results in large cyclic 

fluctuations in abundance and, occasionally, stock collapse (Fréon et al. 2005). The 

magnitude and frequency of collapses of small pelagic fish stocks are amplified by fishing 

and lagged management responses to declining natural productivity (Beverton 1990; 

Essington et al. 2015). Moreover, multi-decadal fluctuations in stock abundance have serious 

economic and social implications, as evidenced by reports that fishing communities around 

the globe have been affected by the boom and bust cycle of small pelagic fisheries (Hamilton 

et al. 2006; Tacon and Metian 2009; Kim 2010). 

In addition to environmental effects, small pelagic fisheries often experience overfishing, as 

these fish tend to form large, dense schools, allowing fisheries to remain economically viable 

even when abundance is low (Beverton 1990; MacCall 1990; Mackinson et al. 1997). The 

cyclic fluctuations in abundance also provide an incentive for fishers to invest in technology 

and capital when stock declines (Hamilton et al. 2006). Compared to other fisheries, 

however, small pelagic fisheries benefit less from the use of conventional static harvest 

strategies (e.g., an annual constant catch limit) or target reference points (e.g., maximum 

sustainable yield), since the relationship between the growth and abundance of the fish stock 

is unstable and varies over time (Carson et al. 2008; Hoshino et al. 2012). The literature has 

well established that stochastic fluctuations in resource dynamics undermine the effectiveness 

of fisheries management by exacerbating the consequences of overfishing and introducing 

additional decision-making complexity (Ludwig et al. 1993; Francis and Shotton 1997). An 

extensive body of bioeconomic research has also explored the implications of stochastic 

environmental variations of the optimal harvest strategy. Seminal studies in this area include 
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the works of Reed (1979), Clark and Kirkwood (1986), Weitzman (2002), Sethi et al. (2005) 

and Costello and Polasky (2008). 

However, few studies have examined the management implications of abrupt environmental 

regime changes at multi-decadal timescales. An exception is the work of Carson et al. (2008), 

who extended the conventional Gordon-Schaefer model to incorporate cyclic growth in stock 

dynamics. They found that a time-invariant harvest strategy generates resource rents that are 

substantially lower than the economic optimum and that such a strategy may even result in a 

collapse of the fish stock. Another exception is Polasky et al. (2011), who examined the 

optimal harvest strategy when stock dynamics are subject to regime shifts. They showed that 

the possibility of a regime shift in stock dynamics makes the optimal harvest strategy more 

precautionary than when there is no regime shift.  

In this paper, we particularly focus on the relationship between the net present value (NPV) of 

the fishery and the intertemporal distribution of fishing profits when fishery outcomes are 

evaluated under different management scenarios. We also explore how these measures of 

fishery performance are related to the possibility and extent of stock collapse in small pelagic 

fisheries. The NPV of the fishery has traditionally been used to evaluate the economic 

performance of alternative management plans (Grafton et al. 2010). By comparison, the 

intertemporal distribution of fishery profits has been less commonly incorporated in the 

formulation of management strategies; however, it is an important measure of fishery 

performance (Sumaila 2004). A significant disparity in the distribution of fishery benefits at 

different points in time may contribute to transient food insecurity or a boom and bust of 

fishing communities that rely heavily on small pelagic fish resources. However, such 

implications of resource management are not reflected in the NPV of fishing, which simply 

represents the sum of a fishery’s intertemporal economic profits. We hypothesise that: (1) 

trade-offs between these key measures of fishery performance are inevitable in the 
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management of small pelagic fisheries due to the presence of multi-decadal cyclic 

fluctuations; and (2) the presence of such trade-offs is closely related to the possibility and 

extent of stock collapse. 

To address these research objectives, we develop a bioeconomic model for a small pelagic 

fishery. The bioeconomic model developed in this paper incorporates the age-structured 

population dynamics (Quinn and Deriso 1999; Haddon 2010), and the modified Ricker-type 

stock-recruitment relationship, which takes into account the characteristics of both density 

dependence and cyclic fluctuations (Anderson and Seijo 2011). We also characterise the 

fishery’s baseline fishing behaviour using the non-parametric k-nearest neighbours regression 

(James et al. 2013). We evaluate the effectiveness of two management approaches; 

proportional reduction in fishing mortality from the baseline level; and the closure of nursery 

grounds (by comparing them with the simulation results of the baseline scenario).  

The bioeconomic model developed in this paper is simulated with the estimated parameter 

values from the Japanese sardine Pacific stock (Sardinops melanostictus) fishery. The 

Japanese sardine Pacific stock fishery provides a useful case study for the research objectives. 

The fishery was once one of the largest fisheries in terms of volume of catches, accounting 

for approximately 30 per cent of the marine capture production in Japan (Ichinokawa et al. 

2017). The stock of Japanese sardines is sensitive to environmental conditions and exhibits 

drastic cyclic fluctuations in abundance at multi-decadal timescales (Kawasaki 1992). 

Considerable effort has been devoted to examining the influence of various environmental 

factors on the fluctuation of Japanese sardine stocks (Watanabe et al. 1995; Wada and 

Jacobson 1998; Noto and Yasuda 1999; Suda et al. 2005; Yatsu et al. 2005); however, there 

remains a lack of knowledge concerning how cyclic fluctuations in stock abundance relate to 

the fishery’s economic and socio-economic outcomes. 
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2.2. Bioeconomic model of a small pelagic species 

2.2.1. Population dynamics 

We apply the age-structured population dynamic model which has been used extensively in 

the literature (Quinn and Deriso 1999; Haddon 2010; FRA 2014). In this model, the number 

of individuals for age class a = 1 to one year before the maximum age class A (i.e., a = A-1) 

is written as: 

( ), 1, 1 1, 1expa t a t a tN N M F− − − −= − −  if 1 1a A≤ ≤ −     (1) 

where Na,t is the number of fish population of age class a in year t, M is the natural mortality, 

and Fa,t is the fishing mortality at age class a in year t. For the maximum age class a = A, the 

number of individuals is given by:  

( ) ( ), 1, 1 1, 1 , 1 , 1exp expA t A t A t A t A tN N M F N M F− − − − − −= − − + − −  if a A=              (2) 

The catch in numbers for each age class is given by the Baranov (1918) and Beverton and 

Holt (1957) catch equation: 

( ),
, , ,

,

1 expa t
a t a t a t

a t

F
C N M F

F M
 = − − − +

        (3)  

The empirical evidence suggests that the recruitment of small pelagic species is both density-

dependent and subject to significant cyclic fluctuations due to environmental factors, such as 

changes in sea surface temperature (SST) and El Niño/Southern Oscillation (Kawasaki 1992; 

Sakuramoto 2013). Given these characteristics, we applied Anderson and Seijo (2011) 
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recruitment equation, which incorporates the effects of both environmental fluctuations and 

density dependency into a modified Ricker equation:1 

0
0, 1 2 3exp sin 2 N

t t t t
tN SSB SSB

cycle
ϕ ϕ ϕ π ε

  
= × − − +  

  
                   (4) 

where SSBt is the spawning stock biomass in year t, sin is a trigonometric function, φi (i = 1, 

2, 3) are recruitment parameters, cycle is the length of the cycle that determines the nature of 

environmental fluctuations in recruitment and 0N
tε  is the error term. The spawning stock 

biomass depends on the number of mature individuals in the cohort, such that 

,0

A
t a a t aa

SSB N wµ
=

= ∑ , where aµ  and wa are the maturation rate and weight at age class a, 

respectively.  

The biomass and yield in year t can be calculated as:  

,t
0

A

t a a
a

B N w
=

= ∑               (5) 

,t
0

A

t a a
a

Y C w
=

= ∑                (6) 

where Bt and Yt denote the biomass and yield in weight in year t, respectively. 

 

2.2.2. Fishery profit 

Given the biomass and yield in (5) and (6), the economic profit of the fishery in year t is 

given by: 

 
1 Conventional or modified versions of the Ricker equation are commonly used to model the recruitment of 
sardines and other pelagic species (Murphy 1967; Wada and Jacobson 1998; McClatchie et al. 2010; Rosa et al. 
2017). 
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( ) ( ) ( ), ,t t t t t t tY B P Y Y C Y Bπ π= = −                   (7)  

where P(Yt) is the inverse demand function and C(Yt,Bt) is the total cost function. Following 

Clark (1990) and Grafton et al. (2000), we specify the inverse demand and cost functions as 

follows: 

( ) 2
1 exp( )a p

t t tP Y a Y ε=          (8) 

( ) 1 2, ct
t t t

t

YC Y B b b
B

ε= + +            (9) 

where a1, a2, b1 and b2 are price and cost parameters, respectively, and p
tε  and c

tε  are error 

terms. Given the profit function in (7), the NPV of the fishery is given by: 

0
(1 )

T
t

t
t

NPV π δ −

=

= +∑                   (10) 

where δ is the time discount rate. 

 

2.2.3. Fisher behaviour: baseline fishing mortality 

To account for fishers’ behaviours in changing environmental conditions, we applied the k-

nearest neighbours (kNN) regression (James et al. 2013) to estimate time-varying baseline 

fishing mortality. The kNN regression is a non-parametric method that uses a training dataset 

of inputs to calculate the average of the k closest neighbours as an output value. More 

particularly, to calculate the baseline fishing mortality at year τ ( ,
BASE

aF τ ), we first constructed 

a training dataset by calculating the Euclidian distances between the simulated population 

size at year τ ( ,aN τ ) and the historical series of population sizes at each age class ( ,( )a iN ): that 

is, , ,( )a a iN Nτ − , { }1,2,...,i I∈ , where I is the size of the training dataset. We then sorted the 
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training dataset in descending order: that is, 

, ,(1) , ,(2) , ,( )a a a a a a IN N N N N Nτ τ τ− ≤ − ≤ ≤ −

. Given this training dataset, we selected the 

shortest to the k-th shortest distances and matched them to the corresponding values of 

fishing mortality: that is, { ,(1) ,(2) ,( ), ,...,a a a kF F F }, where k ≤ I. Finally, the baseline fishing 

mortality at age class a in year τ was estimated by calculating: 

, , '
' 1

1 k
BASE

a a k
k

F F
kτ

=

= ∑      (11) 

We note that fishers’ behaviour estimated by equation (11) is myopic, or not forward-looking, 

in that the fishing mortality in year t is determined based on the historical series of population 

sizes and fishing mortality in years τ < t only. That is the kNN regression is limited in 

forecasting outside the range of the training dataset. 

 

2.2.4. Management scenarios 

In addition to the baseline scenario, we consider management scenarios in which fishing 

mortality is controlled by two alternative approaches, both of which are commonly used in 

the management of small pelagic fisheries. The first approach is a proportional reduction in 

fishing mortality from the baseline level. In this approach, we consider a case in which the 

rate of fishing mortality at each age class is reduced in proportion to the baseline level: that 

is, , ,
BASE

a t a tF Fφ= , where 1φ < . We assume that fishing gear affects the mortality of all age 

classes equally (non-selective) because it is not possible to control the fishing mortality of 

particular age classes solely by limiting the total catch for the fishery, given the schooling 

behaviour of small pelagic species as well as the low selectivity of fishing gear commonly 

used in small-pelagic fisheries (i.e., purse seines and set-nets).  
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The second management approach considered is a closure of nursery grounds to protect 

immature fish from harvesting.2 For simplicity, we assume that when fishing is not permitted 

in the nursery grounds, the fishing mortality of the immature age class becomes zero, while 

the fishing mortality of other age classes remains unaffected: that is, Fa,t = 0 for the immature 

stock, while '
, ,

BASE
a t a tF Fφ=  for the mature stock and ' 1φ ≤ .3 

 

2.2.5. Measuring the duration of the stock collapse period and the intertemporal distribution 
of fishery profit 

The outcomes of the baseline and the two alternative management approaches are evaluated 

using three performance indicators. First, the duration of the stock collapse period (SCP) is 

used as an indicator corresponding to the conservation outcome of fisheries management. We 

calculate the collapse period of the fishery as the total number of years during which the 

biomass is below a threshold of fish biomass, B̂ ; that is: 

 ( )
1

ˆ
T

t
t

SCP B B
=

= <∑I                    (12) 

where T is the number of simulation years and I  is the indicator function, taking the value of 

one when the biomass is below the threshold, B̂ , and zero otherwise.  

We also use two indicators that respectively correspond to the economic and socio-economic 

outcomes of fisheries management: the NPV; and the intergenerational equity or distribution 

 
2 An alternative approach commonly used to protect immature fish is to limit the mesh size of the nets that can 
be used in many fisheries. However, such gear restrictions are likely to be less effective in the fisheries, given 
the low selectivity of purse seine nets (FAO 1984). 
3 We should note here that, in practice, not all immature stock is likely to be protected by the closure of nursery 
grounds, as the distribution of immature stock is not fixed. For example, the Japanese sardines migrate along the 
east coast of Japan from January to March before settling in the nursery grounds. 
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of fishing profits over time.4 To quantify the intertemporal distribution of fishing profits, we 

use the adjusted Gini coefficient (GC) proposed by Deltas (2003); that is: 

'
1 ' 1

2( 1) 2

T T

t t
t tTGC

T T

π π

π
= =

−
=

−

∑∑
                (13) 

where 1
tTπ π−= ∑ . The GC is bounded between zero and one, indicating perfect equality 

(i.e., the same profit is earned for all periods) and perfect inequality (i.e., a profit is realized 

in only one year). 

 

2.3. Empirical application: the Japanese sardine Pacific stock fishery 

2.3.1. Fishery background 

The population of Japanese sardines (S. melanostictus) has two major stocks: one on the 

Pacific side of Japan; and the other in the Tsushima warm current region. The assessment of 

each stock is conducted separately. In this paper, we focus on the Pacific stock of Japanese 

sardines. The distribution of the Pacific stock is mainly associated with how the stock is 

transported by Kuroshio and Oyashio ocean currents at different life stages (Figure 2.1.). The 

sardine migrates north during the spring and summer for feeding and south during the winter 

for spawning. Its main spawning grounds are in the Kuroshio current of southeast Japan. 

After hatching, the juveniles are transported to the nursery grounds in the Kuroshio and 

Oyashio transition zone in the northeast. The feeding grounds are in the Oyashio current, 

which stretches from the north of Japan to the southern areas of the Okhotsk Sea (Nishida 

2005; FRA 2014). The main fishing gears used in the Japanese sardine Pacific stock fishery 

 
4 The literature has identified a range of socio-economic benefits from fisheries and proposed various socio-
economic indicators, including indicators for community capacity and landing risk (Lundquist and Granek 2005; 
Rosa et al. 2017). 
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are large-size and medium-size purse seines and set-nets, which are used along the coast off 

central to northern Japan and along the inshore waters off southern Japan, respectively. Thus, 

the fishing grounds for the large-size and medium-size purse seines partly coincide with the 

nursery grounds (Yatsu et al. 2005; FRA 2014). The total purse seine catches of sardines 

account for 70-90 per cent of the fishery’s total yield. 

 
Figure 2.1. Distribution map of the Japanese sardine Pacific stock. The Map is taken from 
FRA (2014) and modified by authors. 

 

Figure 2.2. presents the biomass, yield and exploitation rate (i.e., the proportion of biomass 

removed by fishing per year) dynamics in the Japanese sardine Pacific stock fishery from 

1976 to 2013. The figure also presents the SST anomaly in the Kuroshio Extension for the 
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same period. The biomass and yield increased constantly from 1976 until they peaked in the 

late 1980s. In the early 1990s, however, the fishery experienced a rapid decline in biomass 

and yield by 89 per cent and 80 per cent, respectively, from 1990 to 1994. Previous studies 

suggest that these declines were associated with abrupt changes in climate and oceanographic 

conditions, resulting in multiple years of recruitment failure from 1988 to 1991 (Noto and 

Yasuda 1999; Nishida 2005; Yatsu and Kaeriyama 2005; FRA 2014). This is in part reflected 

in the Kuroshio Extension SST anomaly in these years (Figure 2.2d) 

As one would expect, the fishery’s exploitation rate is closely associated with stock 

abundance. Until the end of the 1980s, when there was an increasing trend in biomass, the 

exploitation rate remained stable at approximately 15 per cent (Figure 2.2c). After the stock 

collapsed, the exploitation rate became volatile (15-58 per cent), and the mean exploitation 

rate increased to 35 per cent. The higher rate of exploitation in the years of stock collapse 

reflects the increase in fishing pressure on the stock and the depletion of resources available 

for exploitation (FRA 2014). 

Fisheries resources in Japan have traditionally been managed through a community-based 

management system with fishing rights and licenses adminstrated by the local Fisheries 

Cooperative Association or prefectual government (Yamamoto 1995; Makino and Matsuda 

2005; Uchida and Makino 2008; Makino 2011). In 1997, in response to nationwide concern 

regarding the general health of coastal fishery resources and the ratification of the United 

Nations Convention on the Law of Sea (UNCLOS), a total allowable catch (TAC) system was 

introduced for seven species, including the Japanese sardine. Under the current management 

system, the Ministry of Agriculture, Forestry and Fisheries (MAFF) sets and announces the 

TAC level annually in accordance with stock assessments and estimates of allowable 

biological catch (ABC) reported by the Fisheries Research Agency (FRA). Along with the 

biological assessment, the socio-economic conditions of the fishery and advice from the 
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Fishery Policy Council, which is an advisory body to the government for national level 

fishery policy, are incorporated in the determination of the TAC (Makino 2011). After the 

TAC is set at the national level, the TAC is allocated to Fisheries Management Organisations 

(FMOs), which manage offshore fisheries, and prefectural governments, which administrate 

coastal fisheries (Makino and Matsuda 2005; Yagi and Managi 2011). 

 

Figure 2.2. Biomass (a), yield (b) and exploitation rate (c) in the Japanese sardine Pacific 
stock fishery, and the sea surface temperature (SST) anomaly in the Kuroshio Extension from 
1976 to 2013 (d). The immature stock consists of the age class 0 and 50 per cent of the age 
class 1. The rest of the age-class form the mature stock. 
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The effectiveness of TAC systems generally depends on whether: (i) the actual catch in the 

fishery does not exceed the TAC; and (ii) the TAC is binding or close to binding (Grafton et 

al. 2006; Kompas and Gooday 2007). When the TAC is non-binding, the fishery’s yield or 

effort is, in effect, not constrained by the TAC (Emery et al. 2014; Rust et al. 2017). The TAC 

for the Japanese sardine has not been binding in any year since the management system was 

introduced to the fishery (FA 2017). This raises questions regarding the effectiveness of the 

current management system in reducing fishing pressure on the stock.5 

 

2.3.2. Parameterisation and model validation 

The parameter values used in the simulations are presented in Table 2.1. The natural mortality 

and maturity at age are taken from the stock assessment report (FRA 2014). The maximum 

age class is set A = 5+ years old. The recruitment parameters, φi, and cycle are estimated 

using stock assessment data on the number of populations at each age class, biomass and 

yield from 1976 to 2013 (Table 2.2). More particularly, we estimate the recruitment Equation 

(4) for a given length of cycle between 0 and 100 years and choose the final model based on 

the Akaike Information Criterion. The threshold of biomass ( B̂ ) below which the stock is 

considered collapsed is set at five million tonnes, corresponding to the level of biomass in 

1992 at the end of four consecutive years of recruitment failures (Nishida 2005; FRA 2014). 

The inverse demand and cost functions (8) and (9) are estimated using data on the price of 

Japanese sardine per kilogram (1991-2013) and the total expenditures of large-size and 

 
5 While a non-binding TAC has occurred in other TAC-managed fisheries globally (Grafton et al. 2007; Pascoe et 
al. 2007; Rust et al. 2017), it is an open question as to what caused the TAC to be non-binding for the Japanese 
sardine fishery. Given both biological and socio-economic factors are considered to determine the TAC, possible 
reasons for the TAC being non-binding include that stock biomass is overestimated in the biological assessment 
of the fishery or the TAC is set too high in order to reduce the short-term socio-economic impacts on fishing 
industry. For example, of seven TAC-managed species in Japan, there is no species that the TAC was binding in 
2015 (FA 2017).    
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medium-size purse-seine vessels (1994-2013). These price and cost data were retrieved from 

the annual survey reports on fisheries’ business management published by the MAFF (2016).6  

 

Table 2.1. Parameter values 

Parameter Description Value 

M Natural mortality rate† 0.4 

1aµ =  Maturity at age-class 1† 
0.1 if Bt ≥ 1,467 
0.2 if Bt ≥ 758 
0.5 if Bt < 758 

2aµ ≥  Maturity at age at age-class ≥ 2† 1.0 

A Maximum age-class† 5 or older 

ϕ1 Recruitment parameter‡ 2.53 

ϕ2 Recruitment parameter‡ 0.00023 

ϕ3 Recruitment parameter‡ -2.77 

cycle Recruitment cycle (years)‡ 36 

T Number of simulation years‡ 80 

B̂  
Threshold of biomass below which the stock 
is considered collapsed (million tonnes)† 5 

a1 Price parameter‡ 1.09E+09 

a2 Price parameter‡ -0.54 

b1 Cost parameter‡ -5.64E+08 

b2 Cost parameter‡ 2.05E+09 

δ Time discount rate† 0.04 
† The parameter values are taken from the stock assessment report of the Japanese sardine 
published by FRA (2014). 
‡ The parameter values are calculated or set by authors 

 
6 A relatively poor fit of the cost equation is likely due to the small sample size, althought this is the maximum 
number of observation we could obtain at the time of this study. The availability of cost data is a major obstacle 
for applied bioeconomic research, and this issue is widly recognised in the literature (Pascoe et al. 2014; Emery 
et al. 2017; Hoshino et al. 2018). We examined the sensitivity of our results to changes in the cost parameters (b1 
and b2) and found that a ±20 per cent change in the parameter values does not change our results qualitatively.   
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Table 2.2. Estimation results of the recruitment, inverse demand and cost equation 

 Equation (4)  Equation (8)  Equation (9) 
 Recruitment  Inverse demand  Cost 

 ϕ1 
2.53 

(0.000) 

 
a1 1.09E+09 

(0.000) 

 
b1 -5.64E+08 

(0.084) 

 ϕ2 
2.30E-04 
(0.000) 

 
a2 -0.54 

(0.000) 

 
b2 2.05E+09 

(0.000) 

 ϕ3 
-2.77 

(0.000) 

 
  

 
  

 cycle 36 years  
 

  
 

  

Number of observations 38   21   17 
Error variance   3.98E+04   0.27   2.31e+08 
R2 0.80   0.79   0.20 
Note: This table reports the estimates of the parameters in the recruitment, inverse demand 
and cost equations. The corresponding p-values are reported in parentheses. The 
recruitment and cost equations were estimated by OLS. The inverse demand equation was 
estimated using the censored regression model by truncating the prices at the observed 
minimum and maximum prices of JPY 22 and JPY 216 per kilogram 

 

Using the initial conditions of the fishery in 1976, we validated the parameterised model by 

simulating the biomass and yield from 1977 to 2013 with the time-variant baseline fishing 

mortality, as described in Section 2.2.3. The results show that the model explains 95 and 91 

per cent of the variations in the reported biomass and yield data, respectively, demonstrating a 

good in-sample fit of the model (Figure 2.3.).  
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Figure 2.3. Model validation. Scatter plot of reported values in the stock assessment report 
(FRA 2014) against the values of biomass (a) and yield (b) predicted by the model. The grey 
line represents a regression line by least squares.   

 

2.4. Results 

2.4.1. Biomass and yield under the baseline scenario 

Under the baseline scenario, both the biomass and the yield are predominantly driven by 

cyclic fluctuations in recruitment (Figure 2.4a, b). The length of each cycle in biomass and 

yield corresponds to the estimated length of cycle (36 years) in recruitment. The biomass and 

yield are not, however, fully independent from fishing. This is evident from our results, which 

show that the biomass in the baseline scenario is consistently lower than the biomass when 

there is no fishing (Figure 2.4c). Moreover, the biomass periodically declines below the 

threshold of five million tonnes, suggesting that the Pacific stock of Japanese sardines 

regularly collapses when fishing pressure is maintained at the current level (see the shaded 

periods in Figure 2.4.). Notably, stock collapse occurs even when there is no fishing; 

however, the presence of fishing at the baseline level lengthens the SCP. The mean duration 

of the SCP under the baseline scenario is 49 years, or 62 per cent of the total simulated 
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period, whereas the collapse period when there is no fishing is 31 years, or 39 per cent of the 

total period. 

 

 
Figure 2.4. Baseline scenario: biomass (a); yield (b); difference in biomass between baseline 
and no-fishing scenarios (c); and exploitation rate (d). The shaded areas represent the stock 
collapse period in which the biomass is less than five million tonnes. The results are based on 
the mean of 1,000 Monte Carlo samples. 
 

As one would expect, the yield in the fishery is lower during the collapse period than during 

the non-collapse period (Figure 2.4b). Despite the small amount of fishing occurring during 

the collapse period, the difference in biomass between the baseline and no-fishing scenarios 

during this period is particularly high (Figure 2.4c). For example, the average difference in 

biomass between the two scenarios is 3.0 million tonnes during the collapse period, compared 
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to 2.1 million tonnes during the non-collapse period. The relative difference in biomass 

between the collapse and non-collapse periods is driven not solely by the cyclic fluctuation in 

recruitment, but also by the behavioural response of fishing fleets. This is reflected in 

changes in the exploitation rate (Figure 2.4d). The exploitation rate during the SCP is 

relatively stable, at approximately 30 per cent, but decreases to approximately 10 per cent at 

the end of the collapse period. The decrease in the exploitation rate reflects a response to the 

gradual recovery of the stock at the end of the collapse period. By contrast, the exploitation 

rate steadily increases from 10 per cent to 25 per cent during the non-collapse period.  

Changes in the exploitation rate, along with cyclic fluctuations in recruitment, also affect the 

relative abundances of mature and immature stock over time. For example, the biomass of 

immature stock is relatively high at the beginning of the non-collapse period (Figure 2.4a). 

However, as the exploitation rate increases, the relative abundance of immature stock 

declines. The decline in the immature stock, combined with a further increase in the 

exploitation rate, contributes to a depletion of mature stock towards the end of the non-

collapse period. Once the stock collapses, an average of 42 per cent of the yield is immature 

stock. This proportion is significantly higher than that during the non-collapse period (25 per 

cent). The high proportion of immature stock in the yield contributes to the prolonged 

duration of the collapse. When multiple years of good recruitment occur in cyclic 

fluctuations, the immature stock rebuilds first, and the mature stock biomass increases later.  

 

2.4.2. Effects of controlling fishing mortality and area closure 

Figure 2.5. shows the relative effects of a proportional reduction in fishing mortality from the 

baseline level and the closure of nursery grounds to protect immature sardines. The baseline 

case is one in which the fishery maintains fishing mortality at the baseline level for 80 years 

of simulation. 
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Figure 2.5. Relative effect of reducing fishing mortality without area closure (solid line) and with area closure (dashed line). The baseline case is 
F = FBASE with no area closure. Panel (a): stock collapse period. Panel (b) net present value (NPV) of the fishery. Panel (c) Gini coefficient.  
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The duration of the SCP consistently decreases with a reduction in fishing mortality (Figure 

2.5a). However, shorter stock collapse durations are achieved only at the expense of decrease 

in the NPV (Figure 2.5b). For example, a 30 per cent reduction in fishing mortality relative to 

the baseline level results in a 6 per cent decrease in the SCP, but a 14 per cent decrease in the 

NPV. Preventing the harvest of immature sardines through the closure of nursery grounds 

creates the same trade-off between a shorter period of stock collapse and a lower NPV. For 

example, when fishing mortality is reduced to 70 per cent of the baseline level in conjunction 

with area closure, the SCP and the NPV decrease by 15 per cent and 22 per cent, respectively.  

Regardless of whether area closure is applied, a reduction in fishing mortality appears to 

improve equity in the intertemporal distribution of fishery profits. For example, reducing 

fishing mortality to 70 per cent of the baseline level results in a 10 per cent decrease in the 

GC, suggesting a more equal distribution of the fishery’s economic profits over time (Figure 

2.5c). For a given level of fishing mortality, however, the closure of nursery grounds to 

fishing lowers equity in the intertemporal distribution of fishery profits.   

 

2.4.3. Profit and equity trade-offs 

Our results suggest that there are trade-offs among performance indicators when fishing 

mortality is reduced from the current baseline level, regardless of area closure. To evaluate 

the extent of these trade-offs, we calculate the trade-off ratio of a percentage change in the 

NPV to one percentage change in the SCP (i.e., ηSCP = %ΔNPV/%ΔSCP), as well as to one 

percentage change in the GC (i.e., ηGC = %ΔNPV/%ΔGC). Calculating the trade-off ratios 

ηSCP and ηGC is useful. For example, ηSCP represents the responsiveness of the fishery’s 

economic performance, measured by the NPV, to a change in the conservation outcome, 

measured by the duration of the SCP. A positive trade-off ratio (ηSCP > 0) implies that a 

decrease in the duration of the SCP due to a reduction in current fishing mortality is 
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associated with a decrease in the NPV. Furthermore, a trade-off ratio above one (ηSCP > 1) 

means that the proportional change in the NPV is greater than the change in the SCP. 

Similarly, the ratio ηGC measures the responsiveness of the fishery’s economic performance to 

a change in its socio-economic outcome. 

 

 
Figure 2.6. Trade-offs between the net present value (NPV) of the fishery and stock collapse 
period (SCP) (a) and between NPV and Gini coefficient (GC) (b). Trade-off effects of 
changes in fishing mortality without area closure (solid line) and with area closure (dashed 
line). The baseline case is F = FBASE with no area closure. The trade-off ratio is not calculated 
when the SCP is longer than the baseline case or when the GC is above the baseline case. 

 

When there is no area closure, the trade-off ratio ηSCP is always above one and remains stable 

at around two, regardless of the reduction in fishing mortality from the baseline level (Figure 

2.6a). This means that the proportional reduction in the duration of the SCP due to reduced 

fishing mortality is less than the proportional reduction in the NPV. For example, a 30 per 

cent reduction in fishing mortality from the baseline level yields 6 per cent and 14 per cent 

decreases in the duration of the SCP and the NPV, respectively, so that ηSCP = 2.3. This trade-

off ratio between the NPV and the SCP decreases when fishing mortality is controlled in 

conjunction with the closure of nursery grounds. For example, when fishing mortality is 
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reduced to 70 per cent of the baseline level and combined with area closure, the trade-off 

ratio is smaller (ηSCP = 1.5) than when fishing mortality is reduced to the same level with no 

area closure (ηSCP = 2.3).    

The trade-off ratio between the NPV and the GC also remains above one for all ranges of 

fishing mortality (ηGC > 1, Figure 2.6b). This suggests the decrease in the NPV caused by the 

reduced fishing mortality is proportionally greater than the decrease in the GC (i.e., a more 

equal distribution of fishery profits over time). This result holds regardless of area closure; 

however, the trade-off ratio increases when fishing mortality is reduced in conjunction with 

area closure. For example, reducing fishing mortality to 70 per cent of the baseline results in 

a trade-off ratio of ηGC = 1.3. By comparison, the same reduction in fishing mortality in 

conjunction with area closure results in a trade-off ratio of ηGC = 2.7. The trade-off ratio is 

particularly high when the current level of fishing mortality is only moderately reduced in 

conjunction with area closure. 

 

2.4.4. The role of cyclic fluctuations 

To further explore the role of cyclic environmental fluctuations in the management of 

Japanese sardines, we examine the sensitivity of our simulation results to the strength of 

cyclic fluctuations. We accomplish this by proportionally varying the value of the parameter 

φ3, which represents the strength of cyclic fluctuations in recruitment. Specifically, we re-

simulate the model for 80 years with three alternative values of φ3 in the recruitment 

Equation (4): that is, 3 3ϕ ω ϕ= × , where { }0.5,1,1.5ω ∈ . The simulation results are presented 

in Figure 2.7. 
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Figure 2.7. Effects of changes in the size of cyclic fluctuations in recruitment on the duration of stock collapse period (a, d), net present value 
(NPV) of the fishery (b, e) and Gini coefficient (c, f). Five alternative values of 3ϕ  in the recruitment Equation (4) are applied: 3 3ϕ ω ϕ= × , 

{ }0.5,1,1.5ω ∈ . Fishing mortality is reduced relative to the baseline level, either with (a-c) or without (d-f) area closure. The baseline case is F = 
FBASE with no area closure. 
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As shown in the baseline case (Figure 2.5.), the duration of the SCP decreases with a 

reduction in fishing mortality for all values of φ3 considered in this paper (Figure 2.7a). 

However, the relative effects of reduced fishing mortality on the SCP vary depending on the 

size of the cyclic fluctuations. In particular, the weaker the cyclic fluctuations, the greater the 

decrease in the duration of the SCP for a given rate of fishing mortality. For example, when 

the parameter φ3 is 50 per cent of the baseline case (i.e., 3 30.5ϕ ϕ= ), a 30 per cent reduction 

in fishing mortality results in a 9 per cent decrease in the SCP. By contrast, the same 

reduction in fishing mortality for the baseline case (i.e., 3 3ϕ ϕ= ) yields only a 6 per cent 

decrease in the SCP. The qualitative nature of this result holds regardless of area closure 

(Figure 2.7d). 

Our results show that shorter durations of SCPs are achieved only at the expense of a 

decreased NPV for all values of the parameter φ3 (Figure 2.7b, e). However, the relative 

change in the NPV differs depending on the size of the cyclic fluctuations. That is, a decrease 

in the NPV due to the reduction in current fishing mortality is smaller when cyclic 

fluctuations are weak. Similarly, when cyclic fluctuations are weak, the reduction in the GC 

is less pronounced (Figure 2.7c).  

 

2.4.5. Risk-averse fisheries management 

Our results show that a reduction in fishing mortality improves equity in the intertemporal 

distribution of fishery profits by mitigating the effects of environmental fluctuations on the 

fishery. This result implies that a preferred approach to the management of small pelagic 

fisheries may depend on the risk preference of fishery managers, in particular whether, and to 

what extent, the variability in fishery profits ought to be reduced at the expense of decreased 

NPV of the fishery. In other words, considering profit alone to evaluate the economic 
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outcome of the fishery implicitly assumes that fishery managers are risk-neutral. To examine 

how the extent of risk aversion affects the economic performance of different management 

approaches, we consider an alternative indicator; that is the sum of the discounted utility of 

fishing profits (i.e., intertemporal utility function with constant relative risk aversion) given 

as: 
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∑ ∑      (14) 

where 1(1 )β δ −= +  is the discount factor and ρ is the coefficient of relative risk aversion 

(Mas-Colell et al. 1995). The greater the value of ρ, the higher the risk aversion of fisheries 

management. We consider three alternative values of ρ = 0, 0.5 and 1.0, in which the 

simulation with ρ = 0 is equivalent to the baseline simulation reported in Figure 2.5. 

  

 

Figure 2.8. Relative changes in intertemporal utility for different coefficients of risk aversion 
(ρ = 0, 0.5 or 1.0). Fishing mortality is reduced relative to the baseline level, either with (a) or 
without (b) area closure. The baseline case is F = FBASE with no area closure. 

 



37 
 

Figure 2.8. shows that utility decreases with a reduction in fishing mortality from the baseline 

level, regardless of area closure. This result is consistent with the result in Figure 2.5. 

However, the relative effects of reduced fishing mortality are weakened by increasing the 

coefficient of relative risk aversion. For example, a 30 per cent reduction in fishing mortality 

results in a 14 per cent decrease in the utility when a risk-neutral fisheries management is 

assumed (i.e., ρ = 0). By contrast, the same reduction in fishing mortality results in only a 6 

per cent and 1 per cent decrease in the utility when the coefficient of relative risk aversion is 

ρ = 0.5 and 1.0, respectively. These results suggest that, for the management of small-pelagic 

fisheries, risk-averse fishery managers prefer a greater restriction on fishing activity than 

risk-neutral managers do because the variability in fishery profits is less tolerated by risk-

averse managers. 

 

2.5. Discussion 

The management of small pelagic fish stocks is difficult due to abrupt environmental changes 

that cause multi-decadal cyclic fluctuations in stock abundance. In this paper, we explore the 

fishery dynamics of the Pacific stock of the Japanese sardine and the effectiveness of 

different management approaches for this fishery. We focus particularly on the relationship 

between the fishery’s overall profit and the intertemporal distribution of fishery profits, and 

how these performance measures are related to the duration of stock collapse. Understanding 

the associations between fishery’s economic and socio-economic outcomes and cyclic 

environmental fluctuations is highly relevant to many coastal countries, as small pelagic 

species represent the world’s largest species group in terms of both catch and value.    

Our simulation results show that the biomass and yield of the fishery are primarily driven by 

cyclic fluctuations in the recruitment of immature sardines. We find that the fishery would 

experience stock collapse around 40 per cent of the time, even in the absence of fishing. This 
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result is compatible with the fishery’s actual trajectory over the last 100 years. However, this 

does not mean that the level of stock biomass and, hence, the duration of the SCP is 

independent of fishing. Rather, our results suggest that if fishing mortality remains steady at 

the current rate, the average biomass will be 30 per cent lower and the duration of the SCP 

will be 60 per cent longer, on average, than when fishing is ceased entirely.  

The effects of environmental fluctuations on the fishery are further amplified by the 

behavioural responses of fishing fleets to changing environmental conditions. In particular, 

fishing has a cumulative impact through changes in the population’s age structure. Our 

simulation shows that the proportion of immature fish in the total fishery catch is low when 

the stock is relatively abundant; however, once the stock collapses, the proportion of 

immature fish nearly doubles, prolonging the duration of the SCP. These results are 

consistent with the fishery’s stock assessment data and observations made for other small 

pelagic fisheries around the globe (Beverton 1990; Essington et al. 2015).  

The duration of the SCP in the Pacific stock of the Japanese sardine fishery can be shortened 

by either prohibiting fishing at the nursery grounds or reducing fishing mortality by 

tightening the TAC. However, the effectiveness of these policy instruments is weakened 

when the stock exhibits high levels of cyclic fluctuations. In our baseline simulation case, 

fishing mortality needed to be halved to achieve a 10 per cent reduction in the duration of the 

SCP; however, when the extent of cyclic fluctuations was 50 per cent lower than the baseline 

case, the same conservation outcome could be achieved by reducing fishing mortality by only 

35 per cent. Shortening the fishery’s collapse period is not costless; rather, it is achieved only 

at the expense of the overall profit of the fishery. This result holds for all scenarios considered 

in this paper, implying a clear trade-off between improving conservation outcomes and 

sacrificing the economic returns from the fishery. Previous research has reported such trade-

offs between multiple objectives in fisheries management (Mardle and Pascoe 1999; Hilborn 
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2007); however, this study is the first to demonstrate how the nature of the trade-offs is 

impacted by cyclic stock fluctuations. 

Managing the duration of the SCP is relevant to fisheries management not only for 

conservation purposes, but also for the intertemporal distribution of fishery benefits. Our 

results show that reducing fishing mortality from the current level in the Japanese sardine 

Pacific stock fishery will smooth fluctuations in fishery benefits, yielding greater 

intergenerational equity. Such smoothing effects are particularly pronounced when the stock 

exhibits high levels of cyclic fluctuations. This result reflects the fact that the unequal 

distribution of fishery profits is largely driven by cyclic fluctuations, coupled with the 

behavioural responses of fishing fleets to changing environmental conditions.  

Although bioeconomic models conventionally set the maximization of overall fishery profits 

as the objective of fishery management, the optimal management policy derived from such a 

framework for a small pelagic fishery may yield a severely skewed distribution of fishing 

profits or create a boom and bust of fishing communities. While restricting fishing activities 

may reduce the fishery’s overall economic returns, this may be acceptable or even desirable 

when the boom and bust cycle is associated with substantial socio-economic costs. For 

example, the boom and bust cycle of small pelagic fish resources has created several issues in 

fisheries management, such as overinvestment by fishers, the creation of fisher assistance 

programs that exacerbate overfishing in the long run and the spillover of fishing capacity to 

other fisheries (Hamilton et al. 2006; Tacon and Metian 2009; Kim 2010; Sumaila et al. 

2010).7 A prolonged bust period may also trigger transient food insecurity and substantial 

 
7 Technological progress is another factor that may contribute to the boom and bust cycle of small pelagic fisheries 
and influence the intertemporal distribution of fishery profits. We unfortunately do not have data to measure the 
extent of technological progress in the Japanese sardine Pacific stock fishery; however, previous studies have 
quantified technological change and examined its implications to fisheries. For example, Hannesson et al. (2010) 
show that technological progress in the Lofoten cod fishery in Norway had been neutralised by a decline in the 
fish stock, so that the Lofoten fishers failed to enjoy the full benefits of technological progress. Squires and 
Vestergaard (2013) also show that the economically optimal stock is lower than what the conventional 
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livelihood loss for community members who rely heavily on small pelagic fish resources. 

Moreover, the aggregated fishery profits for a given generation may not ensure the economic 

viability of the fishing community in the long run. In such situations, it is necessary to either 

restrict fishing during the boom or facilitate an assistance program to transfer the higher 

profits to compensate fishers during the prolonged SCP. Overall, our results suggest that 

incorporating a measure of intergenerational equity in management decisions is imperative 

for small pelagic fisheries whose stock fluctuations create a boom and bust cycle at multi-

decadal timescales. 

 

 

  

 
bioeconomic model (Clark et al. 1979; Grafton et al. 2007) suggests when technical progress is accounted for. We 
also note that major technological development in modern purse seining occurred in the 1950s (Whitmarsh 1990; 
Valdemarsen 2001; Torres-Irineo et al. 2014), which is outside the study period (1976-2013). 
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Chapter 3: Community-level analysis of transitional fish 
production in fisheries and aquaculture: a spatial 
econometric analysis in Japan 

 

3.1. Introduction 

As an important source of animal protein that supports livelihoods in many coastal 

communities around the world, sustainable fish production plays a vital role in global food 

security (UNEP 2011; World Bank 2012). In 2016, about 60 million people were directly 

engaged in primary fish production, accounting for 17 per cent of global animal protein 

intake (FAO 2018). The two sectors that contribute to fish production from marine waters are 

capture fisheries and aquaculture. While marine capture fisheries exploit living aquatic 

resources in the ocean, aquaculture cultivates aquatic organisms such as fish and aquatic 

plants in designated area of ocean, using some form of intervention to enhance production.  

Historically, marine fisheries have dominated global fish production; in 1990, for example, 

fish production produced in marine area accounted for almost 90 per cent of total fish 

production while the remaining fish production came from inland waters (FAO 2018). 

However, marine capture fishery production has stagnated since the late 1980s, falling to 53 

per cent of global fish production by 2016. In response to the stagnated marine capture fish 

production, the focus has shifted increasingly to aquaculture as a means of improving 

nutrition and food security, especially in less developed countries and regions (Smith et al. 

2010; Belton and Thilsted 2014; Béné et al. 2015; Béné et al. 2016). According to the Food 

and Agriculture Organization of the United Nations (FAO 2018), this changing production 

mix will continue, and aquaculture’s contribution will exceed capture fisheries’ share by 2030 

(FAO 2018).  
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Capture fisheries and aquaculture interact at many levels, including marine ecosystems, 

technologies, and seafood markets. Previous research has identified a number of factors that 

contribute to structural change in the production mix (Anderson 1985; Anderson 2002; 

Kristofersson and Anderson 2006; Natale et al. 2013; Kobayashi et al. 2015; Bjørndal and 

Guillen 2016; Longo et al. 2019). Among these, technological advances have expanded 

aquaculture’s productive capacity to the extent that fishers regard it as a viable alternative to 

capture fisheries for both commercial and subsistence purposes (Belton and Thilsted 2014; 

Betcherman and Marschke 2016). Depletion of fish stocks in capture fisheries has also driven 

a change in the production mix from wild-caught fish to farmed products. For example, 

Kiyama and Yamazaki (2018) found that a collapse of the wild clam stock in a Japanese 

fishing community forced fishers to engage in aquaculture as an alternative form of fish 

production. Additionally, in the substantial body of literature exploring market interactions 

between aquaculture and capture fisheries (Anderson 1985; Asche et al. 2005; Makino 2011; 

Asche et al. 2012; Kiyama and Yamazaki 2018), a number of studies have confirmed that the 

growing aquaculture sector has increased fish supply, intensifying market competition and 

lowering seafood prices (Kobayashi et al. 2015; Bjørndal and Guillen 2016).  

The present paper contributes to this literature by examining transitional fish production in 

coastal fisheries and aquaculture in Japanese fishing communities. Previous research has 

provided valuable insights into the significant interactions between capture fisheries and 

aquaculture, based mainly on aggregate data at either national or fishery level. However, only 

a limited number of studies have examined the interaction between these two sectors using 

disaggregated community-level data.8 To this end, we constructed a unique panel data set 

based on community-level data from Japan’s Census of Fisheries. The use of community-

 
8  One exception is Betcherman and Marschke (2016), who examined the livelihood effects of structural 
transformation in the fisheries sector in 12 coastal communities in Vietnam.  
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level panel data is advantageous because it enables quantification of transitional changes in 

fish production in the two sectors within each community, as well as cross-sectional 

comparison of such transitional changes across different communities. Based on these data, 

the present study also examines whether changes in the production mix within a given 

community relate to what is happening in neighbouring communities (i.e. spillover effects). 

The existing literature highlights the important role of communities in fisheries management 

and utilisation of coastal resources (Ostrom 1990; Jentoft 2000; Bodin and Crona 2008; 

Gutierrez et al. 2011). To the best of our knowledge, however, no study to date has examined 

the role of neighbouring communities in determining the production mix transition between 

fisheries and aquaculture. 

The paper addresses two research questions: (1) Is there substitution between capture 

fisheries and aquaculture for fish production at community level? (2) Are there spillover 

effects of changes in the production mix in one community on neighbouring communities? To 

investigate spillover effects, we modelled the connectedness of fishing communities, using a 

spatial regression model that incorporated the institutional boundaries and geographical 

closeness of each community. Japan’s fishing communities provide a useful context in which 

to address the research questions because of the extent of capture fisheries and aquaculture in 

the country’s coastal waters and the varying production mix across communities. Japan’s 

community-based resource management system has a long history, with local operational 

regulations such as input and output controls established and coordinated at community level 

by local fisheries cooperative associations (FCAs) or by fisheries management organisations 

(a more specialised autonomous body of fishers) (Yamamoto 1995; Makino and Matsuda 

2005; Uchida and Makino 2008; Makino 2011).  

 



44 
 

3.2. Data 

3.2.1. Data sources 

The data were retrieved from Japan’s Census of Fisheries for 2008 and 2013 (MAFF 2018). 

This census is conducted every five years by the Ministry of Agriculture, Forestry and 

Fisheries (MAFF) to collect the information required for promotion of fisheries management. 

The census comprises three surveys: (1) a marine fisheries survey, which targets fishing 

operators in coastal districts, associated fisheries management authorities, and fishery 

cooperatives; (2) an inland water fisheries survey, which targets operators of inland water 

fisheries, associated management authorities, and fishery cooperatives; and (3) a distribution 

and processing survey, which targets fisheries markets, cold storage and refrigeration plants, 

and processing plants.  

The published census data are reported at fishing community level (gyogyo-chiku), which is 

the geographical district of a municipality where fisheries are conducted within a common 

socioeconomic environment (MAFF 2018). In 2008 and 2013, census data referred to 2,186 

and 2,190 fishing communities, respectively.9 It is important to note that, during the sample 

period, there was the Great East Japan Earthquake in March 2011. The earthquake and 

subsequent tsunami struck Japan’s northeast region (Tohoku) and made devastating impacts 

on the structure of fishing communities in the region (Table 3.1). For example, the number of 

fishers10 in the region decreased by 36 per cent from 21,680 in 2008 to 13,620 in 2013, 

resulting in a substantial restructuring of fishing communities there (MAFF 2018). Among 

 
9 This should not be interpreted as the increased number of fishing communities over the five years. The number 
of fishing communities included in the census data is affected by a number of factors, such as mergers, splits as 
well as how fishing communities are defined in particular regions. To avoid these issues, we use a balanced panel 
data set, which is constructed based on the name and parent municipality of fishing communities.    
10 A fisher (gyogyo-shugyosha) is defined as a person who is over the age of 15 and engaged in fishing activities 
for over 30 days in the past one year (MAFF 2018). 
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the four prefectures (Iwate, Miyagi, Hukushima and Ibaraki), which were most struck by the 

earthquake, over 60 per cent of fishing facilities were destroyed (FA 2011). 

   

Table 3.1. Comparison in the characteristics of fishing communities in the tsunami-affected 
areas (i.e., Iwate, Miyagi, Hukushima, Ibaraki) before and after the 2011 Great East Japan 
Earthquake 

Variable Unit 2008 2013 

Number of fishers 10 persons 2,168 1,362 

Number of 
aquaculture entities 10 entities 820 400 

Number of coastal 
fishing entities 10 entities 514 349 

Aquaculture intensity % 61 49 

Number of vessels 
less than ten tonnes 10 vessels 1,736 1,014 

Ratio of fishers 
over 50 years old % 74 77 

Fishery cooperatives 1 Unit 30 42 

Production 
cooperatives 1 Unit 7 21 

 

To construct a balanced panel, the names of fishing communities and their municipalities 

were first used to match census data from 2008 and 2013. The data cleaning process removed 

46 inland fishing communities, eight communities in undefined districts, and 210 

communities that did not appear in both censuses. The process yielded balanced panel data 

from 2008 and 2013 for1,922 fishing communities. In addition to the census data, the Google 

Maps application program interface (API) was used to determine the geographical 

coordinates of each fishing community (see Figure 3.1). These coordinates were then used to 

construct a spatial weights matrix (see Section 3.3). 
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(a) Coastal fisheries in 2008 (b) Aquaculture in 2008 

  
(c) Coastal fisheries in 2013 (d) Aquaculture in 2013 

  
 
Figure 3.1. Locations of fishing communities operating coastal fisheries (a, c) and 
aquaculture (b, d) in 2008 and 2013. 
 

 

3.2.2. Variables and data description 

The census data provide no information about the quantities of fish caught or produced by 

aquaculture; instead, the extent of production in each fishing community is measured in terms 

of the number of entities operating each type of fishery. A fishing entity is defined as “a 

household or business body that, for the purpose of earning a living or for a profit, engaged in 

acquiring fish and aquatic plants from the sea or conducting marine aquaculture to be sold in 
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the past one year” (MAFF 2018); those entities engaged in fisheries or aquaculture for less 

than 30 days in the previous year are excluded from the survey. About 95 per cent of fishing 

entities in Japan are privately owned and managed at household level, and more than 85 per 

cent of fishers operate near coastal waters within a day (MAFF 2018). Access to coastal 

resources, including fishing grounds and aquaculture areas, is restricted by fishing rights 

(gyogyo-ken), which are granted by prefectural governors to local FCAs responsible for the 

coordination of individual fishing operators. The three categories of fishing rights are based 

on the type of operation: common and large set-net fishing rights, aquaculture permits, and 

demarcated fishing rights (Makino 2011; FA 2018). The fishing rights are regarded as the use 

or access rights to exclusively exploit fishery resources by using a specific fishing method or 

accessing the designated aquaculture area (Cancino et al. 2007; Wilen et al. 2012), but 

individuals cannot privatise or trade areas of the sea surface.  

Table 3.2 presents a list of variables of each year and descriptive statistics. On average, each 

fishing community comprises 110 and 90 fishers in 2008 and 2013, respectively; the average 

number of aquaculture entities is 15 in 2008 and 11 in 2013, and the average number of 

coastal fisheries in 2008 is 45 while 37 coastal fisheries averagely operated in a fishing 

community in 2013.11 The vessels less than ten tonnes operating coastal waters of a fishing 

community is 9 in 2008 and 7 in 2013. Other variables (i.e., Aquaculture intensity and ratio of 

fishers over 50 years old) are moderate changes between 2008 and 2013 (Table 3.2).  Across 

fishing communities, there is substantial variation in the number of fishers and in the number 

of entities (i.e. between-variation), but variation across time (i.e. within-variation) is 

relatively small. Overall, between-variation is three to five times greater than within-variation 

(Table 3.2).     

 
11 Coastal capture fisheries are defined as those conducted without fishing vessels or by non-powered vessels, by 
vessels with an outboard motor, or by set-net vessels of less than 10 tonnes. 
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Table 3.2. Characteristics of Japanese fishing communities, 2008 and 2013 

Variables Unit Year Mean Median Min. Max. Std. 
Dev. 

Number of fishers  10 
persons 

2008 11.11 6.8 0.2 122.4 12.85 
2013 9.08 5.45 0 110.40 11.16 

Pooled 10.09 6.1 0 122.4 
12.07 

(11.88) 
[2.18] 

Number of 
aquaculture entities 

10 
entities 

2008 1.46 0.20 0 48.10 3.84 
2013 1.10 0.1 0 34.40 2.73 

Polled 1.28 0.1 0 48.1 
3.34 

(3.21) 
[0.90] 

Number of coastal 
fishing entities  

10 
entities 

2008 4.51 3.10 0 49.70 4.79 
2013 3.74 2.60 0 47.50 4.07 

Pooled 4.12 2.8 0 49.7 
4.46 

(4.38) 
[0.83] 

Aquaculture 
intensity % 

2008 20.37 3.92 0 214.29 33.51 
2013 19.66 3.85 0 258.82 32.85 

Pooled 20.01 3.85 0 258.82 
33.18 

(32.23) 
[7.89] 

Number of vessels 
less than ten tonnes 

10 
vessels 

2008 8.87 5.70 0 93.70 10.03 
2013 7.28 4.70 0 82.00 8.44 

Pooled 8.08 5.2 0 93.7 
9.30 

(9.14) 
[1.75] 

Ratio of fishers 
over 50 years old % 

2008 75.31 76.67 21.05 100.00 14.49 
2013 75.60 77.32 20.00 100.00 15.23 

75.46 76.94 20 100 100.00 
14.87 

(14.04) 
[4.88] 

Fishery 
cooperatives Dummy 

2008 0.10 0 0 1 0.30 
2013 0.10 0 0 1 0.30 

Pooled 0.10 0 0 1 
0.30 

(0.28) 
[0.11] 

Production 
cooperatives Dummy 

2008 0.04 0 0 1 0.19 
2013 0.04 0 0 1 0.20 

Pooled 0.04 0 0 1 
0.20 

(0.19) 
[0.07] 

Year2013 Dummy 

2008 0 0 0 0 0 
2013 1 1 1 1 0 

Pooled 0.5 0.5 0 1 
0.50 

(0.00) 
[0.50] 

Interaction variable 
(Year2013 × 
Tsunami affected 
areas) 

Dummy 

2008 0 0 0 0 0 
2013 0.06 0 0 1 0.24 

Pooled 0.03 0 0 1 
0.17 

(0.12) 
[0.12] 

Note: Entities are defined as households or business bodies that engaged in acquiring fish and aquatic 
plants or conducting commercial marine aquaculture for the purpose of earning a living or to profit 
from the sea in the previous year. In the standard deviations column, non-parenthetical values refer to 
overall variation; values in round parentheses refer to variation across individual fishing communities 
(between-variation); and values in square parentheses refer to variation over time (i.e., within-
variation). 
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Given the substantial between-variation in the number of entities and fishers, cross-sectional 

comparison at community level may not be appropriate. For that reason, we calculated the 

intensity of aquaculture for each community. According to the census, the different types of 

aquaculture can be categorised into four major groups: i) finfish; ii) molluscs and 

crustaceans; iii) seaweed; and iv) pearls.12 The intensity of aquaculture in fishing community 

i in year t is defined as the ratio of the number of aquaculture operating entities (of any type) 

to the total number of fishing entities in the community—that is:  

Number of aquaculture operating entitiesAquaculture intensity
Total number of entities

it
it

it

=    (1) 

While the total types of aquaculture are four, aquaculture intensity takes a value greater than 

zero and is unbounded upward because the same entity may operate multiple types of 

aquaculture, and one entity may produce different species within one type of aquaculture. For 

example, the numerator of equation (1) is five if one aquaculture entity operates three finfish 

and two seaweed aquaculture farms. Mean aquaculture intensity is 20 per cent, and median 

intensity is 4 per cent (Table 3.2), which suggests that a large proportion of fishing 

communities in Japan have relatively few aquaculture entities as compared to coastal fishing 

entities. For example, while about 40 per cent of fishing communities have no aquaculture 

operations, the proportion of fishing communities with no coastal fisheries is less than 2 per 

cent. This also reflects the wider spread of fishing communities operating coastal capture 

fisheries around the country’s coastal regions; in contrast, fishing communities with 

aquaculture operations are relatively more concentrated in the southwest and northeast (see 

Figure 3.1).  

 
12 Major finfish aquaculture species include silver salmon, yellowtail, sea bream, bastard halibut, and tuna. Major 
mollusc and crustacean aquaculture species include oyster, scallop, kuruma prawn and sea squirt (MAFF 2018). 
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The other variables collected for this study are: number of vessels less than ten tonnes, ratio 

of fishers over 50 years old, and the presence of headquarters or branch offices of fishery and 

production cooperative in a fishing community. The average number of vessels for coastal 

fisheries is 80 per community. Around 75 per cent of fishers are older than 50 years, 

reflecting the aging population of Japanese fishing communities. Headquarters or branch 

offices of fishery or production cooperatives are found in only 10 and 4 per cent, respectively, 

of fishing communities. To address the research questions, the study investigated whether 

change in number and intensity of aquaculture entities is associated with change in number of 

coastal fishing entities, and whether such changes have any spillover effect on neighbouring 

communities. To this end, the regression analysis used aquaculture intensity and number of 

aquaculture entities as the respective dependent variables. 

 

3.3. Spatial regression model 

3.3.1. Spatial weights matrix 

In spatial regression models, dependency between neighbouring communities is modelled as 

a spatial weights matrix to determine which fishing communities are considered neighbours. 

The spatial weights matrix is not estimated but specified prior to estimation. The two forms 

of spatial weights matrix used in this study refer to institutional boundaries and geographical 

distance.  

The spatial weights matrix of institutional boundaries was constructed using block weights 

(Anselin and Rey 2014), where all units in the same block are considered neighbours. For 

present purposes, fishing communities in the same municipality were considered to be in the 

same block.13 The institutional spatial weights matrix, therefore, reflects the institutional 

 
13 An alternative way to define institutional boundaries is to use FCAs which are responsible for the management 
of fishing rights (granted by prefectural governments) as well as for the coordination of local fishing operations 
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environment of the Japanese fishing communities, in which the boundaries of each fishing 

community and local FCAs are established at municipality level (Yamamoto 1995; Uchida 

and Makino 2008).  

More specifically, let Cm denote a set of fishing communities in municipality m, where 

m=1,…,M and M is the total number of municipalities in the sample. The spatial weights 

matrix of institutional boundaries is then expressed as 

1    if   ,  and 
0    if   ,  or 

mI
ij

m

i j C i j
w

i j C i j
∈ ≠

=  ∉ =
    (2) 

where I
ijw  is the institutional spatial weight that determines whether fishing communities i 

and j are neighbours. The spatial weight I
ijw  takes a value of one if fishing communities i and 

j are located in the same municipality (i.e. ,  and mi j C i j∈ ≠ ) or otherwise zero.  

The spatial weights matrix of geographical distance was based on Euclidean distance from 

the centroid of each fishing community. Unlike the institutional spatial weights, this matrix 

captures the informal connectedness of neighbouring fishing communities which may share 

the same geographical features. Spatial weights for geographical distance are not shown in 

binary form; instead, it is assumed that the spatial dependence between one fishing 

community and another is negatively related to the distance between the two communities 

(Anselin 1988); that is,  

1     if    and 

0         if    or 
ij ijG

ij
ij

d d d i j
w

d d i j

− ≤ ≠= 
> =

    (3) 

 
(Makino 2011; FA 2018). The census data, however, does not include information about which fishing 
communities are the responsibility of which FCAs. Moerover, the institutional structure of FCAs varies among 
prefectures.  
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where G
ijw  is the geographical spatial weights of communities i and j, dij is the Euclidean 

distance (in km) from the centroid of each fishing community; and d  is the maximum 

distance identifying communities i and j as neighbours (i.e. distance limit). Three different 

values of {10,50,100}d ∈  were set to assess whether the results were sensitive to change in 

extent of neighbouring communities. 

The elements of both spatial weights matrices were row-standardised such that 

ij ij ij
j

w w wς ς ς= ∑        (4) 

where ,I Gξ =  and 1ijj
wς =∑  . 

Table 3.3 shows summary statistics for the spatial weights matrices. For the institutional 

spatial weights, the total number of links between neighbours is 12,852, and the mean 

number of links is 6.69 per community. For the 10 km geographical spatial weights, the total 

and mean number of links are 9,260 and 4.82, respectively. The difference between 

institutional and 10 km-geographical spatial weights is moderate, with a correlation 

coefficient of 0.76. The number of links increases with distance limit as the connectedness of 

two communities is extended.  

Table 3.3. Number of linked neighbours in the institutional and geographical spatial weights 
matrix (1,922 × 1,922).  

 
Institutional weights  

Geographical weights  

 10 km 50 km 100 km 

Total number of links 12,852 9,260 88,850 231,556 
Mean 6.69 4.82 46.22 120.48 
Median 4 4 41 121 
Minimum 0 0 0 0 
Maximum 28 26 129 255 
Standard deviation 6.92 3.94 28.73 68.65 
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3.3.2. Testing for spatial dependence 

Prior to the regression analyses, we tested for global spatial autocorrelation in the dependent 

variables (i.e. number of aquaculture entities and aquaculture intensity) using Moran’s I 

statistic (Anselin 1988; Getis and Ord 2010; Anselin and Rey 2014), in which 

( )( )
( )

1 1
2

1 1 1

n n
ij it jti j

t n n n
ij iti j i

w y y y ynI
w y y

ξ

ξ

= =

= = =

− −
=

−

∑ ∑
∑ ∑ ∑

    (5)  

where n  is the total number of fishing communities in the sample; yit is the dependent 

variable for community i and y  is the mean of yit for year t. Moran’s I statistic ranges from  

-1 to 1; the greater the value of I, the higher the spatial association between neighbouring 

communities for the variable yit. 

 

3.3.3. Spatial Durbin model with panel data 

For the regression analysis, we used a spatial Durbin model (SDM), which includes spatial 

lag in both the dependent and explanatory variables (Anselin 1988). The main advantage of 

SDM over other models (such as the spatial error model or the spatial autoregressive model) 

is that SDM does not impose prior restrictions on the magnitude of spatial effects. In this 

way, SDM produces unbiased estimates, regardless of whether the true data-generating 

process is a spatial lag or spatial error model (LeSage and Pace 2009). Here, the SDM is 

expressed as 

1 1

n n

it ij jt it ij jt i it
j j

y w y w cξ ξρ µ ε
= =

= + + + + +∑ ∑x β x θ      (6) 

The dependent variable yit refers either to aquaculture intensity or number of aquaculture 

operating entities in fishing community i at year t. On the right-hand side of the equation, xit 

is a 1 × k vector of explanatory variables for community i at year t; β is a k × 1 vector of the 
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corresponding coefficients; c is a constant term; μi is community fixed effects; and itε  is a 

normally distributed error term for i and t with mean zero and variance 2
εσ . In equation (6), 

spatial dependence between neighbouring fishing communities is incorporated in two terms: 

ρ, referring to spatial lag of the dependent variable, and θ, which is a k × 1 vector of spatial 

lags of the explanatory variables.  

The conventional spatial lag model ( it ij jt it i itj
y w y cξρ µ ε= + + + +∑ x β ) and spatial error 

model ( it it i ity c µ ν= + + +x β  where it ij jt itj
wξν λ ν ε= +∑  ) can be retained when θ = 0 and θ 

= - ρβ, respectively. Equation (6) only incorporates community fixed effects (μi) because the 

data included a large number of cross-sectional units (1,922 communities) and small temporal 

units (2008 and 2013). A Hausman specification test (Sugawara and Nikaido 2014) rejected 

the random effects model in favour of the fixed effects model (p < 0.02) for all types of 

spatial weight considered here. We also compared the SDM estimation results with ordinary 

least square (OLS) results and the conventional fixed effects model, which do not incorporate 

spatial dependence in the data (see section 3.4.3).   

 

3.3.4. Interpretation 

Quantitative interpretation of the spatial coefficients ρ and θ is not straightforward, as they 

contain rich but complicated information about relationships between variables for one 

location and its neighbours (LeSage and Pace 2009; Elhorst 2010). For example, based on 

Equation (4) ( it jt ijy y wξρ∂ ∂ =   and 1ijj
wξ =∑  ), the coefficient for the spatially lagged 

dependent variable is derived as 

1

n
it

j jt

y
y

ρ
=

∂
=

∂∑        (7) 
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representing a change in the dependent variable in fishing community i for the sum of a one-

unit change in the dependent variable for all neighbouring communities ceteris paribus. 

Moreover, it is not meaningful to directly interpret the spatial coefficients of explanatory 

variables (θ) because a change in the explanatory variable for one community may affect the 

community itself (i.e. direct effects), as well as the neighbouring communities (i.e. spillover 

effects). For that reason, these direct and spillover effects need to be distinguished when 

interpreting the estimates. Following LeSage and Pace (2009), we calculated the direct, 

spillover, and total effects of a change in the explanatory variables. Using the matrix form of 

the SDM in Equation (6) ( 1( ( )ρ −= × + + + +Y Ι - W) Xβ WXθ c μ ε ), the direct effect (DE) of 

a one-unit change in the explanatory variable k is given as: 

{ }1( ) ( )k kDE
δ

ρ β θ−= − × +I W I W      (8) 

where δ  is the operator that calculates the mean diagonal element of the matrix; W  is the n 

× n spatial weights matrix; and I  is the n-dimensional identify matrix. Similarly, the spillover 

effect (SE) is given as: 

{ }1( ) ( )
rsum

k kSE ρ β θ−= − × +I W I W                (9) 

where rsum  is the operator that calculates the mean row sum of the non-diagonal elements. 

The total effect is the sum of direct and spillover effects. 

 

3.4. Results 

3.4.1. Changes in the number of fishing entities in Japan 

Over the five-year period 2008–2013, there was a consistent fall in the overall number of 

fishers and in the number of entities in both coastal fisheries and aquaculture (see Figure 3.2). 

The number of fishers in Japanese fishing communities decreased by 18 per cent in this 
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period, from 213,541 to 174,441. The number of entities in coastal fisheries also decreased 

but at a lower rate (17 per cent) than in aquaculture (24 per cent). The negative trend in the 

number of aquaculture entities applied to all four types of aquaculture. The largest decrease in 

aquaculture entities was for molluscs and crustaceans (30 per cent) and pearl aquaculture (31 

per cent); seaweed aquaculture showed the smallest decrease (19 per cent). While the number 

of aquaculture entities decreased in absolute terms, the relative share for each aquaculture 

type remained almost the same; in both 2008 and 2013, seaweed aquaculture had the largest 

share (45–48 per cent), followed by molluscs and crustaceans (34–37 per cent) and finfish 

(12 per cent).  

Although the number of entities in both aquaculture and coastal fisheries showed a negative 

trend at national level, the extent of these changes varied across communities and regions. 

From 2008 to 2013, about 81 per cent of communities showed a decline in total number of 

entities while other communities either increased (14 per cent) or remained the same (5 per 

cent) (see Figure 3.3). Among communities that exhibited a change in the number of entities, 

decrease was greater than increase. For example, while more than 30 per cent of communities 

experienced a 25 per cent decrease in the total number of entities, less than 5 per cent of 

communities saw an equivalent increase. In some communities, the total number of fishing 

entities increased by 50 per cent, but this applied to less than 1 per cent. In contrast. about 5 

per cent of communities experienced a 50 per cent decrease in total number of fishing 

entities.  
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(a) Number of fishers and entities at national level in 2008 and 2013 

 
 
 
 

(b) Percentage of aquaculture types, 2008 and 2013 

 
Figure 3.2. National level characteristics of fishing communities in 2008 and 2013. Panel (a):  
the number of fishers, aquaculture and coastal fishing entities. Panel (b): percentage of each 
type of aquaculture entities. 

 

 



58 
 

 
Figure 3.3. Cumulative distribution of difference in number of fishing entities per community 
between 2013 and 2008.  

 

Although the total number of aquaculture entities in Japan decreased by 24 per cent (Figure 

3.2), 21 per cent of communities exhibited an increase in the number of aquaculture entities 

(Figure 3.4). In particular, 26-28 per cent of communities experienced an increase in the 

number of seaweeds, molluscs and crustaceans aquaculture entities. The proportion of 

communities that exhibited an increase in both aquaculture and coastal fisheries entities was 

around 20 per cent. However, the proportion of communities where the number of coastal 

fishing entities decreased was greater than that for aquaculture (75 per cent versus 64 per 

cent). This is also reflected in the unchanged number of aquaculture entities in 15 per cent of 

communities while only 5 per cent of communities maintained the same number of coastal 

fishing entities.  
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Figure 3.4. Proportion of fishing communities with increased, unchanged, or decreased 
number of coastal fishing and aquaculture entities and its types, 2008 to 2013 

 

3.4.2. Spatial autocorrelation in aquaculture 

Table 3.4 shows Moran’s I statistics for number and intensity of aquaculture entities for each 

of the spatial weights used here. All statistics are positive and significant, indicating that 

intensity and number of aquaculture entities in a community are positively associated with 

those measures in neighbouring communities. No significant difference was found between 

Moran’s I statistics for institutional and 10 km geographical spatial weights. The Moran’s I 

statistics, however, decrease with an increase in the distance limit of the geographical spatial 

weights from 10 km to 50 or 100 km as the extent of neighbourhood connections expanded. 

Regardless of spatial weights used, Moran’s I statistics for both number and intensity of 

aquaculture entities were lower in 2008 than in 2013, suggesting that the connectedness of 

neighbouring communities in terms of aquaculture operations weakened over that five-year 

period.  
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Figure 3.5 shows the location of fishing communities in which a positive spatial 

autocorrelation was observed.14 For example, the red points in panel (a) represent 

communities where the number of aquaculture entities exceeded the national mean, where 

their neighbours also exceeded the mean in the same year. The blue points in the same figure 

represent communities where the number of aquaculture entities fell below the national mean, 

and the average of neighbouring communities was also below the mean. It is clear that 

communities with high and low levels of aquaculture operations are not randomly dispersed 

across the country. For example, communities with a high number of aquaculture entities are 

concentrated in a spatial cluster in northern Japan while those with a low number of 

aquaculture entities are scattered across the country. This spatial pattern is largely the same 

for aquaculture intensity between the years 2008 and 2013. 

 

Table 3.4. Moran’s I statistics for spatial autocorrelation by number of aquaculture entities 
and aquaculture intensity  
 

(a) 2008 
Institutional 

weights  
Geographical weights  

10 km 50 km 100 km 
Number of aquaculture 
entities 

0.59*** 
(0.02) 

0.50*** 
(0.02) 

0.43*** 
(0.01) 

0.37*** 
(0.01) 

Aquaculture intensity 
0.54*** 
(0.02) 

0.53*** 
(0.02) 

0.46*** 
(0.01) 

0.37*** 
(0.01) 

(b) 2013 
Institutional 

weights  
Geographical weights  

10 km 50 km 100 km 
Number of aquaculture 
entities  

0.40*** 
(0.02) 

0.36*** 
(0.02) 

0.32*** 
(0.01) 

0.25*** 
(0.01) 

Aquaculture intensity 
0.44*** 
(0.02) 

0.45*** 
(0.02) 

0.39*** 
(0.01) 

0.31*** 
(0.01) 

Note: Values in parentheses refer to standard error. *** 1% level; ** 5% level; * 10% level. 

 

 
14 The spatial autocorrelation was calculated on the basis of institutional spatial weights. The clustering pattern 
was not significantly impacted when using geographical spatial weights. 
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(a) Number of aquaculture entities in 2008 (b) Aquaculture intensity in 2008 

  
(c) Number of aquaculture entities in 2013 (d) Aquaculture intensity in 2013 

  
 

Figure 3.5. Spatial autocorrelation of aquaculture entities (a, c) and aquaculture intensity (b, 
d) in 2008 and 2013, based on Moran’s I statistics with institutional spatial weights. Red dots 
represent fishing communities where own and neighbours’ values are above the national 
mean; blue dots represent fishing communities where own and neighbours’ values are below 
the national mean.  
 
 

 

 



62 
 

 

3.4.3. Direct and spillover effects 

Tables 3.5 and 3.6 show the results of the SDM in Equation (6), along with the results of OLS 

and non-spatial fixed effects models for comparison. According to the Akaike Information 

Criterion (AIC), the SDM with the institutional spatial weights is the best model while OLS 

is the worst, indicating that there is substantial information loss when either the panel or 

spatial structure of the data is ignored. Log-likelihood ratio tests were also performed to test 

the null hypothesis that the spatial coefficients ρ and θ were not jointly significant. The null 

hypothesis was rejected for all spatial weights (p < 0.0001), confirming the SDM as the 

preferred model rather than the non-spatial fixed effects model. 

The regression shows a positive association between neighbouring fishing communities in 

terms of number of aquaculture entities (Table 3.5), as well as for aquaculture intensity (Table 

3.6). This result is consistent with the spatial autocorrelation of these variables in Table 3.4. 

The spatial coefficient ρ is greater for institutional spatial weights than for 10 km 

geographical weights. While ρ also increases with increased distance limit for geographical 

spatial weights, this may simply reflect the increase in neighbouring links with increased 

distance limit for geographical spatial weights (see Equation (7)). 
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Table 3.5. Regression results for OLS, fixed effect, and spatial Durbin model with both 
spatial and time fixed effects by number of aquaculture entities 
  

OLS Fixed 
effects 

Spatial Durbin model 

 Institutional 
weights  

Geographical weights  
  10 km 50 km 100 km 

Number of fishers 0.12*** 0.08*** 0.08*** 0.07*** 0.06*** 0.06*** 
(0.02) (0.03) (0.02) (0.02) (0.02) (0.02) 

Number of coastal 
fishing entities 

-0.54*** -0.55*** -0.46*** -0.46*** -0.46*** -0.45*** 
(0.03) (0.09) (0.09) (0.09) (0.09) (0.09) 

Number of vessels 
less than ten tonnes 

0.28*** 0.34*** 0.29*** 0.30*** 0.28*** 0.29*** 
(0.02) (0.06) (0.06) (0.06) (0.06) (0.06) 

Ratio of fishers over 
50 years old 

0.02*** 0.01** 0.01* 0.01** 0.003 0.003 
(0.00) (0.00) (0.003) (0.003) (0.003) (0.003) 

Fishery cooperatives 0.37* -0.19 -0.30 -0.24 -0.21 -0.22 
(0.19) (0.24) (0.21) (0.23) (0.20) (0.20) 

Production 
cooperatives 

-0.27 -0.71 -0.19 -0.21 -0.68 -0.69 
(0.30) (0.68) (0.45) (0.58) (0.59) (0.58) 

Year2013 -0.15*** 0.04 0 0 0 0 
(0.06) (0.04) (omitted) (omitted) (omitted) (omitted) 

Interaction variable 
(Year2013 × 
Tsunami affected 
areas) 

1.19*** -1.60*** -0.78* -1.20** -1.27 -1.08 

(0.29) (0.25) (0.41) (0.48) (1.00) (1.01) 

Spatial lag       
Number of 
aquaculture entities 

  0.36*** 0.26*** 0.50*** 0.61*** 
  (0.06) (0.04) (0.06) (0.07) 

Number of fishers 
  -0.002 0.03 0.04 0.05 
  (0.04) (0.02) (0.03) (0.03) 

Number of coastal 
fishing entities 

  -0.004 -0.01 -0.02 0.01 
  (0.07) (0.06) (0.09) (0.10) 

Number of vessels 
less than ten tonnes 

  -0.05 0.01 -0.03 -0.05 
(0.05) (0.03) (0.04) (0.05) 

Ratio of fishers over 
50 years old 

  0.004 0.004 -0.005 0.01 
(0.004) (0.003) (0.005) (0.01) 

Fishery cooperatives   0.86** 0.41 0.14 0.39 
(0.44) (0.46) (0.48) (0.62) 

Production 
cooperatives 

  -1.53 -1.37 -0.09 0.11 
  (1.22) (0.92) (1.34) (1.88) 

Year2013   -0.17** 0.10 -0.09 -0.13* 
  (0.07) (0.11) (0.06) (0.07) 

Interaction variable 
(Year2013 × 
Tsunami affected 
areas) 

  -0.11 0.47 1.00 1.06 

  (0.52) (0.53) (0.96) (1.01) 

Log-likelihood -8,051 -3,422 -3,072 -3,184 -3,102 -3,092 
R2 (overall) 0.653 0.619 0.625 0.620 0.629 0.611 
AIC 16,120 6,860 6,177 6,402 6,238 6,218 
Number of pooled 
observations 3,844 3,844 3,844 3,844 3,844 3,844 

Number of fishing 
communities 1,922 1,922 1,922 1,922 1,922 1,922 

Note: Values in parentheses refer to robust standard error. *** 1% level; ** 5% level; * 10% level. 
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Table 3.6. Regression results for OLS, fixed effect, and spatial Durbin model with both 
spatial and time fixed effects by aquaculture intensity  
  

OLS Fixed 
effects 

Spatial Durbin model 

 Institutional 
weights  

Geographical weights  
  10 km 50 km 100 km 

Number of fishers 0.39*** 0.33* 0.33** 0.27 0.24 0.24 
(0.12) (0.19) (0.17) (0.17) (0.17) (0.17) 

Number of coastal 
fishing entities 

-5.16*** -4.24*** -3.53*** -4.08*** -4.04*** -3.90*** 
(0.33) (0.65) (0.55) (0.62) (0.60) (0.59) 

Number of vessels 
less than ten tonnes 

2.29*** 1.14*** 0.82*** 1.03*** 1.00*** 0.95*** 
(0.21) (0.34) (0.30) (0.34) (0.37) (0.37) 

Ratio of fishers over 
50 years old 

-0.08** -0.03 -0.03 -0.02 -0.04 -0.04 
(0.03) (0.04) (0.04) (0.04) (0.04) (0.04) 

Fishery cooperatives -1.34 2.92 2.24 2.38 2.29 2.17 
(1.57) (2.27) (2.12) (2.19) (2.03) (1.96) 

Production 
cooperatives 

-3.99 -3.25 -3.03 -2.90 -5.36 -5.58 
(2.51) (4.86) (3.22) (4.39) (4.21) (4.15) 

Year2013 -1.67** -0.99** 0 0 0 0 
(0.85) (0.43) (omitted) (omitted) (omitted) (omitted) 

Interaction variable 
(Year2013 × 
Tsunami affected 
areas) 

23.92*** -7.44*** -4.24 -5.48 -12.72 -8.41 

(4.35) (2.91) (5.62) (4.15) (9.00) (9.51) 

Spatial lag       
Aquaculture 
intensity 

  0.22*** 0.11** 0.26*** 0.33*** 
  (0.04) (0.05) (0.07) (0.08) 

Number of fishers 
  -0.17 0.13 0.29 0.21 
  (0.31) (0.30) (0.22) (0.27) 

Number of coastal 
fishing entities 
fisheries 

  
-1.14 0.27 -0.34 -0.81 

(0.75) (0.83) (0.92) (1.15) 

Number of vessels 
less than ten tonnes 

  0.59 0.26 0.16 0.54 
(0.36) (0.40) (0.53) (0.70) 

Ratio of fishers over 
50 years old 

  0.02 0.005 0.10 0.12 
(0.06) (0.06) (0.08) (0.10) 

Fishery cooperatives   6.12 5.27 8.83 12.52 
(4.52) (4.23) (6.30) (7.73) 

Production 
cooperatives 

  4.98 -0.67 15.01 22.00 
  (11.50) (8.15) (14.79) (22.29) 

Year2013   -1.17 1.88** -0.91 -1.48 
  (0.87) (0.89) (0.88) (1.01) 

Interaction variable 
(Year2013 × 
Tsunami affected 
areas) 

  -2.27 0.03 7.08 2.89 

  (6.22) (4.38) (8.96) (10.38) 

Log-likelihood -18,063 -13,091 -12,990 -13,063 -13,041 -13,034 
R2 (overall) 0.358 0.268 0.292 0.2961 0.328 0.350 
AIC 36,145 26,199 26,014 26,160 26,116 26,102 
Number of pooled 
observations 3,844 3,844 3,844 3,844 3,844 3,844 

Number of fishing 
communities 1,922 1,922 1,922 1,922 1,922 1,922 

Note: Values in parentheses refer to robust standard error. *** 1% level; ** 5% level; * 10% level. 
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Tables 3.7 and 3.8 show the estimated direct, spillover, and total effects of changes in an 

explanatory variable. Regardless of the dependent variable, the direct effect of change in the 

number of coastal fishing entities is significant and negative, suggesting that an increase in 

the number of coastal fishing entities is associated with a decrease in both the number and 

intensity of aquaculture entities within a community. This result is consistent for all models 

considered here. The spillover effects of an increased number of coastal fishing entities are 

also negative for the number of aquaculture entities for spatial weights of all types. However, 

the spillover effect on aquaculture intensity is significant only for institutional spatial 

weights. 

 The positive direct effect of number of fishers on number of aquaculture entities means that 

an increased number of fishers also increases the number of aquaculture entities within that 

community. However, this positive direct effect is only observed for institutional or 10 km 

geographical weights. The spillover effect of an increasing number of fishers also depends on 

the dependent variable; for example, an increase in the number of fishers in one community 

increases the number of aquaculture entities in geographically neighbouring communities, but 

there are no such spillover effects on aquaculture intensity. Similarly, the positive direct effect 

of ration of elderly fishers on the number of aquaculture entities means that an increased ratio 

of elderly fishers also increases the number of aquaculture entities within the community. 

However, this positive direct effect is only observed for institutional or 10 km geographical 

weights. 
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Table 3.7. Estimation of direct, spillover, and total effects by number of aquaculture entities 

  Direct effects Spillover effects Total effects 

 

Institutio
nal 

weights  
Geographical weights  

Institutio
nal 

weights  
Geographical weights  

Institutio
nal 

weights  
Geographical weights  

   10 km 50 km 100 km  10 km 50 km 100 km  10 km 50 km 100 km 

Number of fishers 
0.09*** 0.08*** 0.07*** 0.07*** 0.04 0.05* 0.16** 0.25** 0.13*** 0.13*** 0.22** 0.32** 
(0.03) (0.03) (0.02) (0.02) (0.05) (0.03) (0.07) (0.13) (0.05) (0.05) (0.09) (0.14) 

Number of coastal 
fishing entities 

-0.48*** -0.48*** -0.48*** -0.47*** -0.21** -0.14** -0.51** -0.75* -0.62*** -0.62*** -0.99*** -1.22*** 
(0.09) (0.08) (0.09) (0.09) (0.10) (0,07) (0.22) (0.41) (0.10) (0.10) (0.26) (0.44) 

Number of vessels 
less than ten tonnes 

0.30*** 0.32*** 0.30*** 0.30*** 0.07 0.10*** 0.21** 0.32 0.41*** 0.41*** 0.51*** 0.62*** 
(0.06) (0.06) (0.06) (0.06) (0.06) (0.03) (0.09) (0.20) (0.06) (0.06) (0.11) (0.21) 

Ratio of fishers over 
50 years old 

0.006** 0.01** 0.004 0.003 0.01 0.01* 0.01 0.02 0.01** 0.01** 0.02 0.03 
(0.003) (0.003) (0.003) (0.003) (0.01) (0.004) (0.01) (0.02) (0.01) (0.01) (0.01) (0.02) 

Fishery cooperatives 
-0.20 -0.21 -0.21 -0.21 0.94* 0.39 0.06 0.75 0.18 0.18 -0.14 0.54 
(0.22) (0.24) (0.21) (0.21) (0.55) (0.52) (1.07) (2.01) (0.67) (0.68) (1.21) (2.14) 

Production 
cooperatives 

-0.36 -0.33 -0.69 -0.68 -1.87 -1.57 -0.55 -0.20 -1.89 -1.89 -1.24 -0.89 
(0.55) (0.60) (0.62) (0.61) (1.62) (1.10) (2.94) (5.51) (1.51) (1.51) (3.38) (5.88) 

Year 2013) 
-0.02** 0.01 -0.01 -0.01* -0.22** 0.11 -0.18 -0.34* 0.11 0.11 -0.19 -0.34* 
(0.01) (0.03) (0.004) (0.004) (0.09) (0.12) (0.13) (0.20) (0.13) (0.13) (0.13) (0.21) 

Interaction variable 
(Year2013 × 
Tsunami affected 
areas) 

-0.83** -1.21*** -1.29 -1.10 -0.51 0.20 0.74 1.03 -1.01*** -1.01*** -0.55 -0.08 

(0.37) (0.46) (0.95) (0.97) (0.50) (0.49) (0.91) (1.06) (0.28) (0.28) (0.35) (0.54) 

Note: Values in parentheses refer to robust standard error. *** 1% level; ** 5% level; * 10% level. Significance values and standard errors estimated by 100 
randomisation tests. 
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Table 3.8. Estimation of direct, spillover, and total effects by aquaculture intensity 

  Direct effects Spillover effects Total effects 

 

Institutio
nal 

weights  
Geographical weights  

Institutio
nal 

weights  
Geographical weights  

Institutio
nal 

weights  
Geographical weights  

   10 km 50 km 100 km  10 km 50 km 100 km  10 km 50 km 100 km 

Number of fishers 
0.34* 0.29 0.26 0.26 -0.08 0.19 0.53 0.52 0.25 0.47 0.79* 0.78 
(0.18) (0.18) (0.18) (0.18) (0.33) (0.31) (0.33) (0.48) (0.44) (0.45) (0.44) (0.58) 

Number of coastal 
fishing entities 

-3.69*** -4.13*** -4.12*** -3.98*** -2.02** -0.21 -1.99 -3.34 -5.72*** -4.33*** -6.11*** -7.32*** 
(0.56) (0.60) (0.59) (0.57) (0.85) (0.86) (1.46) (2.07) (1.09) (1.03) (1.64) (2.21) 

Number of vessels 
less than ten tonnes 

0.90*** 1.07*** 1.04*** 1.00*** 0.78** 0.36 0.54 1.27 1.68*** 1.43*** 1.58** 2.27** 
(0.29) (0.32) (0.35) (0.35) (0.39) (0.38) (0.70) (1.05) (0.55) (0.47) (0.74) (1.05) 

Ratio of fishers over 
50 years old 

-0.03 -0.02 -0.03 -0.04 0.02 0.01 0.13 0.18 -0.003 -0.01 0.09 0.14 
(0.04) (0.04) (0.04) (0.04) (0.07) (0.07) (0.11) (0.15) (0.08) (0.08) (0.11) (0.16) 

Fishery cooperatives 
2.68 2.60 2.54 2.43 6.77 5.38 12.55 19.98* 9.45* 7.96* 15.09* 22.41* 

(2.10) (2.11) (1.94) (1.87) (4.55) (3.80) (8.42) (11.83) (5.60) (4.78) (8.88) (12.30) 
Production 
cooperatives 

-2.57 -2.77 -4.85 -5.01 5.63 -0.06 20.99 34.45 3.06 -2.84 16.14 29.44 
(3.65) (4.51) (4.32) (4.22) (12.61) (8.29) (21.98) (37.85) (15.28) (11.56) (24.26) (39.55) 

Year2013 
-0.08 0.06 -0.03 -0.03 -1.26 1.84** -1.24 -2.22 -1.34 1.91** -1.26 -2.26 
(0.07) (0.05) (0.03) (0.04) (0.90) (0.81) (1.15) (1.51) (0.90) (0.83) (1.18) (1.54) 

Interaction variable 
(Year2013 × 
Tsunami affected 
areas) 

-4.48 -5.59 -12.94 -8.73 -3.36 -0.46 5.05 0.03 -7.80** -6.04** -7.89** -8.70* 

(5.27) (4.02) (8.60) (9.05) (5.49) (4.11) (8.84) (10.95) (3.43) (2.94) (3.66) (5.03) 

Note: Values in parentheses refer to robust standard error. *** 1% level; ** 5% level; * 10% level. Significance values and standard errors estimated by 100 
randomisation tests. 
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Number of vessels less than ten tonnes (i.e. small vessels) also has significant direct or 

spillover effects on the number and intensity of aquaculture entities. Regardless of spatial 

weight type, the direct effect of increasing the number of small vessels is significant and 

positive for both dependent variables. By contrast, the spillover effects of increasing the 

number of small vessels vary according to the dependent variable and type of spatial weight. 

More specifically, increasing the number of small vessels has a significant spillover effect on 

the number of aquaculture entities when 10 or 50 km geographical weights are used; for 

aquaculture intensity, however, such spillover effects are observed only when using 

institutional weights. 

As one would expect, there is a negative direct and total effects of the 2011 Great East Japan 

Earthquake on the number and intensity of aquaculture entities. There is no evidence that 

aquaculture operation is significantly associated with other explanatory variables, including 

presence of fishery or production cooperative offices, either within the community or in 

neighbouring communities.  

 

3.5. Discussion 

While the critical role of communities in fisheries management is well established in the 

literature (Ostrom 1990; Jentoft 2000; Bodin and Crona 2008; Gutierrez et al. 2011), 

community-level transitions between capture fisheries and aquaculture are not well 

understood. To address this knowledge gap, we retrieved community-level data from Japan’s 

Census of Fisheries to construct a panel data set of 1,922 fishing communities. We examined 

temporal changes in coastal fisheries and aquaculture fish production, focusing in particular 

on whether there is substitution between the two at community level, and whether changes in 

the production mix had any spillover effects on neighbouring communities.  
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Our results show that increased aquaculture intensity within a community is likely to occur in 

concert with a decrease in the number of coastal fishing entities within that community. This 

suggests that coastal fisheries and aquaculture act as substitute at community level. Possible 

explanations for the substitutional relationship between the two include changes in rules and 

regulations (Abbott et al. 2015; Reimer et al. 2017); depletion of wild-caught fish stocks 

(Kiyama and Yamazaki 2018); technological advances in aquaculture (Belton and Thilsted 

2014; Betcherman and Marschke 2016); institutional support for diversification of fishing 

communities (Allison et al. 2009; Cleaver et al. 2018); and climate change (Brander 2007; 

Cochrane et al. 2009). Changes in the production mix at community level may also reflect 

how most fishing entities in Japanese fishing communities are managed at household level, 

with local community members’ access to fishing grounds or aquaculture zones protected by 

the fishing rights system. These characteristics may help to reduce transaction costs for 

existing fishing entities when engaging in fisheries and aquaculture activities in nearshore 

coastal waters, and to changes in the production mix.   

The findings also highlight the effect of connectivity among neighbouring communities on 

the transition between coastal fisheries and aquaculture, as communities that experienced 

either an increase or decrease in aquaculture operations are clustered together rather than 

being randomly dispersed across the country. The regression also confirms that aquaculture 

intensity is more likely to increase in one community when the number of coastal fishing 

entities in neighbouring communities is declining. These results suggest that changes in a 

community’s production mix are not solely determined within the community but are also 

associated with changes in the production mix in other communities. Additionally, the 

influence of neighbourhood connections is more pronounced when community connectivity 

is estimated in terms of institutional boundaries rather than mere geographical proximity. This 

is consistent with how community-based resource management is implemented for nearshore 
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coastal resources in Japan. As local operational regulations and access to coastal resources 

such as fishing grounds and aquaculture areas are managed and coordinated by local FCAs, 

and one FCA may incorporate multiple communities as defined in the census data, those 

fishing communities can be said to operate within the same institutional and regulatory 

environment.   

While Japan exhibited an overall decline in the number of aquaculture entities from 2008 to 

2013, the number either increased or remained the same in about 35 per cent of fishing 

communities. As expected, our results confirm that when community size (i.e. number of 

fishers) increases, the number of aquaculture entities within that community also increases. 

Importantly, we also found that aquaculture intensity increases with increasing community size, 

suggesting that the expansion of aquaculture operations is proportionally greater than the 

increase in coastal fisheries operations. This result aligns with the global trend of rapid 

expansion in aquaculture production outpacing the increase in capture fisheries production 

(FAO 2018). Aquaculture expansion is also positively associated with the number of small 

vessels within a community (but not in neighbouring communities). These results may also 

reflect the fact that coastal fisheries and aquaculture in Japan’s coastal fishing communities are 

operated on an individual basis, and the same vessels are often used for fisheries and 

aquaculture in nearshore coastal waters.  

Overall, our results confirm community-level interactions between coastal fisheries and 

aquaculture. The dramatic expansion of aquaculture’s productive capacity over the last two 

decades has contributed to a rapid increase in its share of global fish production. This 

transition in production mix has significant implications for many coastal communities 

around the world in terms of the efficient and sustainable use of coastal resources and for 

minimising potential conflicts between groups of resource users. Community-based resource 

management systems are used globally to coordinate community members’ fisheries and 
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aquaculture activities (Ostrom 1990; Pomeroy 1995; Ostrom 2009; Basurto et al. 2013; 

Hoshino et al. 2017), so that these findings may also provide useful insights into transitional 

fish production in coastal communities elsewhere. However, some of these results are likely 

to relate specifically to the history and institutional characteristics of Japanese fishing 

communities, and caution must therefore be applied in generalising to other regions.     
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Chapter 4: Effects of sea surface temperature, aging populations 
and market accessibility in a Japanese small-scale 
fishery 

 

4.1. Introduction 

The contribution of small-scale fisheries in providing food, labour and income to local 

populations of many coastal communities is well established (Béné et al. 2007; Béné et al. 

2016). Over 80 per cent of global fishing activity is conducted by non-motorised or small-

motorised vessels, and 90 per cent of employment in capture fisheries are attributed to small-

scale fisheries (Watson 2017; FAO 2018; Rousseau et al. 2019). Furthermore, there is 

increasing recognition of small-scale fisheries critical role in meeting global needs for food 

security and poverty alleviation in developing regions (Béné et al. 2015; FAO 2015). 

However, the sustainable management of these fisheries is complex as it requires 

consideration of both anthropogenic and environmental factors at multiple scales in time and 

space. For example, small-scale fisheries production is not solely driven by internal factors 

within a fishery, such as stock abundance, regulations, technologies and the choice of other 

inputs made by fishing operators, but it also depends on factors outside the domain of the 

fishery. These external factors include ecosystem changes, market conditions, demographic 

changes and social interactions among community members (Allison et al. 2009; Cheung et 

al. 2010; Finkbeiner et al. 2017; Yamazaki et al. 2018). 

Among environmental factors, long-term interannual environmental changes, such as global 

warming and El Nino Southern Oscillation, impact on the growth, distribution, and migration 

of fish (Lehodey et al. 2006). These long-term environmental changes also have significant 

implications on the social and economic contributions of fisheries to local communities, 

despite the root causes of these changes typically being beyond the control of fisheries 



73 
 

management or individual fishing operators (Sorte et al. 2010; Madin et al. 2012; Gattuso et 

al. 2015; Lam et al. 2016; Free et al. 2019; Sumaila et al. 2019). The optimal harvest strategy 

and effectiveness of alternative management approaches are also influenced by these types of 

environmental changes (Carson et al. 2008; Jang et al. 2019; Miller et al. 2019). Likewise, 

local environmental factors, such as seasonal weather variations, are also beyond the control 

of individuals but directly impact on fishery productivity and fishers behaviours (Angrist et 

al. 2000; Lam et al. 2016). However, the economic implications of such local 

environmental changes for small-scale fisheries remain unclear relative to those of long-

term global changes. 

A broad literature suggests that demographic changes, such as population aging and 

decreasing fertility, are another factor that can reduce productivity growth (Maestas et al. 

2016; Katagiri 2018; Aksoy et al. 2019). The fishery literature, on the other hand, suggests 

that an aging workforce in a fishery does not necessarily decrease labour productivity as 

fishing skills and experience often increase with the age of fishers (Kirkley et al. 1998; 

Pascoe and Coglan 2002; Tingley et al. 2005). Small-scale fishers’ behaviour and fishery 

productivity also depend on the accessibility of local fish markets as these fisheries often 

operate in rural areas with limited market access and fish are a highly perishable product 

(Béné 2009). Cinner et al. (2013) has also shown that increasing market access is associated 

with increased fishing pressure and low fish biomass.  

The aim of this paper is to contribute to this literature by examining: i) how local weather 

variations and socio-economic factors impact on the fish supply in a small-scale fishery and 

ii) how these local socio-environmental factors influence fishing revenue and consumer 

surplus obtained from the fishery. To achieve this, we compiled daily records of catch and 

price data for a small-scale octopus fishery in the Maizuru Bay, Japan. Following discussions 

with local fishing operators and management officers, day-to-day variation in sea surface 
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temperature (SST), and cross-sectional variation in market accessibility, age and fishing 

method were selected as four factors which may impact the amount of octopus caught by 

individual fishers each day. Using an instrumental variable approach, we first estimated the 

expected change in the market price of octopus due to the exogeneous shocks of local socio-

environmental changes, and we then identified the consumers’ responsiveness to these price 

changes. We used the estimated demand parameters (i.e., own-price elasticity of demand) to 

evaluate the extent to which fishing revenue and consumer surplus are affected when local 

socio-environmental factors influence the supply of octopus.  

While there are numerous studies that estimate the price elasticity of demand for fish, the 

estimates vary significantly across different countries, regions, fish products, types of 

consumers and estimation methods.15 For example, Dey et al. (2008) used a multistage 

budgeting framework to estimate price elasticities of different fish products in nine Asian 

countries and found that low income households are more responsive to price changes than 

high income households. Eales et al. (1997) estimated an inverse demand model for Japanese 

household monthly fish consumption and found an inelastic demand for all six major product 

types of fish in the country.  

While the instrumental variable estimation of demand parameters is common in economics 

(Angrist and Krueger 2001; Wooldridge 2015), it is used less frequently for the estimation of 

fish demand compared to other methods, such as the almost ideal demand system model. The 

few exceptions include Angrist et al. (2000), Graddy (2006) and Tokunaga (2018) who used 

weather conditions at sea and fluctuations in landings and auctioned volume as exogeneous 

supply shocks to estimate the demand in two of the world’s largest wholesale seafood market: 

the Fulton Fish Market in the New York City (U.S.) and Tsukiji Market in Tokyo (Japan). The 

 
15 See Asche et al. (2007), Gallet (2009) and Andreyeva et al. (2010) for reviews and meta-analyses. 
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information of price elasticity of demand is necessary to assess the economic impacts of 

changes in market conditions and regulatory environments. Until now, however, that has been 

limited research on a market demand for small-scale fisheries and the sensitivity of fish prices 

to the supply shocks of local socio-environmental changes. 

 

4.2. The Maizuru Bay octopus fishery 

The Maizuru Bay is located in the northern Kyoto prefecture of Japan, with a bay area of 23 

km2 and a maximum depth of 30 m (Figure 4.1). Octopus fishing is predominantly conducted 

on an individual basis by fishers who are granted fishing rights (gyogyo ken) in Maizuru. Like 

many other fishing communities in Japan (Kamoey 2015; Iida et al. 2018), the octopus 

fishing population of Maizuru confront the issue of an aging workforce. In 2017, the median 

age of octopus fishers was 53 years and more than 70 per cent were over 62 years old, the age 

at which the national pension can be granted (Japanese Labour Standards Act 2017). The 

main fishing methods used in the fishery are traps and diving with a spear. Fishers’ choice of 

fishing methods is also associated with their age. Young fishers tend to use a combination of 

traps and diving, while elderly fishers typically use traps only. The fishery is managed as a 

regulated open access resource in that entry to the fishery is limited to local commercial 

fishers who are granted fishing rights but there are no restrictions on fishing gear or total 

allowable catch in the fishery.  
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 Figure 4.1. Location of the Maizuru Bay octopus fishery. The blue point is the fish market 
which is run by Kyoto Fishery Cooperatives, and the octopus fishers land their catches. The 
red points are the resident locations of octopus fishers in Maizuru. The mean distance to the 
market is 4.7 km, and the minimum and maximum distances are 0.2 and 10.5 km, 
respectively. 

 

Fishers in the Maizuru Bay generally target multiple species. Although octopus fishing is 

conducted throughout the year, the revenue share of octopus is normally low, with the 

average share of 1 per cent over the last 10 years (Kyoto Fishery Cooperatives 2019). Oyster 

(Crassostrea gigas) and sea cucumber (Stichopus japonicus) are high value species in 

Maizuru, the average revenue share of the two was more than 50 per cent in 2017, but these 
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species are only seasonally harvested. While the revenue share of different species varies 

among individuals (see section 4.5.4), an important role of the octopus fishery in Maizuru is 

that it provides a temporary source of income for fishers during the off-season of other 

species. The importance of octopus fishing in the study area is also reflected in that octopus is 

non-migratory species and highly tolerant to variable sea water temperature (6-33 ℃) 

(Allcock et al. 2018). Octopus caught in the Maizuru Bay are sold to registered middlemen 

through auctions held at the local fish market, which is managed by the Kyoto Fishery 

Cooperatives. There are two octopus species caught in the Maizuru Bay; common octopus 

(Octopus sinensis) and European octopus (Octopus vulgaris), but they are considered as a 

single product in the market. 

 

4.3. Data 

4.3.1. Sources 

We retrieved data from different sources. First, daily data on catch (in kg) and price (in 

JPY/kg) for all fishers registered in Maizuru in 2017 were taken from a database 

administrated by the Kyoto Fishery Cooperatives. We classified fishers based on the species 

caught by fishers, and only those who caught some octopus (i.e., octopus fishers) in 2017 

were included in the final dataset. Second, daily SST data in the Maizuru Bay were retrieved 

from the Maizuru Fisheries Research Station of the Kyoto University.16 Additionally, we 

collected the information about octopus fishers’ age, main fishing method and residential 

postcode from the Kyoto Fishery Cooperatives. The postcode is used to measure the market 

accessibility of each fisher by calculating the great-circle distance between fisher’s residence 

 
16 SST is recorded in Maizuru Bay at 10am throughout the year  
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and the Maizuru fish market (Figure 4.1).17 The descriptive statistics of all variables used in 

this paper are shown in Table 4.1. 

 

Table 4.1. Descriptive statistics 

Variable Unit Mean Median Min Max Std. Dev. Obs. 

Catch kg per day 9.7 6.6 0.3 80.0 10.1 674 

Price JPY/kg 1,027.8 993.6 50.0 3,300.0 548.2 674 

Market 
accessibility km 4.7 5.5 0.2 10.5 2.5 655 

Sea surface 
temperature °C 19.8 19.6 4.4 30.9 6.7 665 

Age of fisher years old 65.6 70.0 24 87.0 11.2 619 

Elderly fisher 1 if ≥ 62 years old 
0 otherwise 0.74 1 0 1 0.44 619 

Diver 1 if divers 
0 otherwise 0.06 0 0 1 0.23 621 

Note: Number of positive octopus catch (fishing days) = 237. Total number of fishers in 2017 = 46.  
Mean number of fishers per day = 2.82.  

 

 

4.3.2. Data description 

Figure 4.2 presents the time series of the number of octopus fishers and SST in 2017. There 

were 46 octopus fishers in total with 237 days of total fishing operations. While octopus 

fishing is conducted throughout the year, the number of octopus fishers each day is small. 

The mean and median number of octopus fishers per day were 2.84 and 2, respectively, and 

fishers on average caught octopus for 15 days in the year. Of 46 octopus fishers, there were 

only three fishers who caught octopus for more than 60 days. SST varied between 4.4 and 

 
17 The great-circle distance measures the shortest distance between two points along the surface of a sphere. We, 
however, note that this distance measure may not reflect a travel path along the actual road from fishers’ residence 
to the market. 
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30.9℃ through the year. There is a positive correlation between the number of octopus fishers 

and SST with a correlation coefficient of 0.63, while there seems an inverted U-shaped 

relationship between the number of fishers and SST. That is, there was only one fisher who 

caught octopus when SST reached either the maximum temperature of 30.9℃ or the 

minimum temperature of 4.4℃ whereas the highest number of fishers (i.e., 10 fishers) was 

observed on the day when SST was 15℃ in May. 

 
Figure 4.2. The number of octopus fishers per day (grey bar) and the sea surface temperate 
(red solid line) in the Maizuru Bay, Japan. The mean number of fishers per day is 2.84 
(dashed line).  

 

Figure 4.3 presents the time series of octopus catches and prices in conjunction with SST. The 

box plot shows raw data on the daily distribution of catches and prices. The black solid line 

shows a cubic fit of each variable. The mean daily catch of octopus over fishers was 

relatively stable at 9.7 kg throughout the year. However, the size of interpersonal variation in 

the daily catch varied seasonally. For example, there was marked interpersonal variation in 

the daily catch from mid-May to mid-September when SST was relatively high. By contrast, 

the daily catch variation among fishers was relatively small in other seasons when SST was 

relatively low. The average price of octopus was more volatile than the catch over the year. In 
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summer, the price and interpersonal variation in price were relatively low, whereas the 

highest range of prices was observed in spring when the catch was low compared to other 

seasons within the year.  

 

Figure 4.3. Time series of daily catch (boxplot above), price (box plot below) and sea surface 
temperature (red line). A black solid line shows a cubic fit of each variable, and the shaded 
area around the black solid line represents the 95 per cent confidence interval.  

 

4.4. Estimation of demand function 

Generally, there is a negative correlation between the price and quantity of octopus traded in 

the market, with a correlation coefficient of -0.19 (Figure 4.4). However, each data point in 

Figure 4.4 reflects the intersection of demand and supply curves, meaning that OLS 

estimation of demand function using the quantity and price data is naïve as it is not possible 
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to estimate the demand function based on the observed relationship between quantities and 

prices per se.   

 

Figure 4.4. Quantity and price relationship. 

 

To this end, we used the instrumental variables approach of Angrist et al. (2000), which 

provides a useful means to estimate the demand function for octopus at the Maizuru fish 

market. Using valid instruments as supply shocks, this approach addresses the endogeneity 

problems embedded in observed price and quantity data which reflect equilibrium outcomes 

of the market clearing process. Let qit and pit denote the log-transformed quantity and price 

for fisher i in day t. We consider the supply and demand functions given as:  

'
1 1

S S S
it it it itq p uα β= + + +z γ       (1) 

   2 2
D D D
it it itq p uα β= + +       (2) 
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where the superscript S and D denote supply and demand, αi, βi (i = 1,2) and γ are 

parameters, and S
itu  and D

itu  are the error terms for the supply and demand function, 

respectively. In the supply function, zit is a vector of the supply shock variables which are 

used as instruments in the estimation of the demand parameters.  

At the equilibrium, we have *S D
it it itq q q= =  and *S D

it it itp p p= =   which are the quantities and 

prices observed in the data. Solving equations (1) and (2) for the equilibrium yields the price 

equation, only in terms of the exogeneous supply shock variables: 

* '
1 2it it itp uδ= + +z δ        (3) 

where ( ) ( )1 1 2 2 1δ α α β β= − − , ( )2 2 1β β= −δ γ  and ( ) ( )2 1
S D

it it itu u u β β= − − . Equation (3) 

is the reduced form equation, which will be estimated at the first stage to obtain the predicted 

values of the price, *ˆ itp  . At the second stage, we estimate the parameter in equation (2) by 

OLS while replacing pit with *ˆ itp .  

For the consistent estimation of the demand parameters, the instruments, zit, need to satisfy 

two conditions: (i) validity, in which the instruments are uncorrelated with the error term; i.e., 

E(zituit) = 0 and (ii) relevance, in which the instruments are correlated with the price, pit; i.e., 

δ2 ≠ 0. Following discussions with Maizuru octopus fishers and staff at the Kyoto Fishery 

Cooperatives, we first selected four candidate instruments which possibly shift the supply 

curve (i.e., supply shocks) without affecting the demand of octopus, namely market 

accessibility, SST, fishers age, and fishing method. The market accessibility, measured by the 

great-circle distance from fishers’ residence to the fish market, reflects the transaction costs 

of selling octopus and is expected to affect fishers’ decision on whether they catch octopus on 

the day (Cinner et al. 2013). Changes in weather conditions has previously been shown as a 

relevant shock for fish supply (Angrist et al. 2000). While we initially collected various 
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weather data in the Maizuru area, including SST, wind speed, precipitation and humidity, we 

considered SST as a candidate instrument because other weather variables affect not on the 

supply of octopus but also consumers’ behaviours. Moreover, the growth and distribution of 

octopus are found to be affected by SST (Ramos et al. 2018), making SST as a candidate for 

valid instrumental variables for day-to-dau spply shifter.18 Fishers age may also affect the 

amount of octopus caught by each fisher as it reflects the years of experience, skills in 

handling the equipment and locating concentrations of octopus as well as the composition of 

species in the total fishery production (i.e., targeting behaviour). Lastly, the octopus catch is 

expected to be correlated with fishing methods, while consumers are indifferent regarding 

whether octopus is caught by either diving or pots. Given that the number of instruments is 

more than the endogenous variable (i.e., price), we used the two-stage least squares (2SLS) 

estimator.  

 

4.5. Results 

4.5.1 Choosing the valid and relevant supply shock instruments  

Before estimating the demand parameters, we first checked the validity of the instruments 

based on Sargan (1958) and Hansen (1982)’s J-test, with the null hypothesis that a set of 

candidate instruments satisfy the overidentifying restrictions; i.e., E(zituit) = 0. Test results 

show that only the combination of SST and elderly fisher failed to reject the null hypothesis 

of overidentifying restrictions (Table 4.2). We therefore used SST and elderly fisher jointly as 

a valid set of instruments.   

  

 
18 Angrist et al. (2000) and Graddy (2006), on the other hand, used wind speed and wave heights to create a 
dummy of stormy weather as an instrument that affects the supply of fish caught but not the demand. 
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Table 4.2. Sargan-Hansen J-test results.  
 

Candidate 

instrument 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 

Market  

Accessibility 
O O O O - O O O - - - 

SST O O O - O O - - O O - 

Elderly 

fishers 
O O - O O - O - O - O 

Diver O - O O O - - O - O O 

J-test 

statistic 
46.386*** 28.58*** 46.64*** 29.14*** 34.89*** 15.10*** 16.21*** 27.66*** 1.34 5.60* 28.84*** 

Note: This table reports the results of the Sargan-Hansen J-test for different combinations of the candidate instrumental variables. Under the null hypothesis, 
instrumental variables satisfy overidentifying restrictions.  * p<0.05, ** p<0.01, *** p<0.001. 
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Additionally, we conducted the Durbin-Wu-Hausman test and weak instrument test (Stock 

and Watson 2015) to test for the endogeneity of the prices (i.e., H0: E(pituit) = 0) and the 

relevance of the instruments (i.e., H0: δ2 = 0), respectively. We considered four different 

models in terms of the instruments included in the model as shown in Table 4.3. For all 

models, the Durbin-Wu-Hansen test rejected the null of exogeneity, suggesting that OLS 

estimation of the demand function is inconsistent. Results of the weak instrument test also 

show that the instruments are relevant for all the models. The estimated coefficient for market 

accessibility is positive, suggesting that the greater the distance from fisher’s residence to the 

market, the higher the price of octopus for the fisher. The coefficients for SST and elderly 

fisher are negative, suggesting that an increase in these variables shift the supply curve 

downward. More specifically, a one-degree Celsius increase in SST is associated with a 1.6-2 

per cent decrease in the price of octopus ceteris paribus because of a downward shift of the 

supply curve. We find no evidence that the difference in fishing methods affects the supply of 

octopus significantly.  

Table 4.3. First stage regression results.  

 
 Model 1 

[All] 
Model 2 

[Selected] 
Model 3 
[SST] 

Model 4 
[Elderly fisher] 

Market accessibility 
(km) 

 0.132*** 
(0.009)    

SST 
(°C) 

 -0.020*** 
(0.003) 

-0.019*** 
(0.004) 

-0.016*** 
(0.004)  

Elderly fisher 
(dummy) 

 -0.196** 
(0.057) 

-0.399*** 
(0.056)  -0.354*** 

(0.056) 
Diver 

(dummy) 
 -0.063 

(0.104)    

Constant 
 6.688*** 

(0.105) 
7.430*** 
(0.093) 

7.082*** 
(0.099) 

7.030*** 
(0.048) 

Durbin-Wu-Hausman 
test 

(F-statistic) 

 
22.181*** 63.702*** 19.587*** 24.223*** 

Weak instrument test 
(F-statistic) 

 60*** 59*** 23*** 66*** 

Observations  576 610 665 619 
Note: This table reports the first stage regression results and the test statistics for the Durbin-
Wu-Hausman test of endogeneity and the weak instrument test. The dependent variable is 
ln(Price). Standard errors are in parenthesis. * p<0.05, ** p<0.01, *** p<0.001. 
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4.5.2. Price elasticity of demand for octopus  

Table 4.4 presents the 2SLS estimates of the demand function with the four different sets of 

instruments. The OLS estimate is also presented for comparison. The results from the OLS 

and 2SLS with all the instruments (Model 1) show that the price elasticity of demand for 

octopus is inelastic with estimates of -0.153 and -0.505, respectively. However, these 

estimates are likely to be biased because of the endogeneity of prices as well as the inclusion 

of an irrelevant instrument in the estimation. Using the selected set of instruments (SST and 

elderly fisher) either jointly or individually (Models 2-4), the 2SLS estimate of elasticity 

ranges from -1.249 to -1.684, implying an elastic demand for octopus.    

 

Table 4.4. OLS and 2SLS estimates of demand function.  

 OLS  2SLS 

 
  Model 1 

[All] 
Model 2 

[Selected] 
Model 3 
[SST] 

Model 4 
[Elderly 
fisher]  

ln(Price) -0.153* 
(0.061) 

 -0.505*** 
(0.114) 

-1.494*** 
(0.263) 

-1.684*** 
(0.501) 

-1.249*** 
(0.305) 

Constant 2.870*** 
(0.412) 

 5.336*** 
(0.775) 

12.026*** 
(1.779) 

13.229*** 
(3.390) 

10.377*** 
(2.061) 

Observations 674  576 610 665 619 
Note: This table reports the OLS and 2SLS estimates of demand function. The dependent 
variable is  ln(Catch). Standard errors are in parenthesis. * p<0.05, ** p<0.01, *** p<0.001. 
 
 

The price range in raw data are captured only partially by the selected instruments of SST and 

elderly fisher. That is to say, the selected instruments only shift the supply curve within the 

price ranges captured by these variables. Table 4.5 shows that the market price range 

explained by the instruments. This was calculated using the estimated parameters in the first-

stage regression of equation (3). The result shows that the price range captured by the 

instruments is largely the same regardless of whether the valid instruments are used jointly or 
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independently. The price in raw data ranges from 50 to 3,330 JPY, while the variation in SST 

and elderly fisher jointly captures the price range from 629 to 1,551 JPY. Likewise, the price 

range captured by each instrument is from 726 to 1,109 JPY for SST and 793 to 1,130 JPY 

for elderly fisher. Although these price ranges include the mean market price of 1,027 JPY, 

only 28 per cent of the total range of market prices are covered by the model.  

Table 4.5. The price range explained by each supply shock instrument. 

Supply shock instrument Price range 
(JPY/kg) 

Price elasticity of demand 

SST and Elderly fisher  
(Model2) 629 ~ 1,551 1.494 

SST 
(Model 3) 726 ~ 1,109 1.684 

Elderly fisher  
(Model 4)  793 ~ 1,130 1.249 

Note: This table reports the range of prices for octopus in JPY/kg explained by the first-stage 
regression when the instruments of SST and elderly fisher are used either jointly or individually. The 
price range in raw data is JPY50 ~3,300 per kg. 

 

4.5.3. Effects of an increase in SST  

Given the elastic demand curve, when a supply shock shifts the supply curve downward, the 

proportional increase in the quantity of octopus traded in the market will be greater than the 

decrease in price, suggesting that an increase in SST results in an increase in fishing revenue. 

Using the estimated demand parameters, we are also able to examine a change in consumer 

surplus for an increase in SST. Evaluating a change in consumer surplus help us understand 

the welfare implications of changes in the octopus supply due to a change in SST. Let Qd 

denote the quantity demanded in kg, Pd denote the corresponding price in JPY. Given the 

estimated parameters, 2α̂  and 2β̂ , in equation (2), the demand curve for octopus is given as: 

( ) 2
ˆ

2ˆexpd dQ Pβα= ⋅       (4) 
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To simulate a change in the consumer surplus, the mean values of SST and elderly fisher 

(19.8℃ and 0.74) were used to calculate the mean price based on the first-stage regression 

(equation (3) and Model 2). This price (Pbase) serves as the baseline price in the simulation of 

changes in SST. We also calculated the predicted value of the price for each of the five 

scenarios where SST increases by 0.2, 0.4,…, and 1.0 ℃, respectively (PΔ℃). The difference 

in the predicted prices, Pbase and PΔ℃ , measures the change in the price for an increase in 

SST. Using equation (4) and the predicted prices, a change in consumer surplus is calculated 

as: 

( )
base

C

P

d d d
P

CS Q P dP
∆°

∆ = ∫       (5) 

Given that data on prices and quantities are observed for each fisher on each day, the 

consumer surplus in (5) is measured in JPY per fisher per day. We estimated a yearly change 

in total consumer surplus by multiplying CS∆  by the mean number of fishers per day (i.e., 3 

fishers) and the total number of fishing days in 2017 (i.e., 237 days)  

Figure 4.5 shows the estimated demand curve for octopus over the range of prices and 

quantities. The baseline price is 861 JPY/kg. An increase in SST shifts the supply curve 

downward, resulting in a decrease in the market price of octopus as well as an increase in 

consumer surplus. In Figure 4.5, this consumer surplus gain associated with an increase in 

SST is illustrated by the area below the demand curve between the baseline and new prices. 

Table 4.6 presents the predicted change in price, quantity and consumer surplus for each 

scenario of increase in SST. The results show that when SST increases by 0.2℃, the octopus 

supply on average increases by 0.81 kg per fisher per day, resulting in about a 0.3 million 

JPY gain in consumer surplus. The magnitude of the gain in consumer surplus increases as 

SST further increases. For example, when SST increases by 1℃, the predicted price hits the 
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lower bound of the price range explained by the model. In this case, the quantity traded is 

doubled from the baseline case, resulting in a consumer surplus gain of 1.6 million JPY.  

 
Figure 4.5. Estimated demand curve and changes in the consumer surplus. Pbase is the 
baseline price of 862 JPY/kg and P1.0 is the price of 592 JPY/kg when SST increases by 
1.0 ℃. 

 

Table 4.6. Changes in consumer surplus due to an increase in sea surface temperature (SST).  

Increase in SST Price 
(JPY/kg) 

Quantity 
(kg/day/fisher) 

Change in 
consumer 

surplus (JPY/year) 

baseline 861.64 6.88 - 

0.2°C 799.33 7.69 305,433 

0.4°C 741.53 8.61 622,405 

0.6°C 687.91 9.63 951,650 

0.8°C 638.17 10.77 1,292,722 

1.0°C 592.02 12.05 1,646,989 

Note: This table reports predicted changes in the consumer surplus when SST increases. The price 
and quantity are calculated based on Model 2 in Tables 2 and 3, respectively. For the baseline, the 
mean values of SST and elderly fisher (19.8 and 0.74) are used. The change in consumer surplus is 
calculated by multiplying the change in consumer surplus per fisher per day in equation (5) by the 
mean number of fishers per day and the total number of fishing days in 2017; 3 fishers × 237 days. 
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4.5.4. Revenue portfolio for young and elderly fishers 

Our first-stage regression shows the dummy of elderly fisher is another significant variable 

which shifts the supply curve downward. More octopus being caught by elderly fishers rather 

than young fishers may reflect the fact that the targeting behaviour of the two groups is 

different to each other. To identify this, we calculated the revenue portfolio by species for 

young and elderly octopus fishers in Maizuru as shown in Figure 4.6. Panels (a) of the figure 

shows the mean revenue share of different species for young and elderly fishers, respectively, 

in accordance with the top five species in the revenue share that elderly fishers caught in 

2017. Likewise, panels (b) shows the mean revenue share of different species for young and 

elderly fishers but in accordance with the top five species for young fishers. 

There is a substantial difference in species that contribute to the fishing revenue of young and 

elderly fishers. For elderly fishers, the top five species are snow crab (Chionoecetes opilio), 

flatfish (Glyptocephalus cynoglossus), octopus, shrimp (Marsupenaeus japonicus) and oyster, 

accounting for 95 per cent of the total revenue. However, the revenue share of these species 

for young fishers is only 39 per cent, most of which is attributable to oyster. The top five 

species for young fishers are oyster, sea cucumber, Spanish mackerel (Scomberomorus 

niphonius), horse mackerel (Trachurus japonicus) and beltfish (Trichiurus lepturus). These 

species account for about 90 per cent of the total revenue for young fishers, yet they are 

worth less than 5 per cent of the total revenue for elderly fishers. In general, octopus is not 

the most important species for either elderly or young fishers. Octopus contributes to about 

10 per cent of the total revenue for elderly fishers, whereas less than 1 per cent of the total 

revenue of young fishers comes from octopus.  
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(a) Top 5 species for elderly fishers 

Elderly fishers        Young fishers 

 

(b) Top 5 species for young fishers 

Elderly fishers      Young fishers 

 
Figure 4.6. Revenue portfolio by species for elderly and young octopus fishers. The numbers 
in red indicate the proportion accounting for in each revenue portfolio. Panel (a) is the top 
five revenue proportion among all marine species caught by elderly octopus fishers, and 
corresponding species caught by younger octopus fishers. In contrast, panel (b) is the top five 
revenue proportion among all marine species caught by young octopus fishers, corresponding 
species caught by elderly octopus fishers. 
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4.6. Discussion 

An understanding of how local environmental and socio-economic factors impact fish supply 

and the market outcome of small-scale fisheries is limited but crucial for the formulation of 

effective fishery management. In this paper, we considered day-to-day variation in SST and 

cross-sectional variation in market access, fishers’ age and fishing methods as the potential 

factors that impact on the daily amount of the octopus caught by each fisher in a small-scale 

fishery, Japan. Using the instrumental variable approach, the own-price elasticity of demand 

was estimated. There are numerous studies estimating the price elasticity of demand for 

different fish products in Japan and other parts of the world (Wessells and Wilen 1993; Eales 

et al. 1997; Asche et al. 2005; Tokunaga 2018). However, most studies have focused on 

industrial fisheries or national-level consumption figures, and there are limited insights into 

consumers’ responsiveness of price changes in small-scale fisheries. 

We found that octopus prices in the local market are endogenous and all factors, except 

fishing method, significantly influence the market price. These results indicate that each 

fisher’s daily supply of octopus is impacted by these environmental and socio-economics 

factors (i.e., SST, marker access and age) and consumers are responsive to price change due 

to the supply change. However, our results also show that only the set of SST and fishers’ age 

is identified as a valid exogeneous shock to the octopus supply. A potential reason why the 

inclusion of market accessibility makes the set of instruments invalid is that fishers’ 

residence, and hence their market access, is strategically determined in accordance with the 

fishers’ productivity or other characteristics of their fishing businesses. Japan’s small-scale 

fishing households are not greatly mobile across different communities as fishing rights for 

nearshore coastal waters are not transferable, and local fisheries are tied to personal and 

family identities. However, moving the residence within a community to improve market 

access may be common.  
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Our results also show that increasing SST and aging workforce in the fishery both increase 

the octopus supply. It is important to note that these positive relationships are shown using 

intra-annual variation, and therefore, they do not necessarily contradict previous studies that 

show that global ocean warming has had a net negative impact on global fisheries 

productivity (Free et al. 2019) and that population aging decreases the growth rate of the 

national economy (Maestas et al. 2016; Katagiri 2018; Aksoy et al. 2019). Intra-annual 

variation in SST may influence the fish supply not only because the migration and feeding 

behaviour of fish vary seasonally but also because fishers may change their target species at 

different times of the year. For example, in our study area, the main income-generating 

species (snow crab, oyster and sea cucumber) are caught in winter, whereas octopus is caught 

throughout the year with minimal capital investment required. Therefore, although octopus is 

not the main target species, it provides a temporary source of income in the off-season of 

other species, allowing the small-scale fishing operators to smooth seasonal income variation. 

Our results also suggest that the availability of such a species is particularly important for 

elderly, who are reluctant to invest in new capital (such as boats and large gear), rather than 

young fishers. This is reflected in that the revenue share of octopus is relatively higher for 

elderly fishers, while the contribution of octopus to the revenue share of young fishers is less 

than one percent. 

Our regression results show that consumers are highly responsive to price changes; that is, 

the own-price elasticity of octopus demand is elastic, ranging from -1.25 to -1.68. A price 

elastic demand for octopus is expected as octopus is not a staple food in households’ daily 

diets and highly substitutable with other seafood products. Our estimates are consistent with 

the estimate of Eales et al. (1997) who used national-level household consumption data in 

Japan and found an elastic demand for the category of cuttlefish, squid and octopus. The 

price elastic demand means that decreasing price due to an increase in SST or the proportion 
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of elderly fishers in the community is compensated by a more proportional increase in 

quantity demand relative to decreasing price. In other words, there are positive net effects of 

increasing SST and aging workforce in the fishery on the fishing revenue and consumer 

surplus. This result, however, needs to be interpreted with caution as the effects of these 

factors on other species, and hence the community as a whole, are not considered in our 

analysis. For example, the expansion of the home range of octopus has been found with 

ocean warming (Hamasaki and Morioka 2002; Higgins et al. 2012; Ramos et al. 2018), 

whereas the range of other species, which are less tolerant to warming, has contracted 

(Neuheimer et al. 2011; Worm and Tittensor 2011). An important area of further small-scale 

fisheries research is to investigate the community-wide impacts of changes in environmental 

and socio-economic factors. This requires interactions between different fish products and 

market interactions among fishers, and so a different approach, such as the almost ideal 

demand system or computable general equilibrium model, may be better suited than the 

instrumental variable approach.    
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Chapter 5: Conclusion 

 

Coastal fishing communities around the world face many challenges including climate 

change, depletion of important fish stocks, changes in marine ecosystems and demographic 

changes. The economic performance of fisheries is sensitive to different types of socio-

environmental factors which interact to impact both the productivity of fisheries and the 

effectiveness of management efforts. For the efficient and sustainable use of fisheries 

resources, incorporating these socio-environmental factors into fisheries management is 

crucial. Through three separate yet closely related essays, this thesis has contributed to our 

understanding of how the economic performance of fisheries is influenced by environmental 

changes at both global and local scales as well as by various socio-economic factors, such as 

the rise of aquaculture and aging workforce in the fishery. The thesis has further explored 

community-level temporal changes in fish production between capture fisheries and 

aquaculture and the spatial dependency between neighbouring communities when one fishing 

community experiences structural changes. Despite the quiescent periods of capture fisheries 

in the last three decades, the dissertation suggests that fisheries management which can 

encapsulate various socio-environmental factors will promote the sustainable fish production 

and the economic wellbeing of fishing communities.  

Chapter 2 focuses on the profit and equity trade-offs in the management of small pelagic 

fisheries which experience periodic stock collapse due to multi-decadal global environmental 

changes. This chapter develops a bioeconomic model incorporating the age-structured 

population dynamics, the recruitment to which is subject to cyclic environmental fluctuations. 

Using the parameterised model for a small pelagic fishery, this chapter evaluates overall 

profit of the fishery and the intertemporal distribution of the profits under different 
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management approaches, and assesses how these economic performances are linked to the 

extent of stock collapse period. The simulation results show that the duration of fishery 

collapse is primarily determined by the extent of cyclic fluctuations in the recruitment of 

immature fish. However, the effects of the cyclic fluctuations on the fishery are heightened by 

the cumulative impact of fishing. The cumulative impact on the stock is associated with 

behavioural changes of fishing fleets in response to the environmental changes. In particular, 

a larger proportion of immature fish is caught during the stock collapse period than when the 

stock is relatively abundant, contributing to the prolonged duration of the stock collapse. The 

chapter further shows that restricting fishing reduces the fishery’s overall profits but smooths 

the intertemporal distribution of profits, resulting in greater intergenerational equity. This 

income-smoothing effect is particularly pronounced when the stock exhibits high levels of 

cyclic fluctuations, suggesting that the consideration of intergenerational equity in 

management decisions is crucial for fisheries that exhibit multi-decadal cycle fluctuations. 

Chapter 3 explores the temporal changes in fish production of coastal capture fisheries and 

aquaculture with a particular focus on whether there is a substitution effect between two 

economic fish production activities at a community level and whether there is spatial 

dependency between neighbouring communities. A comprehensive understanding of the 

community-level transition process allows fishery managers to not only facilitate the efficient 

and sustainable use of coastal resources but also to minimise potential conflicts between 

groups of resource users. By applying a panel data set of 1,922 coastal fishing communities 

to a spatial Durbin model, the chapter finds that increased aquaculture intensity within a 

community is negatively associated with a decrease in the number of coastal fisheries within 

the same community. This finding is consistent with the global trend of quiescent capture 

fisheries production and the growth in aquaculture production, which is driven by various 

factors, including climate change, the depletion of wild-caught fish stocks and technological 
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advances in aquaculture. The results further show that changes in a community’s fish 

production mix are not solely determined within the community per se but also depend on the 

production mix of neighbouring communities. More particularly, when the aquaculture 

intensity increases in one community the number of coastal fishing entities in neighbouring 

communities decreases (i.e., spillover effect). This spatial dependency may reflect the 

characteristics of community-based resource management systems which coordinate local 

operational regulations and the use of coastal resources and facilitate the resolution of 

potential conflicts between resource user groups.    

Chapter 4 empirically evaluates how local environmental and socio-economic factors impact 

fish supply and the market outcome of a small-scale fishery. Small-scale fisheries contribute 

in many ways to improving the well-being of coastal communities globally. However, reliable 

data are often not available to evaluate whether, and to what extent, the fishery production 

and consumer behaviours are associated with different types of environmental and socio-

economic factors. This chapter considers day-to-day variation in sea surface temperature 

(SST), and cross-sectional variation in market accessibility, age and fishing method as the 

local environmental and socio-economic factors that may affect octopus fishery production 

without affecting the demand of octopus (i.e., supply shocks). The analysis in this chapter is 

conducted for the Maizuru Bay octopus fishery in Japan using repeated cross-sectional daily 

data at the level of individual fishers. Among the four factors, only a set of seasonal SST 

variations and fishers’ age is identified as valid supply shocks for octopus production. More 

particularly, the chapter finds that increasing SST and aging workforce in the fishery both 

increase the octopus supply (i.e., shifting the supply curve downward). Using an instrumental 

variable approach, the chapter also finds that octopus demand is price sensitive, such that 

consumers are responsive to price changes due to these supply shocks. The results also 

suggest that there are positive net effects of increasing SST and aging workforce on fishing 
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revenue and consumer surplus within the fishery. These results may reflect the biological and 

social characteristics of the octopus fishery. That is, octopus is non-migratory species and 

highly tolerant to variable sea water temperature. Moreover, the octopus fishery provides a 

temporary source of income in the off-season of other species, smoothing seasonal income 

variation of elderly fishers in the community.  

In summary, this dissertation has explored the role of environmental changes, aquaculture and 

community in the era of quiescent capture fisheries production. Each chapter in the 

dissertation demonstrates the potential benefits for fisheries management of incorporating 

these factors in order to improve fishery productivity and to enhance the economic wellbeing 

and viability of fishing communities. However, it is important to note that the results 

presented in this dissertation may rely on the methodological framework used in the analysis 

and the characteristics of empirical case studies. Therefore, caution must be exercised when 

the results are applied to other fisheries or regions. Each of the limitations provides an avenue 

of further investigation and future research, further explored below. 

First, the dissertation predominantly uses fishery production and profits as indicators which 

correspond to the economic performance of fisheries. The maximisation of the sustainable 

yield or economic profits is set as a common objective in fisheries management globally 

(Hoshino et al. 2018). However, the predominant use of fishery production and profits as 

performance indicators is likely to ignore a range of different benefits derived from fisheries 

resources. Although this dissertation attempts to capture socio-economic aspects of small-

pelagic fisheries by quantifying the intertemporal distribution of fishing profits, incorporating 

other performance indicators that correspond to non-consumptive or non-use values of the 

resources are useful for further assessment of the socio-economic implications of fisheries 

management (Anderson et al. 2015). Similarly, the dissertation focuses on the welfare 

consequences of local environmental and socio-economic changes within a small-scale 
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fishery in Japan. Again, community-wide impacts need to be carefully examined to 

understand full implications of these changes.  

Second, the dissertation considers the direct control of fishing mortality (i.e., output control) 

and area closure as the primary management tools for small pelagic fisheries. While these two 

are commonly used in the management of small pelagic fisheries, there are many other types 

of management tools which may be more effective or have different implications from those 

found in this dissertation. There is a body of literature comparing the relative efficiency of 

different fishery management tools (Weitzman 2002; Hannesson 2005; Yamazaki et al. 2008). 

Moreover, previous studies have shown that other management tools, such as quota-based 

management, have significant implications not only on the intertemporal but on the 

contemporary distribution of fishery benefits among different user groups (Holland and 

Ginter 2001; Lynham 2014; Nichols et al. 2018). It is therefore of interest to further analyse 

how different management systems, such as quota-based management, affect the trade-offs 

between the overall fishing profits and intertemporal/contemporary distribution of the profits.  

Lastly, the empirical analyses in this dissertation are based on Japanese fisheries which are 

managed by a community-based resource management system. Although such management 

systems are widely found globally, their design and implementation as well as the socio-

ecological settings in which fisheries operate significantly vary across different communities, 

regions and countries (Ostrom 2009; Basurto et al. 2013). As discussed in each chapter, some 

results are highly contextual to the history and institutional features of Japanese fisheries and 

fishing communities. Further investigation into the relationship between different types of 

community-based resource management systems and their responses to socio-environmental 

changes would be a useful avenue for future research. 
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