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Abstract 
 

 

Lates japonicus (Katayama & Taki, 1984), commonly known as the Japanese seabass or Akame in 

Japan, is a predatory species endemic of the estuaries and coastal waters on the Pacific coast of south-

east Japan (Iwatsuki et al., 1993). This rare species is listed in the Red Book of endangered species of 

the Ministry of Environment of Japan as a Threatened IB species (correspondent to IUCN’s Endangered, 

EN, category). L. japonicus is a game fish to reach sizes near 140 cm in total length (TL) and weight 

39 kg (IGFA, 2016), often caught in the estuaries of big rivers in Kochi Prefecture.  

One of the main areas where this species is targeted by catch-and-release sport anglers is Shimanto 

Estuary, Shikoku Island. Establishment of management plans in Shimanto Estuary and other areas for 

L. japonicus is necessary to conserve the remaining populations of this species while allowing a 

sustainable development of estuarine and coastal areas. Very few studies have been conducted on this 

species and little is known about its ecology. For establishing integrated management and conservation 

measures, information on the life history, habitat use and migrations of L. japonicus is necessary. This 

study aims to elucidate habitat use and behavior of this species at different life stages in Shimanto 

Estuary.  

The microstructure and microchemistry of otoliths was used to reconstruct the life history of L. 

japonicus in Shimanto Estuary. To minimize the number of fishes sacrificed for their otoliths, frozen 

samples donated by local anglers and aquariums were also used. The Sr/Ca on the otoliths of juvenile 

fishes collected on seagrass beds, and in fishes cultured in brackish water tanks (salinity of 17-19) was 

used to identify threshold values for estuarine waters. Values over and below the thresholds of brackish 

water were allocated to seawater and freshwater respectively. The threshold values were used to analyze 

hatching areas and movements inside and outside the estuary at juvenile, young and adult life stages.  

 



Abstract   
 

iv 
 

Results of the analysis of the otoliths suggested that most of the individuals hatched in the estuary, 

where brackish water was distributed. The levels of Sr/Ca in the otoliths of juvenile fishes caught in 

seagrass beds incremented towards the edge, and was linked with an increment in ambient salinity. 

Counting otolith’s daily rings and relating the age of the fish with its TL, the increment was calculated 

to have started between the 11th and 16th day of life, at sizes near 5.3- 7.9 mm TL. This increment in the 

ambient salinity water was linked with the recruitment to the seagrass beds where fishes were caught, 

located at higher salinity waters on the bottom of the estuary.  

In the otoliths of young and adult fishes the levels of Sr/Ca in the otolith tended to decrease as fishes 

aged, which suggested a movement outside the seagrass beds and towards upper stream areas. However, 

Sr/Ca levels on the otoliths remained always within the range allocated for estuarine waters, which 

suggested that all analyzed samples had an estuarine life history, being born in the estuary and remaining 

on it without any long term residence shift to freshwater or coastal areas. The analyzed individuals can 

be considered as estuarine residents since they spent their whole life in estuarine brackish waters. 

Otolith analysis can’t discriminate short term movements to freshwater or coastal areas. To obtain 

habitat use and behavior information on a short scale, acoustic telemetry methodology was applied. 

Movements of L. japonicus in Shimanto Estuary were monitored using acoustic transmitters and 

receivers deployed in fixed arrays at selected points. The first tracking experiment was conducted from 

winter of 2014 to spring of 2015, using four 42.5±0.5 cm TL aquarium-reared individuals. The fish 

belonged to a restocking project for L. japonicus in Shimanto Estuary conducted by the Akame 

Gakuyukan, a local aquarium in Shimanto City. Anaesthetized fishes were inserted with a Vemco V9P 

transmitter in their intra-peritoneal cavity, and their movements tracked with nine acoustic receivers. 

The results of this tracking study showed that 100% of the individuals survived during the first 

month, and at least 75% of them did for six months after releasing. Individuals remained in the estuary 

in proximity to the seagrass beds located in the small streams on both sides of the main stream of the 

estuary. Diurnal movements between residences following daylight were detected for two fishes, and 

those following the tides in another one. It suggested that young L. japonicus selected habitats strongly 

linked to the presence of seagrass beds. The great survival rate and estuarine fidelity of the released 

individuals showed that stock enhancement of L. japonicus releasing wild-captured aquarium-reared 

fishes might be a successful measure to increase the number of L. japonicus in Shimanto Estuary. 

To analyze the behavior and habitat use of wild adult L. japonicus, a second tracking experiment 

was conducted between mid-June and early October of 2016, covering the whole spawning season of 

L. japonicus, estimated between late June and August. Five individuals between 69 and 92 cm TL were 

captured in Shimanto Estuary and tagged externally using a Vemco V13P acoustic transmitter attached 

to a modified dart tag. The individuals were tracked with nine acoustic receivers deployed in fixed 

stations along the estuary, seven of which were retrieved on the 13th -15th of October of 2016.  
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Apparently, some of the adults of L. japonicus tracked concentrated in the upper reaches of the 

estuary, close to the limit of the incursion of the salt wedge. These individuals remained in the upper 

estuary during the whole tracking period except two fishes, which migrated downstream to the estuary 

mouth. This migration towards the estuary mouth observed for two different individuals occurred in 

July for one fish and in August for the other, and was severely influenced by lunar phase. It seems that 

this downstream migration is related to spawning, since a very similar behavior has been observed in 

the related species L. calcarifer (Moore, 1980; Moore, 1982; Davis, 1986; Garcia, 1992). 

The migration towards the estuary mouth started during full moon periods. The two individuals 

disappeared from the range of the receivers during the following last quarter moon. The disappearances 

continued for three consecutive nights. One individual returned to the estuary and again disappeared for 

another three consecutive nights during the same last quarter moon period, whilst the other did it only 

once. After returning to the coverage, one individual remained in Shimanto Estuary, while the other left 

and was found inhabiting a nearby estuary located 30 km south of Shimanto River along the coastline.  

Reports on the spawning migration from freshwater to the estuary mouth and nearby coastal waters 

of L. calcarifer supports that the migration in L. japonicus might be for spawning. In Shimanto Estuary, 

not all of adult L. japonicus spawn every year, even when they are potentially capable according to size, 

and they don’t do it all at once. Spawning is synchronized with last quarter moon periods, occurring 

several times during the spawning season. Spawning grounds are not identified but very close to the 

estuary mouth. After spawning, spawned individuals may re-enter Shimanto Estuary or move to nearby 

estuarine systems. 

In order to investigate the habitat use of adults of L. japonicus into more detail, the data collected 

with an animal-borne digital still-camera logger (DSL) attached to an 89 cm TL wild L. japonicus in 

summer of 2009 was analyzed. The analysis of the images recorded during the six hours of experiment 

revealed adults of L. japonicus forming shoals. The experiment individuals rapidly found a shoal of L. 

japonicus after released, which suggests that individuals L. japonicus form groups frequently. The 

shoals were detected in July on the upper reaches of the estuary, and consisted of individuals of 

apparently similar sizes to the released fish. 

This study revealed the great importance that estuarine waters have for this species at all life stages. 

In Shimanto Estuary, all of their life cycle seems to be strongly linked to the brackish estuarine waters. 

Spawning may have occurred close to the estuary mouth and larvae hatched out in the estuary. Juveniles 

were found in estuarine seagrass nurseries, and young fishes shifted residences in areas close to seagrass 

beds. Adult fishes were found in the upper reaches of the salt wedge, and some of them remained for 

many years inside the estuary. Two tracked adult individuals, migrated to lower reaches of the estuary 

and disappeared for three days. This migration probably relates to spawning.  
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The importance that residences located in the estuary have for Lates japonicus at many life stages is 

conspicuous. To protect the remaining populations of this species in Shimanto Estuary and create 

comprehensive management actions, all the estuary must be taken into account. Restocking programs 

might provide a solution to increase the stock of this species in the estuarine waters. However, it is 

imperative to protect key habitats, especially seagrass beds, necessary for the survival of several life 

stages of L. japonicus.  
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Chapter I 

Introduction 

 

 

Lates japonicus, a rare fish of Japan 

Lates japonicus (Katayama & Taki, 1984) called Akame in Japanese and commonly known as the 

Japanese seabass or Japanese lates in English, is a top predatory fish endemic of the estuarine and 

coastal waters surrounding Kyushu and Shikoku islands (Iwatsuki et al., 1993). This species was first 

described by Katayama and Taki (1984), previously thought to be a variety of Lates calcarifer (Bloch), 

an Indo-Pacific species distributed in Asia and Australia called seabass or barramundi. Most of the 

species of the genus Lates are found at rivers, estuaries and coastal areas in tropical waters of Africa 

and Asia (Greenwood, 1976). However, L. japonicus is the only exceptional species among the genus 

living outside the tropical area, and is distributed in the warm temperate area (Spalding et al., 2007) of 

the Pacific coast of southern Japan.  

Species of the genus Lates have a typical percoid shape with spiny fins and a compressed body, 

deepest at the origin of a two-part dorsal fin. The head is moderately acute with an oval eye and an 

oblique mouth with a lower jaw projecting beyond the upper one when closed (Katayama & Taki, 1984; 

Pethiyagoda & Gill, 2012). The morphology of L. japonicus is similar to that of L. calcarifer and both 

species have eyes of a shiny ruby-pink color, a possible adaptation to finding prey in low light 

conditions, which gives the common name to L. japonicus (Akame in Japanese means “red eye”). 

Katayama and Taki (1984) described that: “In L. japonicus the body is deeper, and the third dorsal and 

second anal spines are longer in relation to both standard length and head length. The third dorsal spine 

is longer than the pelvic fin in L. japonicus but shorter in L. calcarifer, and the second anal spine is 

longer than the third in L. japonicus but much shorter in L. calcarifer” (Figure 1.1).  
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L. japonicus is a rare fish listed as endangered since 1992 (Asahina et al., 1992) and categorized as 

Threatened IB*1 in the Red Data Book of the Ministry of Environment of Japan of 2015. This species 

remains quite unknown nowadays, with only a few scientific communications and reports published. 

Iwatsuki et al. (1993) described the distribution of L. japonicus, which is limited to the southern Pacific 

coast of Japan (Figure 1.2). The authors postulated that relatively high minimum water temperatures 

during winter and the presence of big rivers might condition its distribution.  

Kinoshita et al. (1988) described the size and morphology as well as the seasonal occurrences of 

larvae and juvenile of L. japonicus in Shimanto Estuary. The authors estimated that the spawning season 

of this species occurs once a year, between late June and August based on the size and seasonal 

occurrences of larvae and juveniles. The same authors postulated that spawning likely occurs in coastal 

waters nearby the estuary.  

Iwatsuki et al. (1994) found a matured female of L. japonicus in the estuarine waters of Oyodo River 

in Miyazaki Prefecture (Kyushu Island). Observing the maturity condition of its ovary and taking the 

time of its capture into consideration, the authors stated that their observations supported the hypothesis 

of Kinoshita et al. (1988) on the spawning season of L. japonicus occurring probably once a year after 

the onset of the rainy season. They speculated that spawning may occur inside the estuarine waters. If 

this is true, the spawning pattern of L. japonicus is very similar to that of L. calcarifer reported in several 

populations (e.g. Grey, 1987). The latter species is known to spawn once a year during the rainy season 

(Davis, 1985) in estuaries or coastal waters near river mouths (Grey, 1987). 

                                                           
*1 Threatened IB corresponds to the IUCN’s category of Endangered (EN), and stands for species that face a 

risk of extinction in the wild in the near future but are not as endangered as those listed in Threatened IA 

(correspondent to IUCN’s Critically Endangered, CR).  

Figure 1.1. Illustration of a Lates japonicus and the anal fin of Lates calcarifer extracted from “Lates 

japonicus, a New Centropomid Fish from Japan” of Katayama and Taki (1984) 

Lates japonicus 
L. calcarifer 
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Tashiro and Iwatsuki (1995) revealed that the feeding activity of L. japonicus is closely related to 

temperature, which makes the species to stop feeding below water temperatures of 16°C. The feeding 

behavior of adult L. japonicus was studied in detail by Tanoue et al. (2012) confirming that feeding was 

performed using a powerful suction, similar to the feeding system of L. calcarifer and L. niloticus. 

Tanoue et al. (2012) also detected feeding events of wild and captive individuals released in Shimanto 

Estuary. The main feeding activity occurred in deeper areas of the estuary, both at night and during 

daytime. 

L. japonicus can reach 138 cm in total length (TL) and weigh 39 kg (IGFA, 2016). Uchida (2005) 

reported that juveniles of L. japonicus are found in seagrass beds and estimated that they recruit in the 

seagrass nurseries several times during the spawning season at larvae stages. This resembles the 

reported use of seagrass beds as nurseries of juveniles of L. calcarifer where individuals recruit at larvae 

stages (Moore, 1982).  

Uchida (2005) speculated that juveniles of L. japonicus remain in the nurseries for feeding on 

crustaceans and fishes until the onset of the next rainy season. It has been reported that the juveniles of 

L. calcarifer leave the nurseries after the rainy season is over, migrate to upper reaches of the estuary 

and freshwater systems for passing their main growing phase (Russell & Garret, 1985), and remain 

there until they attain sexual maturity (Russell & Garret, 1988; Grey, 1987). Upstream migration of 

young-of-the-year and juveniles has not been studied for L. japonicus.  

Figure 1.2.  Map showing the distribution of Lates japonicus in Japan extracted from “Distribution 

and Fluctuations in Occurrence of the Japanese Centropomid Fish, Lates japonicus” of 

Iwatsuki et al. (1993). Distribution was established according to specimens and 

photographs (●), literature records and large set net catches (○), personal 

communication (△), and local information of presumed distribution (▲). Prefectures 

are indicated in numbers: 1-Chiba, 2-Kanagawa, 3-Shizuoka, 4-Aichi, 5-Mie, 6-

Wakayama, 7-Tokushima, 8-Kochi, 9-Ehime, 10-Kagawa, 11-Oita, 12-Miyazaki, 13-

Kagoshima, 14-Kumamoto, 15-Nagasaki and 16-Fukuoka. 
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L. calcarifer mature first as males when they reach near 60 cm TL, and undergo a sex-change at 

sizes over 80 cm TL (Moore, 1979). The change of sex from male to female depending on growth is 

known as a protandry hermaphroditism (e.g. Moore, 1979). After maturation, adults of L. calcarifer 

move to spawning grounds often located close to estuary mouths, where many adults remain after 

spawning (Davis, 1986). Therefore, L. calcarifer belongs to the category of catadromous fishes, which 

migrate to estuary mouths or coastal waters for spawning after maturation (e.g. Myers, 1949). Among 

the over 30000 species of fishes of the world, only about 250 species are considered as diadromous 

(Miller, 2016). Although L. japonicus may morphologically and ecologically resemble L. calcarifer, it 

has not been verified whether L. japonicus is a catadromous fish or not.  

A recent DNA analysis revealed a severely depleted genetic diversity and a possible fragmented 

population structure in L. japonicus (Takahashi et al., 2015). Takahashi et al. (2015) estimated that 

populations of L. japonicus in different coastal and estuarine waters might be isolated from each other 

acting as independent breeding groups. This type of structure had been reported in some groups of L. 

calcarifer, of which the management strategy differs from that of other populations consisting on a 

single population spread along a coast and its estuaries (Salini & Shaklee, 1988).  

L. japonicus is targeted by not commercial fishermen but amateur anglers who enjoy the catch-and-

release sport on this game fish. This type of sport fishing doesn’t necessary cause direct mortality but 

can have a negative impact through damages in angled fishes (e.g. Philipp et al., 1997). Estuaries where 

L. japonicus are caught are highly productive areas (Whitfield, 1997; Able, 2005) hosting many fish 

species and including important habitats used as spawning or nursery grounds. However, estuaries are 

perturbed by human direct impacts, such as construction of ports, breakwater and reclamation, as well 

as by indirect impacts from the concentration of pollutants from land and economic activities including 

ship transports, industries, and construction of residences in watershed areas (e.g. Edgar et al., 2000). 

In addition to any angling threat, L. japonicus is vulnerable to the human impacts on estuaries.   

Our world has been facing an alarming extinction rate of species in the last decades and arguably 

aquatic life has been the most affected (e.g. Ricciardi & Rasmussen, 1999). Most part of the world’s 

coastline has been modified to some degree, and almost all river and estuarine systems have been 

touched by the consequences of human activities. Human disturbances on estuaries are often a major 

cause for the decline fish populations. However, degrees of human impacts on species living in the 

estuary are influenced by the dependency of each species on estuarine habitats which may change along 

their life (e.g. Able, 2005). The type of conservation measures must be suitable for each species.  

To establish coherent management plans for the necessary conservation and sustainable use of 

biological diversity (CITES, 2011), detailed information on the ecology and behavior of species is 

required. In order to preserve L. japonicus in Japan, it is indispensable to reveal its life history, ecology 

and behavior, for designing conservation measures for this extremely unknown species.  
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The study of fish otoliths 

Otolith analysis is a technique used since the mid-twentieth century to identify age, growth and 

population structure of fish species (e.g. Campana 2005). Otoliths are calcified structures barely 

affected by metabolic processes that increase in size due to the deposition of elements, which ratio can 

reflect environmental conditions of the ambient water of a fish, such as salinity or temperature 

(Campana & Thorrold, 2001; Yokouchi et al., 2011; Amano et al., 2013). Otoliths are formed before 

hatching and grow daily, depositing new layers of materials on the outer surface (Campana & Neilson, 

1985).  

Otoliths can provide a historical record of environmental conditions that a fish was exposed to during 

its life (Campana, 1999). Microstructure studies on otolith ring marks have been successfully used to 

age fishes accurately (e.g. Campana & Neilson, 1985; Campana, 2005). Since the late 1990s, studies on 

the microstructure and microchemistry of the daily growth increments of otoliths have successfully 

unveiled early life history of a fish, including dates of hatching and duration of larvae stages, and their 

relation with ambient conditions (e.g. Anderson & Dalley, 2000; Takahashi et al., 2001; Pasten et al., 

2003).  

Several microchemistry analyses on fish otoliths showed that the ratio of the elements strontium and 

calcium (Sr/Ca) along an otolith transect can reveal the salinity of the ambient water to which a fish 

was exposed to along its life, and be used for reconstructing migration history of diadromous fishes (e.g. 

Tsukamoto & Arai, 2001; Elsdon & Gillanders, 2003; Gillanders, 2005). This type of analysis was 

successfully used to resolve important questions regarding the life history of L. calcarifer (e.g. Cappo 

et al., 2005; McCulloch et al., 2005).  

Using fine-scale instruments for microchemistry and microstructure analysis of fish otoliths, it is 

possible to estimate periods when a fish migrated from one habitat to another with a different salinity 

(Elsdon & Gillanders, 2003). Since elements in the otolith remain unchanged after their deposition 

(Campana, 1999), the analysis of chemical composition and structure of otoliths provides means to 

reconstruct the whole life history of a fish including hatching and larvae stages. 

There is a reported time lag between an environmental change in ambient water salinity around a 

fish and its reflection on the otolith (e.g. Yokouchi et al., 2011). After a fish is exposed to a different 

salinity environment, it may take up to ten days for the otolith to start reflecting the change in the Sr/Ca 

ratio, and more than 20 days for the Sr/Ca ratio of the otolith to stabilize (Elsdon & Gillanders, 2005; 

Yokouchi et al., 2011). In consequence, it is difficult to detect short-term migrations of fish species at 

particular life stages. 
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Monitoring and tracking aquatic wildlife 

It is complicated to study the behavior of aquatic animals because water environments prevent 

scientists from directly observing them. Methods generally used for tracking and monitoring free-living 

aquatic animals in their natural habitats (e.g. Davis et al., 1999) are based on the use of acoustic 

telemetry devices and data-loggers (Figure 1.3). Miniaturization of devices including improved 

downsized sensors permit us to broaden the type of studies on behaviors of aquatic animal species that 

can be conducted at different life stages (Cooke et al., 2012). The technique of using acoustic telemetry 

devices to localize and monitor aquatic animals is frequently referred as biotelemetry (Cooke, 2008).  

A biotelemetry system consists of a transmitter attached to an animal, which records information 

and emits it on an acoustic signal, and one or more distanced receivers collecting the signals and storing 

the data (Cooke, 2008). A data-logger system consists of a data-logger device attached to an animal, 

able to record and store the information on environmental parameters and accelerations (Boyd et al., 

2004). Data-loggers are often deployed along with detaching and recovery systems, which respectively 

release the logger from the animal at a scheduled time and emit signals after its detachment (Watanabe 

et al., 2008). Data is stored on the device and is downloaded from the recaptured data-logger.  

BIOTELEMETRY

Passive Biotelemetry

(Transponder Tags)

External power source

Passive Integrated 
Transponders 

(PITs) 

Transponding 
Acoustic Tags

Active Biotelemetry

(Transmitter Tags)

Internal power source

Pulsed Tags 

(radio or acoustic 
simple pulse signal)

Coded Tags 

(radio or acoustic 
encoded signal)

DATA-LOGGERS

Data-loggers & 
Archival Tags

Requires physical 
recovery of the 
device for data 

download

Pop-up Satellite 
Archival Tags

Time-released 
dettachmend and 
satellite upload of 

the stored data

Figure 1.3.  Classification of the main remote tracking techniques for aquatic animals (following 

Thorsteinsson et al., 2002; Cooke et al., 2012) 
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In the late 1980s, acoustic transmitters and receivers evolved to emit and decode more sophisticated 

acoustic signals, which resulted in the coded tags (Cooke, 2008). Coded tags allow individual 

identification of tagged animals, permitting researchers to study individual and collective behaviors of 

animals. In freshwater systems, tracking of acoustic coded transmitters had successfully disclosed 

migration patterns in several diadromous species, such as salmonids (e.g. Eiler, 1995; Melnychuk et al., 

2007) and eels (e.g. Behrmann-Godel & Eckmann, 2003).  

 Internal and external attachments are possible for most types of transmitters (Figure 1.4) and they 

present advantages and disadvantages. Gains of external tagging are no or fewer use of anesthetics and 

a short handling period of the animal to be attached with the device. The main disadvantage of this 

method is the risk of device loss since it is exposed to the outside of the body of the animal. On the 

other hand, internal tagging reduces considerably device loss, but it requires implantation of the 

transmitters into body cavities, with the consequent surgical manipulation and anaesthetization of the 

animal. The size and life stage of the target animal needs to be taken into account for selecting the 

attachment method, since the behavior of tagged fishes can be affected by the type of transmitter and 

the tagging process (e.g. Mellas & Haynes, 1985; Moore et al., 1990). 

Figure 1.4.  Main types of attachment systems of acoustic or electronic transmitters and 

transponders to animals (FAO Workshop Report, 2001). 

 

EXTERNAL ATTACHMENT

Directly attached Tags

Trailing Tags

Detachable Tags

INTERNAL ATTACHMENT

Stomach insertion

Voluntary ingestion

Forced ingestion

Oviduct insertion

Intra-peritioneal insertion

Muscle implantation
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There are a few disadvantages in the use of telemetry and logger devices for the study of fishes in 

rivers and estuaries. Very shallow waters and high water flows prevent acoustic tracking (Stasko & 

Pincock, 1977). Water turbidity can negatively impact the performance of acoustic devices 

(Stuehrenberg et al., 1990). The type and size of devices deeply affect the range of signal reception. 

Because big acoustic transmitters are often powered with long lasting batteries, they emit stronger 

signals that can be detected at longer ranges, but they can’t be used in smaller sizes including individuals 

at early juvenile stages. 

Biotelemetry and data-logger studies are often limited in time, since long-term deployment of 

receiver arrays and monitoring of tagged fishes is a costly process, and internally powered transmitters 

are limited by their battery life. Short-term studies are suited for surveying many kinds of interim 

behaviors and for understanding habitat use and migration at particular seasons. But for long-term 

understanding, biotelemetry and data-logger systems alone might not be sufficient. In the case of long-

living estuarine species long-term observation is necessary. Integration of different types of studies can 

fulfill gaps intrinsic to each of the used methods and provide a broader view of a species for a better 

understanding of its behavior and ecology.  

For the extensive study of L. japonicus, a combination of methods including biotelemetry, data-

loggers and otolith studies shall give prospective results. Short-term studies on the behavior, migrations 

and identification of daily residences of this species might reveal important behavior traits and 

ecological requirements on a daily scale at different seasons. Long-term otolith studies focusing in shifts 

between estuarine and coastal habitats can reveal the dependence of this species to the estuary at 

different life stages, and the moment in their development when important changes in habitats occur. 

This combination presents an optimal choice for a comprehensive study of the habitat use and behavior 

L. japonicus. 
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Purpose of the study 

From the several estuaries and coastal areas where Lates japonicus species is distributed, Shimanto 

Estuary is arguably the most famous among sport anglers. In Shimanto Estuary, catch-and-release sport 

fishing of this fish is not only an important economic activity, but also a motivation for the protection 

of this endangered species. The importance of this endemic fish for local communities in Shimanto 

Estuary is notorious and has encouraged the creation of local conservation measures carried privately 

in the aquarium facilities of the Tombo Shimanto Gakuyukan, frequently known in the area as the 

“Shimanto Gakuyukan” or “Akame Gakuyukan”. The activities carried out on this facility lack the 

support of scientific studies to evaluate their impact on the recovery of populations of this fish. 

For assessing suitable protection strategies for L. japonicus we need to understand the relationship 

between this species and Shimanto Estuary, identify the particular life stages strongly linked to estuarine 

waters, the timing when changes in habitat occur, as well as particular behavioral traits related with 

migration and selection of residences. To understand all of these concerns, information on the habitat 

use and behavior of this species becomes necessary. The aim of this dissertation is to study several 

aspects of this species in one of its main residence areas, in Shimanto Estuary, for establishing 

management strategies suitable for its protection. 

Shimanto Estuary provides an excellent frame to conduct studies on this species, as there is a local 

motivation to protect this endangered fish and several unregulated activities on this species are being 

carried out. To achieve a comprehensive study on this species in Shimanto Estuary, a combination of 

methods will be used as means to discern its behavior and habitat use at different life stages. The studies 

presented on this dissertation were focused on Shimanto Estuary, using individuals captured within the 

limits of the estuary between 2009 and 2016.  

Experiments conducted between 2014 and 2016 were personally designed and directed and the 

results of the data are presented in chapters two to five. Additional data collected in 2009 with data-

loggers was personally analyzed and is presented in chapter six. Studies were based on the otolith 

microstructure and microchemistry and acoustic biotelemetry tracking and animal-borne camera logger 

surveys for a comprehensive understanding of Lates japonicus in Shimanto Estuary. 
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Chapter II 

Environmental conditions                                      

on the study site 

 

 

Introduction 

The study site selected to conduct studies on Lates japonicus was Shimanto Estuary, one of the most 

famous spots for sport fishing of this fish in Japan (Kinoshita et al., 1988). Shimanto Estuary is located 

in the mouth of Shimanto River, in Kochi Prefecture, Shikoku Island, facing the Pacific Ocean (Figure 

2.1). Shimanto River flows along 196 km without dams and big cities in its watershed, and is often 

referred as the “last pristine river of Japan” (JNTO, 2016). Shimanto River falls into Tosa Bay, and the 

salt wedge usually invades over 6 km upstream from the river mouth (Fujita et al., 2002; Inouchi et al., 

2006). In Shimanto Estuary, water temperature and salinities can greatly vary with depth and change 

among seasons (e.g. Inouchi et al., 2006). 

The main stream of Shimanto Estuary is formed by Shimanto River and has bottom depths near 4 m 

in most areas and maximum bottom depths over 15 m. The width of the stream increases notably, from 

no more than 200 m in the upper reaches of the estuary to over 500 m near the river mouth. Three 

smaller rivers, Ushiro River, Nakasuji River and Takeshima River, join Shimanto River at 7 km, 4 km 

and 200 m upstream of the river mouth, respectively (Figure 2.1). In its lower reaches, the shallow 

Takeshima River flows gently and is partially covered with seagrass beds (Figure 2.1). Seagrass beds 

in Shimanto Estuary are composed of only Zostera japonica Miki (Fujita et al., 2002) and represent the 

main nursery for L. japonicus in Shimanto Estuary (Kinoshita et al., 1988). 
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A small channel appears inside main stream of the estuary approximately 3 km upstream of the river 

mouth, where an island-like formation called “Ohshima” and “Ohshima Channel” are distributed 

(Figure 2.1). Similar to Takeshima River, in this shallow channel currents flow gently, and its bottom 

is mostly covered with seagrass beds. The seagrass beds of Ohshima Channel and Takeshima River are 

the main capture areas for juveniles of L. japonicus in Shimanto Estuary (Kinoshita et al., 1988; Figure 

2.1).  

Figure 2.1.  Map of Shimanto Estuary extracted from Kinoshita et al. (1988). Shaded areas 

correspond to seagrass beds areas and closed circles to stations where net captures 

were taken to evaluate the distribution of larvae and juveniles of L. japonicus in 

Shimanto Estuary. 
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Materials and Methods 

To identify the limits of the estuary (Day, 1989) CTD measurements were conducted at 69 stations 

from the river mouth to 9 km upstream from the mouth and in the side branches of the estuary in January 

29th 2015, and at 18 stations on August 2nd 2016 (Figure 2.2). Measurements were taken sequentially 

during the same morning, starting near the estuary mouth and ending at the upper reaches of the estuary, 

where measurements were taken during high tides.  

At each station, a CTD profiler (Compact-CTD Lite, JFE Advantec Co., Ltd.) was lowered from the 

boat and the data compiled in sheets to be integrated in Ocean Data View software. Bottom substrate 

types were recorded with an action camera (GoPro Hero 4+) attached to the CTD profiler lowered from 

the boat. The presence of seagrass beds on the estuary was confirmed using the captions of the action 

camera and through direct observation from the boat and shore areas (Figure 2.2).  

Figure 2.2  Map of Shimanto Estuary showing the stations where CTD measurements were taken 

in January 29th 2015 ( ) and August 2nd 2016 (▲). Shaded green areas correspond to 

seagrass beds. A red arrow marks the location used to compare salinity and water 

temperature profiles between summer and winter.  
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Results and Discussion 

Both observations from the shore and with the recording of the lowered camera during winter of 

2015 and summer of 2016 confirmed the presence of broad seagrass bed areas (Figure 2.3) distributed 

in Ohshima Channel and Takeshima River (Figure 2.2). 

CTD profiles along the estuary revealed a stratified water column, perfectly divided during winter 

periods and the summer measurements (Figure 2.4). Water temperatures in the surface layer in winter 

and summer were about 10°C and about 30°C, and those from a depth of 2.5 m to the bottom were about 

18°C and about 28°C in winter and summer respectively. Salinities in the surface layer were about 1-3, 

equivalent to freshwater, in the winter measurements and about 12, equivalent to brackish water, in the 

summer measurements. Salinities in the bottom layer from a depth of 3 m to the bottom were about 33-

34 in both winter and summer. Thermocline and halocline were formed from depths of 1.5 m to 3 m in 

the winter. On the other hand, thermocline was from depths of 1 m to 1.5 m while halocline was from 

depths of 1.5 m to 2.5 m in summer. 

Figure 2.3  A caption of the seagrass bed of Ohshima Channel extracted from a video recording of 

the action camera taken in August of 2016. 
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Vertical profiles of salinity and water temperature in winter showed the stratification along the main 

stream of the estuary (Figure 2.5A), as well as along Ohshima Channel and Takeshima River (Figure 

2.5B-C).  Vertical profiles along the main stream of Shimanto Estuary showed that the upper limit of 

salt wedge was located at 6 km distant of the river mouth in winter of 2015 (Figure2.4A) and nearly at 

the same place in summer of 2016 (Figure 2.6). Upper and lower estuary limits were located near the 

connection of main stream with Ushiro River in the upper reach of Shimanto Estuary, and at the estuary 

mouth in the lower reach, respectively.  

This results are similar to the reports of Inouchi et al. (2006) on the incursion of the salt wedge in 

Shimanto Estuary and the vertical profiles of the main stream confirmed using echo sounders and CTD 

measurements. Using several measurements during winter and summer periods, Inouchi et al. (2006) 

found differences in the water level changes between summer and winter periods. However, the vertical 

profile of Shimanto Estuary was consistent and composed by a surface freshwater layer running and a 

bottom seawater layer separated by a brackish water mixing layer during the whole year. Thus, it is 

concluded that Shimanto Estuary can be classified as a highly stratified estuary (Dolan et al., 1972). 

 Seagrass beds were distributed in Takeshima River and Ohshima Channel in 2015-2016 as 

Kinoshita et al. (1988) reported in 1988. There was no attempt to confirm the presence of very small 

seagrass beds near shore areas of the main stream reported by Kinoshita et al., (1988). It seems 

nonetheless that the overall coverage of seagrass beds has been reduced in Shimanto Estuary in recent 

years (local reports, pers. observation), and might different to the reports of Kinoshita et al. (1988). 

Figure 2.4  CTD measurements taken in an equivalent area of the main stream of Shimanto 

Estuary (see Figure 2.1) in January of 2015 (left) and August of 2016 (right).  
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Shimanto River, Main Stream 

Figure 2.5 A  Vertical profiles of salinity and water temperature in the first four meters of the water column along Shimanto River from 9 km upstream 

from the mouth to the river mouth based on the CTD measurements in January of 2015. 
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Figure 2.5 B  Vertical profiles of salinity and water temperature in the first four meters of the water column along Ohshima Channel between its upper and 

lower confluence points based on the CTD measurements in January of 2015.  

Ohshima Channel 
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Takeshima River 

Figure 2.5 C  Vertical profiles of salinity and water temperature in the first four meters of the water column along Takeshima River from 1.5 km upper from 

the confluence point to the confluence point based on the CTD measurements in January of 2015. 
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Figure 2.6  Vertical profiles of salinity and water temperature in the first four meters of the water column along Shimanto River from 9 km upstream 

from the mouth to the river mouth based on the CTD measurements in August of 2016. 

Shimanto River, Main Stream 



19 
 

 

 

 

Chapter III 

Reconstruction of the life history of                    

Lates japonicus in Shimanto Estuary with otoliths  
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Chapter IV 

Habitat use of immature Lates japonicus during 

winter and spring released in Shimanto Estuary 

 

 

Introduction 

Knowing the habitat use of immature L. japonicus in different time scales is important to be able to 

conserve them. One of the methods to study the habitat use of fish is acoustic biotelemetry. Acoustic 

biotelemetry systems, consisting of ultrasonic receivers fixed in arrays and acoustic transmitters 

attached to fish, are suitable for observing behaviors in temporal scales from hour to seasons. For a 

limited area like an estuary, a reduced number of acoustic receivers can fulfill the tracking necessities.  

The Akame Gakuyukan is a local aquarium located in Shimanto City conducting activities for the 

promotion and conservation of the ichthyofauna of Shimanto Estuary, including that of L. japonicus. 

This facility had been independently conducting a program to foster juveniles of L. japonicus (<50 mm 

in total length) captured in seagrass beds in Shimanto Estuary until they reach immature stages (~400 

mm in total length).  Since mortality of juveniles are known to be higher than immature or mature 

individuals (Lorenzen, 1996), this program aims to enhance the survival rate during the juvenile period 

to increase the population of L. japonicus in Shimanto Estuary.   

In general, it is very difficult to capture L. japonicus in the nature, moreover of specific body sizes. 

As the Akame Gakuyukan releases immature individuals in Shimanto Estuary, it is beneficial to use 

these individuals for tracking their behaviors in the estuary. Obtained results serve to investigate the 

habitat use of immature individuals as well as to evaluate the survival rate of immature individuals 

released in the nature after being reared in an aquarium from their juvenile period.  
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Materials and Methods 

An acoustic transmitter (V9P-2H, Vemco Co.) was inserted in the peritoneal cavity of four immature 

L. japonicus of 42.5±0.5 cm in total length (TL) and 1287.5 ± 43.8g weight, donated by the Akame 

Gakuyukan. The V9P coded acoustic transmitter had a transmission delay of 200 – 400 s, with an 

expected battery life over 500 d, which greatly covered any seasonal period. The individuals were 

anesthetized by immersion in a tank with diluted clove oil (0.1ml L-1) for 15-20 min, and surgically 

implanted with the transmitter. After the surgery, each individual was immediately moved to its own 

tank to check its recovery. After a monitoring period of 24 h, all four individuals were healthy to release 

them in the estuary.   

For observing their occurrences in temporal scales going from hours to seasons, acoustic receivers 

(VR2W, Vemco Co.) capable of detecting and the acoustic transmitters were set in fixed arrays in the 

estuary. These acoustic receivers can detect and identify the tagged individuals based on the acoustic 

signals emitted by the transmitters, when individuals enter the range where the acoustic receiver can 

capture the signals emitted by the transmitters.  

In order to define the intervals to deploy the acoustic receivers in the estuary, the range where a 

receiver can capture acoustic signals from transmitters, known as the acoustic range (Pincock, 2008), 

was measured in situ. Different models of transmitters have different strengths of acoustic signals 

depending on their batteries and settings. To evaluate the particular acoustic range for the model that 

was attached to the immature L. japonicus, a range test was performed deploying six temporary arrays 

in the main stream of the estuary. 

Temporally arrays were set at depths between 5 and 7 m, each one including a VR2W acoustic 

receiver (Vemco Co.), one V16 transmitter (Vemco Co.) and one V9P transmitter (Vemco Co.) attached 

to a thick rope. The rope was connected to a dead weight in one end and to a buoy in the other, keeping 

the receiver on a standing position in the water column (Figure 4.1). The receivers were set following 

the direction of the flow, separated 50 - 100 m from each other, comprising a total distance over 250 m 

between the both ends. Acoustic signal data from the transmitters were acquired with the deployed 

receivers during over three hours. Two-hour data acquired from one hour after the start of the 

experiment were analyzed to define the acoustic range of the transmitter.   

The results of the range test indicated that a V9P model was efficiently (>80% accuracy) detected 

over 120 m in any direction, and probably over 200 m in good water conditions (>50% accuracy). These 

ranges are smaller than those presented in other studies using the similar transmitter models (e.g. 

Espinoza et al., 2011) because noises from currents might cover signals in the river or estuary. With 

this range, the width of most of the areas of the estuary can be covered with a single receiver if the 

acoustic receiver is positioned at the mid-point of the transversal section of the stream.  
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Before the tagged individuals were released one by one from the same point in the riverbank in the 

morning of October 23rd 2014 (Figure 4.2), acoustic receivers were deployed at a mid-point of the 

transversal section of the stream at depths of at least 4 m and up to 14 m. To prevent the loss of receivers, 

in the first deployment only two arrays were set in the estuary to confirm whether they weren’t lost and 

they captured signals successfully, and four dummy setting were used to check other deployment areas.  

The first deployment of two receiver stations (Stns.) and four dummy settings without acoustic tools 

was made on October 22nd 2014 prior to the release of individuals. The second deployment was made 

on February 24th 2015, after verifying that there was no loss of mooring receivers and dummy settings.  

Additional to the two stations set in October 22nd 2014, seven receivers were additionally deployed in 

lower part of the estuary (Figure 4.2). Seven receivers were set at Stns. A to G along the main stream 

of the estuary, one at Stn. H in lower end of Ohshima Channel, and one at Stn. I in Takeshima River. 

From the nine deployed stations, eight stations (Stns. A to G and Stn. I) were retrieved at the planned 

date of June 8th 2015. One of the receivers (Stn. H) was recovered on March 15th 2016. All receivers 

had been working properly, and the stored data were successfully retrieved and analyzed. Data from the 

receivers was divided in three periods according to the number of stations that were deployed in the 

estuary.  

Figure 4.1.  Schematic diagram showing the deployment of receivers along the main stream of the 

estuary for the estimation of the acoustic range between the receivers and the 

transmitters.  
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The first period was defined from the release of the individuals on October 23rd 2014 to the second 

deployment of receivers on February 24th 2015, and the second period from February 25th 2015 to June 

8th 2015.  The receiver at Stn. H, that was recovered on March 15th 2016, had recorded acoustic signals 

from transmitters after June 8th 2015.  These data were separately analyzed from those in the second 

period and named as the third period.  

Detections were analyzed according to both the station where they were collected and the time that 

occurred. Notwithstanding differences among months and seasons, for convenience daytime was 

defined from 6 am to 5 pm at both periods, referring to the main average sunrise and sunset times during 

the tracking period, and the rest of the hours of the day assigned to night-time. Comparisons with the 

hourly tidal level were also made, using the data provided by the Japan Meteorological Agency on tidal 

levels in the area (www.data.jma.go.jp, data on KochiShimoda last accessed on October 24th 2016). 

 

Figure 4.2.  Map of Shimanto Estuary showing the points where the arrays containing VR2W 

acoustic receivers were deployed, and the release point of the tagged individuals. 

Shaded areas correspond to seagrass beds. 

http://www.data.jma.go.jp/
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Results 

After being released in the main stream, the four individuals moved to different directions. One 

individual, F1, was detected mainly in Takeshima River, while the other three, F2, F3 and F4, remained 

in the main stream of the estuary. The date of the last detection on each fish including detections in the 

third period at Stn. H was November 14th 2015 for F1 (387 days after release), June 12th 2015 for F2 

(232 days after release), December 15th 2014 for F3 (53 days after release) and May 5th 2015 for F4 

(194 days after release).  

F1 was detected only 2 times at Stn. E during the first period. The first detection occurred during 

daytime immediately after being released in the main stream, and the second time occurred at night one 

month after in early December. During the second period, F1 was constantly and exclusively detected 

at Stn. I in Takeshima River. The 2447 detections of F1 at Stn. I occurred in the daytime (68.2%) with 

the day-peak of detections between 10 hr and 12 hr and at nighttime (31.8%), with the night-peak 

between 22 hr and 0 hr (Figure 4.3). Detections were often seen to occur during low or decreasing tides. 

After the second period, F1 was detected 7 times at St. H, especially at nighttime (85.7%), in late 

October and early November of 2015.  

 

Figure 4.3.  Detections of fish F1 at Stn. I in Takeshima River showing the frequency of detections 

according to the hour of the day during the second period of tracking. Detections in 

the daytime and at nighttime are colored in orange and grey, respectively.  
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F2 was infrequently detected with only 7 detections during the first period, 75 detections during the 

second period, and 3 detections at Stn. H during the third period. The 75 detections during the second 

period occurred at St. C (13 detections, 23.1% night-time) from early March to mid-April, and Stn. A 

in early March (62 detections, 76.9% night-time). F2 moved to the upper reaches of Ohshima Channel 

after released, and remained in Ohshima Channel from early March. During the third period, F2 was 

detected at Stn. H three times in June 2016 (100% night-time).  

Individuals, F3 and F4, were frequently detected at Stns. C and E during the first period. F3 was 

detected 349 times consisting of 226 times at Stn. E (35% at nighttime) and 123 times at Stn. C (94.3% 

at nighttime). F4 was detected more frequently, a total of 1460 times, consisting of 711 times at Stn. E 

(51.9% at nighttime) and 749 times at Stn. C (99.7% at nighttime). It was observed that individuals F3 

and F4 appeared at Stn. E during the daytime and nighttime (Figure 4.4 left). They appeared at Stn. C 

at nighttime from November 15th 2014 (Figure 4.4 right).  
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Figure 4.4. Detections of fish F3 and F4 at Stn. E and Stn. C during the first period between 

November 15th of 2014 and February 25th of 2015. Detections in the daytime and at 

nighttime are shaded in orange and grey, respectively.  
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During the second period, F3 was not detected in any of the stations, but F4 was detected a total of 

2066 at Stns. A to E, consisting of 82.3% at nighttime. F4 was detected 1247 times (77.5% at nighttime) 

and 678 times at Stn. C (91.7% at nighttime). The increased number of detections in upper stream areas 

of the zone covered with acoustic receivers at nighttime (Figure 4.5) is related with a shift towards 

upstream residences. Night residences of F4 moved to areas near Stn. A and Stn. B from early spring 

in 2015, and day residences shifted from downstream areas of the main stream to an area outside the 

range of the receivers. The area might be located in Ohshima Channel.  

 

 

Discussion 

The observed survival rates indicate that aquarium-reared forty-centimeters L. japonicus has low 

mortality inside the estuary. Except fish F3, which was only detected up to 53 days after release, all of 

the individuals were certainly alive for more than six months and inside estuarine waters. Survival for 

these extended period is indicative that individuals were properly adapting to the estuarine habitats and 

that had assured a food supply to subsist.  

No detection of any fish occurred at the two downstream locations, Stn. F and Stn. G, indicating that 

likely none of the individuals moved towards the sea. All individuals presented a clear affinity for 

estuarine waters never showing any particular interest in moving towards coastal areas. Inside the 

estuary, the seagrass areas located in Takeshima River and Ohshima Channel were of the most 

frequented and the places where all tracked individuals concentrated. 
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Figure 4.5.  Detections of fish F4 during the second period of tracking grouped in downstream 

(left) and upstream (right) locations. Daytime detections are shaded in orange, night-

time detections in grey.  
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Temperature, salinity and depth conditions in Ohshima Channel and Takeshima River are similar to 

each other. These areas are characterized by small streams, shallow water depths and bottoms covered 

with seagrass beds as described in Chapter II. The seagrass beds of Ohshima Channel are a reported 

hot-spot for larvae and small juveniles of L. japonicus in Shimanto (Kinoshita et al., 1988). The acoustic 

detection records suggest that these areas might be a preferred habitat for late juvenile stages of L. 

japonicus too. It seems that conditions on these streams are suitable not only for small juveniles, but 

also for immature L. japonicus at forty-centimeters size. 

The receiver in Takeshima River was located in deeper waters in the lower end of the seagrass bed 

area. It is speculated that during high tides F1 moved to the shallower upper stream areas where seagrass 

is abundant, and during low tides returned to deeper waters near the receiver. The day-night shifts 

between areas for F3 and F4 might indicate the need for more than one habitat. During winter, both day 

and night residences were located at different areas in the main stream. From early spring, night 

residences moved upstream to the upper connection of Ohshima Channel with the main stream, and day 

residences were likely located in the channel. This tendency of occurrences suggests that seagrass beds 

were favored during the daytime, while the main stream was preferred as a night habitat.  

At sizes over 20 cm TL, L. japonicus is thought to feed mainly on fish (Uchida, 2005), using a 

powerful sucking action (Tanoue et al., 2012) to ingest the whole prey at once. For a forty-centimeters 

L. japonicus, preferable preys will probably be small fish, often abundant near or in seagrass beds. The 

prey availability in the seagrass beds located in Takeshima River and Ohshima Channel can be a main 

cause for the observed occurrences.  

The seagrass beds are very important for juveniles and immature individuals of L. japonicus in 

Shimanto Estuary. L. japonicus is thought to leave seagrass nurseries a little after the first winter of 

their life is over, when individuals measure near 12 cm TL (Uchida, 2005). However, it seems that 

juveniles and immature individuals might be linked to estuarine seagrasses much longer than previously 

thought. The results of the tracking also showed a steady stay in the estuarine habitats, since individuals 

never displayed any particular interest in moving towards coastal areas nor passing upper boundary of 

Shimanto Estuary. 

Seagrass beds in the estuary are limited to two narrow areas. It is possible that the carrying capacity 

of seagrass beds limits the number of juveniles and immature individuals. More research is necessary 

on the carrying capacity of these habitats to estimate the maximum number of individuals per year that 

could be released without having a negative impact on wild populations of L. japonicus in Shimanto 

Estuary. Seagrass beds of Z. japonica are decreasing in most coastal and estuarine environments in 

Japan. The reduction of Z. japonica beds can negatively impact the population numbers of L. japonicus, 

and therefore it is necessary to monitor and control the evolution of these important habitats in Shimanto 

Estuary.  



43 
 

 

 

 

Chapter V 

Movements of wild Lates japonicus                                  

during the spawning season 
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Chapter VI 

Habitat use and behavior of Lates japonicus 

revealed with a digital still-camera logger 

 

 

Introduction 

Improvements of digital imaging systems gives new opportunities to study fish behaviors (Delcourt 

et al., 2013). Animal-borne cameras can observe behaviors of free-ranging animals at a fine-scale (Davis 

et al. 1999, Watanabe et al. 2003; Mitani et al., 2004; Moll et al., 2007), and have successfully been 

used to study the behavior of several marine species (e.g. Ponganis et al., 2000; Fuiman et al., 2002). 

Combination of a digital imaging system with data-loggers that can measure several ambient parameters 

permits to understand the animal’s environment while studying behavior. 

Incorporation of new and improved sensors to animal-borne cameras has resulted in a new 

generation of devices that can be used to study complex behaviors of aquatic animals in relation with 

ambient conditions (Naito, 2006; Naito, 2007). The digital still-camera logger (DSL) has been used for 

studying behaviors of aquatic animals in relation with their environment (e.g. Kudo et al., 2007; 

Watanabe et al., 2008). Methods of deployment and recovery of animal-borne data-logger systems, 

including the DSL, have been developed (Watanabe et al., 2008). 

In order to investigate the habitat use of adults of L. japonicus into more detail, the data recorded 

with an animal-borne digital still-camera logger (DSL) attached to wild-caught big L. japonicus in 2009 

was analyzed. Analysis of obtained images and environmental data could provide critical knowledge 

on the habitat use and behavior of L. japonicus in Shimanto Estuary.  
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Materials and Methods 

A digital still-camera logger (Little Leonardo Ltd., 22×133 mm, 82 g in air) was attached to wild L. 

japonicus with a total length of 89 cm and a weight of 9.4 kg captured in Shimanto Estuary with line 

and a lure, hereafter called as the experimental individual. Its size suggested that it had already reached 

adult stages as it was over 60 cm TL (Uchida, 2005), but its sex wasn’t checked to avoid increasing 

handling time and stress. 

A small rubber net was sutured in front of the dorsal fin of the experimental individual with 

dissolvable silk sutures. A floater with the DSL, a VHF transmitter (Advanced Telemetry Systems, 

Inc.,), an acoustic transmitter (V13P, Vemco Co., 13 × 44 mm, 12 g in air) and a 3-axis acceleration 

logger (ORI-380D3GT, Little Leonardo Ltd., 12 × 45 mm, 8 g in air) was fixed to the rubber net on the 

experimental individual using a time-release explosive bridle (Figure 6.1) to detach the package 

(Watanabe et al., 2008).  The package was adjusted for neutrally buoyancy before attachment to the 

fish. The experimental individual equipped with the animal-borne package including the DSL was 

released in upper areas of Shimanto Estuary (Figure 6.2) at 06:00 on July 14th 2009 by a research team 

lead by Dr. Hideaki Tanoue. 

Floater 

Time-release explosive bridle 

Acoustic transmitter 

DSL 

VHF transmitter 

3-axis acceleration logger 

Figure 6.1. Schematic view of a Lates japonicus equipped with the floater system consisting of a 

Digital Still-camera Logger, an acoustic transmitter, a VHF radio transmitter and a 3-

axis acceleration logger via a time-release explosive bridle.  
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The position of the individual after its release was tracked by acoustic signals emitted by the V13P 

acoustic transmitter with a VR100 (Vemco Co., Canada) lowered from a boat and a GPS. The floater 

system was automatically detached from the fish by the time-release explosive bridle at 11:00 on July 

14th 2009. The position of the floater system in the surface after detachment was searched with the aid 

of a radio antennas and a receiver system (Advanced Telemetry Systems, Inc.) to track the radio signals 

emitted by the VHF transmitter.  

The DSL took a total of 4563 images at intervals of 4 s during 5 h and 7 min from the release to the 

detachment of the floater system from the fish. Image data from the DSL was downloaded to a computer 

after recovery of the floater system and kept stored. Information on depth and water temperature 

recorded by the 3-axis data-logger were linked to images taken by the DSL with time recorded on the 

images. 

 

Figure 6.2. Map showing Shimanto Estuary, the release point of the Lates japonicus equipped with 

the floater system including the digital still-camera logger (star mark). Shaded green 

areas correspond to seagrass beds. 
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The images obtained by the DSL were analyzed individually and classified according to their 

contents. At the first step, the images were classified into those that include some fish or didn’t include 

any fish species. At the next step, the images containing fish were divided in two categories, those 

including L. japonicus, and those of any other fish species. At the third step, all images were also 

classified into images with bottom substrates or only water column.  The former images were classified 

into bottom substrates (e.g. rock, sand, gravel) according to the definition of river beds by Wolman 

(1954). 

 

Results 

During the entire duration of the experiment, the experimental individual remained close to the 

release point, in deeper areas of the estuary. The recorded depth ranged between 1.0 m and 7.9 m, with 

a mean of 3.9 ± 1.8 m. The mean recorded water temperature was 28.4 ± 0.5 °C, with a minimum of 

24.5 °C and a maximum of 28.7 °C.  

Among the 4563 pictures collected, the types of bottom observed were sand (62%) and gravel (34%). 

Only 496 images (10.8%) contained fish on them, and 472 of those (95.2%) included at least part of the 

body of a L. japonicus. Inside the 24 images of other fish species (Figure 6.3), 12 corresponded to 

sharpnose tigerfish (Rhynchopelates oxyrhynchus), 7 to yellowfin seabream (Acanthopagrus latus), and 

5 to flathead grey mullet (Mugil cephalus).  

Figure 6.3.  Two images on fish from the animal-borne still-camera logger: (left) several sharpnose 

tigerfish (Rhynchopelates oxyrhynchus) and (right) a yellowfin seabream 

(Acanthopagrus latus). 
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Of all the images not including fish, 1248 images comprised some particular structures or fishing 

tools. A formation of large rocks appeared in 830 images, and one of two types of fishing gears did in 

418 images (Figure 6.4). Among the images including one of the two fishing gears, 188 images were 

bottle traps and that of 230 images were brushwood traps. Several images on fishing gears were taken 

on the same fishing gear of bottle or brushwood trap. 

A total of 472 images included L. japonicus (Figure 6.5) with a mean recorded depth of 2.9 ± 0.4 m, 

and an average water temperature of 24.9 ± 0.02 °C. The average number of individuals captured 

together in the same image was 1.4 ± 0.7, with a maximum number of 4 individuals at the same time. 

Other L. japonicus first appeared in the images over 4 h after the release of the individual, 31.5 min 

before the detachment. Groups of L. japonicus were found at both of the observed types of bottoms, 

slightly predominating the images taken at sandy areas. In some of the images including plural L. 

japonicus, a perfectly aligned configuration of L. japonicus was observed, but in the others, they were 

more randomly positioned. 

Diving profiles of the experimental individual recorded with the 3-axis acceleration showed that the 

experimental individual dived rapidly to deeper layer of the river with depths more than 7 m, where the 

71 images taken were black because of no enough light for taking images. After the deep diving, it 

returned to shallower layer with depths of around 2 m, where it remained for more than 2 h. Then, it 

stayed in an intermediate depth of around 4 m until the end of the recording. The water temperature 

increased in deeper areas and decreased at the surface, because the bottom layers were occupied with 

warm seawater covering the bottom and the surface layers with cooler low salinity water derived from 

the river. Analysis of the 3-axis accelerations obtained with the logger indicated no potential feeding 

event, judged from the criteria for L. japonicus established by Tanoue et al. (2012). 

Figure 6.4.Two types of fishing gears captured with the animal-borne digital still-camera: a 

brushwood trap (left), and a bottle trap (right).  
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Figure 6.5.  Images showing groups of Lates japonicus in different organization styles. Image (a) 

showed a swarm consisting of individuals swimming to different directions and (b) a 

group swimming in a different position to the experimental individual. Images (c-e) 

showed a school consisting of polarized individuals swimming organized with the 

released fish. 

a b 

c d 

e f 
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Discussion 

The images revealed that L. japonicus likely spends most of its time swimming close to the bottom. 

Observed bottoms corresponded to both gravel and sandy, likely located in areas near the incursion of 

the salt wedge according to the recorded depth and tracking.  Although the depths during the experiment 

widely changed, groups were observed at depths near 4 m. In upper stream areas, depths near 4 m or 

over are found in the areas towards the middle of the stream. It is possible that adults of L. japonicus 

prefer habitats located at intermediate depths (~4 m) in upper areas of the estuary.  

Several individuals of this species were observed swimming close to other congeners (Figure 6.5). 

These images revealed for the first time that L. japonicus forms shoals (Pitcher, 1983; Pitcher, 1986) of 

schools or swarms (Delcour & Poncin, 2012) in Shimanto Estuary in summer. The shoals consisted of 

relatively similar big-sized individuals probably similar to the size of the released fish, which can be 

related to adult sizes and maybe to individuals belonging to the same age-class that often are blood 

related (Frommen et al., 2007). The observed size of fish is thought to have virtually no predator inside 

Shimanto Estuary to cause a response of remaining together for protection, or being confined to a 

specific area of the estuary. Shoals are unlikely to provide any feeding benefits in a L. japonicus of the 

observed size and it can even reduce the amount of prey obtained (Bertram, 1978).  

The benefits obtained from shoaling in fish have been discussed for a long time, especially in regards 

to motivations that lead shoals to occur (Shaw, 1978; Partridge, 1982). One of the possible motivations 

for this behavior of L. japonicas may be reproduction. This study was carried in July during spawning 

season of the species estimated from late June to early August (Kinoshita et al., 1988; Iwatsuki et al., 

1994). In the results of the acoustic tracking of wild adults (Chapter V), adult L. japonicus remained in 

the upper reaches of the estuary. And the DSL showed that in the upper reaches of the estuary, adult L. 

japonicus formed the shoals. It is possible for adult L. japonicus prepare the spawning behavior with 

formation of shoals in the upper reaches. 

In the few hours of recording, fishing tools were observed, showing the possible interaction of 

human activities with L. japonicus in the estuary even when is only targeted by sport fishermen. L. 

japonicus is known to be a “strong fish”, able to survive capture and transport (Tashiro & Iwatsuki, 

1995), and catch-and-release is known to have low mortality rates (Alós et al., 2009; Veiga et al., 2011). 

Under certain restrictions to ensure that released fish survive with minimum stress, and avoid captures 

at sensitive periods such as spawning times, catch-and-release activities can be compatible with 

protection objectives. A balance between conservation measures and sustainable angling can be 

achieved to ensure the continuity of this fish in Shimanto Estuary, whilst allowing sport anglers to 

continue enjoying this remarkable species. 

 



    
 

61 
 

 

 

 

Chapter VII 

General discussion 

 

 

** The contents of pages 61 to 64 contain material intended for publication in an 
International Journal in the next 5 years, and are thus not available in this 2017 
abridged version** 
 



    
 

65 
 

Acknowledgements 

I sincerely thank my supervisor, Professor Teruhisa Komatsu of the Atmosphere and Ocean 

Research Institute, the University of Tokyo for an eternal patience overseeing my research and auditing 

my writings. Extended thanks to the reviewers of this dissertation, Associate Professor Takashi 

Yamakawa of the Graduate School of Agriculture and Life Sciences, the University of Tokyo, Associate 

Professor Mitsunori Iwataki of the Asian Natural Environmental Science Center, the University of 

Tokyo, and Associate Professor Takashi Kitagawa and Associate Professor Kiyoshi Tanaka of the 

Atmosphere and Ocean Research Institute, the University of Tokyo, for their valuable comments. 

Also thanks to all researchers and academia members whose support and encouragement made this 

project possible. Professor Tsuguo Otake of the Graduate School of Agriculture and Life Sciences, the 

University of Tokyo, and Professor Yoshiro Watanabe of the Atmosphere and Ocean Research Institute, 

the University of Tokyo for sharing their knowledge and facilities. Special thanks to Dr. Tatsuya 

Kawakami, post-doctoral fellow of the Graduate School of Agriculture and Life Science, the University 

of Tokyo for his invaluable advices during the otolith analysis and to Assistant Professor Hideaki 

Tanoue for his support, companionship, and outstanding ideas during all the years of research.  

I want to thank also Dr. Takayoshi Otaki, Dr. Shizuha Mizuno, Dr. Masahiro Hamana, Dr. Shuji 

Sasa, Ms. Minami Asada, Ms. Rira Takinami, and all the members of the Laboratory of Behavior, 

Ecology and Observation Systems, Atmosphere and Ocean Research Institute, the University of Tokyo 

who have collaborated in this research, being a never ending source of positive encouragement and 

assistance, as well as all the staff and students in the Atmosphere and Ocean Research Institute of the 

University of Tokyo for as many reasons as it can be.  

This study was carried out in cooperation with Mr. Kiyomi Yamasaki, from the Shimanto Fisheries 

Association, and Ms. Sae Nomura and Mr. Mitsutoshi Sugimura of the Tombo 

Shimantogawa Gakuyukan, whose important assistance made everything possible. Special thanks to all 

of the people in Shimanto City that kindly helped me, as well as to all the fishermen who aided me 

during all the years of research, with a special note to Mr. Manabu Yasumitsu and all the sport fishing 

Team Submarine, and to Mr. Hiromitsu Nagano, chairman of the Akame Forum.  

This study was partially supported with research funds provided by River Fund of the River 

Fundation, Japan, and Sasakawa Science Grant provided by The Japan Science Society. I also thank the 

Ministry of Education, Culture, Sports, Science and Technology of Japan for providing me a 

Monbukagakusho Scholarship which permitted me to conduct the research. Without these financial 

supports, this thesis could not have been accomplished. 

Finally, I deeply thank my parents Luis and Raquel, my sisters Pili and Eva, and the rest of my 

family for encouraging me throughout my education in Spain and research in Japan. 



    
 

66 
 

References  

Able, K. W. (2005). A re-examination of fish estuarine dependence: evidence for connectivity between 

estuarine and ocean habitats. Estuarine, Coastal and Shelf Science, 64(1), 5-17. 

Alós, J., Arlinghaus, R., Palmer, M., March, D., & Álvarez, I. (2009). The influence of type of natural 

bait on fish catches and hooking location in a mixed-species marine recreational fishery, with 

implications for management. Fisheries Research, 97(3), 270-277. 

Amano, Y., Kuwahara, M., Takahashi, T., Shirai, K., Yamane, K., Amakawa, H., & Otake, T. (2013). 

Otolith elemental and Sr isotopic composition as a natal tag for Biwa salmon Oncorhynchus 

masou subsp. in Lake Biwa, Japan. Aquatic Biology, 19(1), 85-95. 

Anderson, J. T., & Dalley, E. L. (2000). Interannual differences in hatching times and growth rates of 

pelagic juvenile cod in Newfoundland waters. Fisheries Research, 46(1), 227-238. 

Arai, T., & Tsukamoto, K. (1998). Application of otolith Sr: Ca ratios to estimate the migratory history 

of masu salmon, Oncorhynchus masou. Ichthyological Research, 45(3), 309-313. 

Asahina, S., Imaizumi, Y., Uyeno, S., Kuroda, N., & Nakamura, M. (1992). A pictorial of Japanese 

fauna facing extinction. Japan Independent Communications Corporation Tokyo, 191 (in 

Japanese). 

Behrmann‐Godel, J., & Eckmann, R. (2003). A preliminary telemetry study of the migration of silver 

European eel (Anguilla anguilla L.) in the River Mosel, Germany. Ecology of Freshwater 

Fish, 12(3), 196-202. 

Bartholomew, A., & Bohnsack, J. A. (2005). A review of catch-and-release angling mortality with 

implications for no-take reserves. Reviews in Fish Biology and Fisheries, 15(1-2), 129-154. 

Bertram, B. C. (1978). Living in groups: predators and prey. Behavioural Ecology, 64-96. 

Boyd, I. L., Kato, A., & Ropert-Coudert, Y. (2004). Bio-logging science: sensing beyond the 

boundaries. Memoirs of National Institute of Polar Research. Special issue, 58, 1-14. 

Campana, S. E. (1999). Chemistry and composition of fish otoliths: pathways, mechanisms and 

applications. Marine Ecology Progress Series, 188, 263-297. 

Campana, S. E. (2005). Otolith science entering the 21st century. Marine and Freshwater 

Research, 56(5), 485-495. 

Campana, S. E., & Neilson, J. D. (1985). Microstructure of fish otoliths. Canadian Journal of Fisheries 

and Aquatic Sciences, 42(5), 1014-1032. 

Campana, S. E., & Thorrold, S. R. (2001). Otoliths, increments, and elements: keys to a comprehensive 

understanding of fish populations?. Canadian Journal of Fisheries and Aquatic Sciences, 58(1), 

30-38. 

Cappo, M., De'ath, G., Boyle, S., Aumend, J., Olbrich, R., Hoedt, F., Perna, C., & Brunskill, G. (2005). 

Development of a robust classifier of freshwater residence in barramundi (Lates calcarifer) life 

histories using elemental ratios in scales and boosted regression trees. Marine and freshwater 

research, 56(5), 713-723. 



References   
 

67 
 

Chang, C. W., Lin, S. H., Iizuka, Y., & Tzeng, W. N. (2004). Relationship between Sr: Ca ratios in 

otoliths of grey mullet Mugil cephalus and ambient salinity: validation, mechanisms, and 

applications. Zoological studies 43(1), 74-85. 

CITES (Convention on International Trade in Endangered Species of Wild Fauna and Flora) 

contribution to the National Biodiversity Strategies and Action Plans (NBSAPs) in April 2011. 

Cooke, S. J. (2008). Biotelemetry and biologging in endangered species research and animal 

conservation: relevance to regional, national, and IUCN Red List threat assessments. Endangered 

Species Research, 4(1-2), 165-185. 

Cooke, S. J., Hinch, S. G., Lucas, M. C., & Lutcavage, M. (2012). Biotelemetry and 

biologging. Fisheries techniques, 3, 819-881. 

Daverat, F., Tomas, J., Lahaye, M., Palmer, M., & Elie, P. (2005). Tracking continental habitat shifts 

of eels using otolith Sr/Ca ratios: validation and application to the coastal, estuarine and riverine 

eels of the Gironde–Garonne–Dordogne watershed. Marine and Freshwater Research, 56(5), 

619-627. 

Davis, R. W., Fuiman, L. A., Williams, T. M., Collier, S. O., Hagey, W. P., Kanatous, S. B., Kohin, S. 

& Horning, M. (1999). Hunting behavior of a marine mammal beneath the Antarctic fast ice. 

Science, 283(5404), 993-996. 

Davis, T. L. O. (1982). Maturity and sexuality in barramundi, Lates calcarifer (Bloch), in the Northern 

Territory and south-eastern Gulf of Carpentaria. Marine and Freshwater Research, 33(3), 529-

545. 

Davis, T. L. O. (1985). Seasonal changes in gonad maturity, and abundance of larvae and early juveniles 

of barramundi, Lates calcarifer (Bloch), in Van Diemen Gulf and the Gulf of Carpentaria. Marine 

and Freshwater Research, 36(2), 177-190. 

Davis, T. L. O. (1986). Migration patterns in barramundi, Lates calcarifer (Bloch), in Van Diemen Gulf, 

Australia, with estimates of fishing mortality in specific areas. Fisheries research, 4(3), 243-258. 

Day, J. W. (1989). Estuarine Ecology, Second edition. Edited by John W. Day, Byron C. Crump, W. 

Michael Kemp, Alejandro Yáñez-Arancibia. 

Delcourt, J., & Poncin, P. (2012). Shoals and schools: back to the heuristic definitions and quantitative 

references. Reviews in Fish Biology and Fisheries, 22(3), 595-619. 

Delcourt, J., Denoël, M., Ylieff, M., & Poncin, P. (2013). Video multitracking of fish behaviour: a 

synthesis and future perspectives. Fish and Fisheries, 14(2), 186-204. 

Denny, C. M., & Babcock, R. C. (2004). Do partial marine reserves protect reef fish assemblages?. 

Biological conservation, 116(1), 119-129. 

Dolan, R., Hayden, B. P., Hornberger, G. M., Zieman, J., & Vincent, M. K. (1972). Classification of 

the Coastal Environments of the World. Part 1. The Americas (No. TR-1).  

Edgar, G. J., Barrett, N. S., Graddon, D. J., & Last, P. R. (2000). The conservation significance of 

estuaries: a classification of Tasmanian estuaries using ecological, physical and demographic 

attributes as a case study. Biological Conservation, 92(3), 383-397. 

Eiler, J. H. (1995). A remote satellite-linked tracking system for studying Pacific salmon with radio 

telemetry. Transactions of the American Fisheries Society, 124(2), 184-193. 



References   
 

68 
 

Elliott, M., Whitfield, A. K., Potter, I. C., Blaber, S. J., Cyrus, D. P., Nordlie, F. G., & Harrison, T. D. 

(2007). The guild approach to categorizing estuarine fish assemblages: a global review. Fish and 

Fisheries, 8(3), 241-268. 

Elsdon, T. S., & Gillanders, B. M. (2003). Reconstructing migratory patterns of fish based on 

environmental influences on otolith chemistry. Reviews in Fish Biology and Fisheries, 13(3), 

217-235. 

Elsdon, T. S., & Gillanders, B. M. (2005). Strontium incorporation into calcified structures: separating 

the effects of ambient water concentration and exposure time. Marine Ecology Progress series, 

285, 233-243 

Espinoza, M., Farrugia, T. J., Webber, D. M., Smith, F., & Lowe, C. G. (2011). Testing a new acoustic 

telemetry technique to quantify long-term, fine-scale movements of aquatic animals. Fisheries 

Research, 108(2), 364-371. 

FAO, Food and Agriculture Organization of the United Nations (2001). Pilot workshop on the 

application of biotelemetry to fish studies for the management of inland fisheries in west Africa. 

FAO Fisheries Report No. 654. 

Frommen, J. G., Luz, C., & Bakker, T. C. (2007). Nutritional state influences shoaling preference for 

familiars. Zoology, 110(5), 369-376. 

Fuiman, L., Davis, R., & Williams, T. (2002). Behavior of midwater fishes under the Antarctic ice: 

observations by a predator. Marine Biology, 140(4), 815-822. 

Fujita, S., Kinoshita, I., Takahashi, I., & Azuma, K. (2002). Species composition and seasonal 

occurrence of fish larvae and juveniles in the Shimanto Estuary, Japan. Fisheries science, 68(2), 

364-370. 

Garcia, L. M. B. (1992). Lunar synchronization of spawning in sea bass, Lates calcarifer (Bloch): effect 

of luteinizing hormone‐releasing hormone analogue (LHRHa) treatment. Journal of Fish 

Biology, 40(3), 359-370. 

Gillanders, B. M. (2005). Otolith chemistry to determine movements of diadromous and freshwater 

fish. Aquatic Living Resources, 18(03), 291-300. 

Greenwood, P. H. (1976) A review of the family Centropomidae (Pisces, Perciformes). Bulletin of the 

British Museum (Natural History) Zoology, 29, 1–81 

Grey, D. L. (1987). An overview of Lates calcarifer in Australia and Asia. In Management of wild and 

cultured sea bass/barramundi (Lates calcarifer). Copland, J.W., Grey, D.L., Eds. ACIAR: 

Darwin, Australia, 1987, p15-21. 

Hamana, M., & Komatsu, T. (2016). Real-Time Classification of Seagrass Meadows on Flat Bottom 

with Bathymetric Data Measured by a Narrow Multibeam Sonar System. Remote Sensing, 8(2), 

96. 

IGFA (2016) Database of IGFA angling records until 2016. IGFA Fort Lauderdale USA. 

Inouchi, Y., Inoue, T., Nakahara, T., Tokuoka, T., & Fukita, A. (2006). Salt water intrusion into the 

Shimanto River, LAGUNA, 13, 63-77. (in Japanese) 

Iwatsuki, Y., Tashiro, K., & Hamasaki, T. (1993). Distribution and fluctuations in occurrence of a 

Japanese centropomid fish Lates japonicus. Japanese Journal of Ichthyology, 40(3), 327-332. 



References   
 

69 
 

Iwatsuki, Y., Tashiro, K., Endo, M., & Ono, H. (1994) The matured female of the Japanese centropomid 

fish from the Oyodo River estuary Miyazaki Prefecture. Bulletin Faculty of Agriculture, Miyazaki 

University, 41(1), 11-14. 

JNTO, Japan National Tourism Organization (2016) Official website on Shimanto area: 

https://www.jnto.go.jp/eng/regional/kochi/shimantogawa.html. 

Kafemann, R., Adlerstein, S., & Neukamm, R. (2000). Variation in otolith strontium and calcium ratios 

as an indicator of life-history strategies of freshwater fish species within a brackish water 

system. Fisheries Research, 46(1), 313-325. 

Kareiva, P., Marvier, M., & McClure, M. (2000). Recovery and management options for spring/summer 

chinook salmon in the Columbia River Basin. Science, 290(5493), 977-979. 

Katayama, M., & Taki, Y. (1984). Lates japonicus, a new centropomid fish from Japan. Japanese 

Journal оf Ichthyology, 30(4), 361-367. 

Kawakami, Y., Mochioka, N., Morishita, K., Tajima, T., Nakagawa, H., Toh, H., & Nakazono, A. 

(1998). Factors influencing otolith strontium/calcium ratios in Anguilla japonica 

elvers. Environmental Biology of Fishes, 52(1-3), 299-303. 

Kinoshita, I., Fujita, S., Takahashi, I., & Azuma, K. (1988). Occurrence of larval and juvenile Japanese 

snook Lates japonicus in Shimanto estuary Japan. Japan Journal of Ichthyology, 34(4), 462-467. 

Komatsu, T., Igararashi, C., Tatsukawa, K. I., Nakaoka, M., Hiraishi, T., & Taira, A. (2002). Mapping 

of seagrass and seaweed beds using hydro-acoustic methods. Fisheries science, 68(sup1), 580-

583. 

Komatsu, T., Mikami, A., Sultana, S., Ishida, K., Hiraishi, T., & Tatsukawa, K. I. (2003). Hydro-

acoustic methods as a practical tool for cartography of seagrass beds. Otsuchi Marine Science, 

28, 72-79. 

Komatsu, T., Mohri, A., Tanoue, H., Sawayama, S., Sagawa, T., & Sakanishi, Y. (2012). Mapping is a 

key for sustainable development of coastal waters: examples of seagrass beds and aquaculture 

facilities in Japan with use of ALOS images. INTECH Open Access Publisher. 

Kudo, T., Tanaka, H., Watanabe, Y., Naito, Y., Otomo, T., & Miyazaki, N. (2007). Use of fish-borne 

camera to study chum salmon homing behavior in response to coastal features. Aquatic Biology, 

1(1), 85-90. 

Kungvankij P., Tiro L. B. Jr, Pudadera B. J. Jr, & Potests I. O. (1985) Training Manual Biology and 

Culture of Sea Bass (Lates calcarifer). Network of Aquaculture Centres in Asia, Bangkok, 

Thailand 

Kynard, B., Wei, Q. W., & Ke, F. E. (1995). Use of ultrasonic telemetry to locate the spawning area of 

Chinese sturgeons. Chinese Science Bulletin, 40(1), 54-57. 

Lorenzen, K. (1996). The relationship between body weight and natural mortality in juvenile and adult 

fish: a comparison of natural ecosystems and aquaculture. Journal of fish biology, 49(4), 627-

642. 

Macdonald, J. I., & Crook, D. A. (2010). Variability in Sr: Ca and Ba: Ca ratios in water and fish otoliths 

across an estuarine salinity gradient. Marine Ecology Progress Series, 413, 147-161. 



References   
 

70 
 

Mc Dougall, A. (2004). Assessing the use of sectioned otoliths and other methods to determine the age 

of the centropomid fish, barramundi (Lates calcarifer) (Bloch), using known-age fish. Fisheries 

Research, 67(2), 129-141. 

McCulloch, M., Cappo, M., Aumend, J., & Müller, W. (2005). Tracing the life history of individual 

barramundi using laser ablation MC-ICP-MS Sr-isotopic and Sr/Ba ratios in otoliths. Marine and 

Freshwater Research, 56(5), 637-644. 

Mellas, E. J., & Haynes, J. M. (1985). Swimming performance and behavior of rainbow trout (Salmo 

gairdneri) and white perch (Morone americana): effects of attaching telemetry 

transmitters. Canadian Journal of Fisheries and Aquatic Sciences, 42(3), 488-493. 

Melnychuk, M. C., Welch, D. W., Walters, C. J., & Christensen, V. (2007). Riverine and early ocean 

migration and mortality patterns of juvenile steelhead trout (Oncorhynchus mykiss) from the 

Cheakamus River, British Columbia. Hydrobiologia, 582(1), 55-65. 

Miller, M. J. (2016). Life Histories of Catadromous Fishes. In: An Introduction to Fish 

Migration.  Morais, P. and Daverat, F. (Ed.) CRC Press, 78-110. 

Miller, S. J., & Storck, T. (1982). Daily growth rings in otoliths of young-of-the-year largemouth 

bass. Transactions of the American Fisheries Society, 111(4), 527-530. 

Milton, D. A., & Chenery, S. R. (2005). Movement patterns of barramundi Lates calcarifer, inferred 

from 87Sr/86Sr and Sr/Ca ratios in otoliths, indicate non-participation in spawning. Marine 

Ecology Progress Series, 301, 279-291. 

Milton, D. A., Tenakanai, C. D., & Chenery, S. R. (2000). Can the movements of barramundi in the Fly 

River region, Papua New Guinea be traced in their otoliths?. Estuarine, Coastal and Shelf 

Science, 50(6), 855-868. 

Mitani, Y., Watanabe, Y., Sato, K., Cameron, M. F., & Naito, Y. (2004). 3D diving behavior of Weddell 

seals with respect to prey accessibility and abundance. Marine Ecology Progress Series, 281, 

275-281. 

Moll, R. J., Millspaugh, J. J., Beringer, J., Sartwell, J., & He, Z. (2007). A new ‘view ‘of ecology and 

conservation through animal-borne video systems. Trends in ecology & evolution, 22(12), 660-

668. 

Moore, A., Russell, I. C., & Potter, E. C. E. (1990). The effects of intraperitoneally implanted dummy 

acoustic transmitters on the behaviour and physiology of juvenile Atlantic salmon, Salmo salar 

L. Journal of Fish Biology, 37(5), 713-721. 

Moore, R. (1979). Natural sex inversion in the giant perch (Lates calcarifer). Marine and Freshwater 

Research, 30(6), 803-813. 

Moore, R. (1980). Migration and reproduction in the percoid fish Lates calcarifer (Bloch). PhD 

dissertation, University of London, London, 2010.  

Moore, R. (1982). Spawning and early life history of barramundi, Lates calcarifer (Bloch), in Papua 

New Guinea. Marine and Freshwater Research,33(4), 647-661. 

Moore, R., & Reynold, L. F. (1982). Migration patterns of barramundi, Lates calcarifer (Bloch), in 

Papua New Guinea. Marine and Freshwater Research, 33(4), 671-682. 



References   
 

71 
 

Morales-Nin, B. (2000). Review of the growth regulation processes of otolith daily increment 

formation. Fisheries Research, 46(1), 53-67. 

Myers, G. S. (1949). Usage of anadromous, catadromous and allied terms for migratory 

fishes. Copeia, 1949(2), 89-97. 

Naito, Y. (2006). A role of advanced image data logger systems in marine animal studies. Coastal 

Marine Science, 30(2), 407-413. 

Naito, Y. (2007). A new animal-borne digital still camera (DSL): Its functions and applications to 

marine mammal science. In Proceedings of the 2007 animal-borne imaging symposium. National 

Geographic Society, Washington DC (pp. 201-207). 

Nilsson, C., Reidy, C. A., Dynesius, M., & Revenga, C. (2005). Fragmentation and flow regulation of 

the world's large river systems. Science, 308(5720), 405-408. 

Pannella, G. (1971). Fish otoliths: daily growth layers and periodical patterns. Science, 173(4002), 

1124-1127. 

Partridge, B. L. (1982). The structure and function of fish schools. Scientific American, 246(6), 114-

123. 

Pastén, G. P., Katayama, S., & Omori, M. (2003). Timing of parturition, planktonic duration, and 

settlement patterns of the black rockfish, Sebastes inermis. Environmental Biology of 

Fishes, 68(3), 229-239. 

Pethiyagoda, R., & Gill, A. C. (2012). Description of two new species of sea bass (Teleostei: Latidae: 

Lates) from Myanmar and Sri Lanka. Zootaxa, 3314, 1-16. 

Philipp, D. P., Toline, C. A., Kubacki, M. F., Philipp, D. B., & Phelan, F. J. (1997). The impact of catch-

and-release angling on the reproductive success of smallmouth bass and largemouth bass. North 

American Journal of Fisheries Management, 17(2), 557-567. 

Pillipow, R., & Williamson, C. (2004). Goat River bull trout (Salvelinus confluentus) biotelemetry and 

spawning assessments 2002-03. Journal of Ecosystems and Management, 4(2), 1-9. 

Pincock, D. G. (2008). Understanding the performance of VEMCO 69 kHz single frequency acoustic 

telemetry. Technical white paper Vemco, Halifax, Nova Scotia. 

Pitcher, T. J. (1983). Heuristic definitions of fish shoaling behaviour. Animal Behaviour, 31(2), 611-

613. 

Pitcher, T. J. (1986). Functions of shoaling behaviour in teleosts. In The behaviour of teleost fishes (pp. 

294-337). Springer US. 

Ponganis, P. J., Van Dam, R. P., Marshall, G., Knower, T., & Levenson, D. H. (2000). Sub-ice foraging 

behavior of emperor penguins. Journal of Experimental Biology, 203(21), 3275-3278. 

Potter, I. C., Tweedley, J. R., Elliott, M., & Whitfield, A. K. (2015). The ways in which fish use 

estuaries: a refinement and expansion of the guild approach. Fish and Fisheries, 16(2), 230-239. 

Ricciardi, A., & Rasmussen, J. B. (1999). Extinction rates of North American freshwater 

fauna. Conservation Biology, 13(5), 1220-1222. 

Rochard, E., Castelnaud, G., & Lepage, M. (1990). Sturgeons (Pisces: Acipenseridae); threats and 

prospects. Journal of Fish Biology, 37(sA), 123-132. 



References   
 

72 
 

Russell, D. J., & Garrett, R. N. (1985). Early life history of barramundi, Lates calcarifer (Bloch), in 

north-eastern Queensland. Marine and Freshwater Research, 36(2), 191-201. 

Russell, D. J., & Garrett, R. N. (1988). Movements of juvenile barramundi, Lates calcarifer (Bloch), in 

north-eastern Queensland. Marine and Freshwater Research, 39(1), 117-123. 

Salini, J., & Shaklee, J. B. (1988). Genetic structure of barramundi (Lates calcarifer) stocks from 

northern Australia. Marine and Freshwater Research, 39(3), 317-329. 

Secor, D. H., & Rooker, J. R. (2000). Is otolith strontium a useful scalar of life cycles in estuarine 

fishes?. Fisheries Research, 46(1), 359-371. 

Secor, D. H., Ohta, T., Nakayama, K., & Tanaka, M. (1998). Use of Otolith Microanalysis to Determine 

Estuarine Migrations of Japanese Sea Bass Lateolabrax japonicus Distributed in Ariake 

Sea. Fisheries science, 64(5), 740-743. 

Shaw, E. (1978). Schooling fishes: the school, a truly egalitarian form of organization in which all 

members of the group are alike in influence, offers substantial benefits to its participants. 

American Scientist, 166-175. 

Spalding, M. D., Fox, H. E., Allen, G. R., Davidson, N., Ferdaña, Z. A., Finlayson, M., Halpern, B. S., 

Jorge, M. A., Lombana, A., Lourie, S. A., Martin, K. D, McManus, E., Molnar, J., Recchia, C. 

A. & Robertson, J. (2007). Marine ecoregions of the world: a bioregionalization of coastal and 

shelf areas. BioScience, 57(7), 573-583. 

Stasko, A. B., & Pincock, D. G. (1977). Review of underwater biotelemetry, with emphasis on 

ultrasonic techniques. Journal of the Fisheries Board of Canada, 34(9), 1261-1285. 

Stuart, I. G., & McKillup, S. C. (2002). The use of sectioned otoliths to age barramundi (Lates 

calcarifer) (Bloch, 1790) [Centropomidae]. Hydrobiologia, 479(1-3), 231-236. 

Stuehrenberg, L., Giorgi, A., & Bartlett, C. (1990). Pulse-coded radio tags for fish identification. 

In Prince, and GA Winans, editors. Fish-marking techniques. American Fisheries Society, 

Symposium (Vol. 7, 370-374). 

Takahashi, H., Takeshita, N., Tanoue, H., Ueda, S., Takeshima, H., Komatsu, T., Kinoshita, I. & 

Nishida, M. (2015). Severely depleted genetic diversity and population structure of a large 

predatory marine fish (Lates japonicus) endemic to Japan. Conservation Genetics, 16(5), 1155-

1165. 

Takahashi, M., Watanabe, Y., Kinoshita, T., & Watanabe, C. (2001). Growth of larval and early juvenile 

Japanese anchovy, Engraulis japonicus, in the Kuroshio‐Oyashio transition region. Fisheries 

Oceanography, 10(2), 235-247. 

Tanoue, H., Komatsu, T., Tsujino, T., Suzuki, I., Watanabe, M., Goto, H., & Miyazaki, N. (2012). 

Feeding events of Japanese lates Lates japonicus detected by a high-speed video camera and 

three-axis micro-acceleration data-logger. Fisheries science, 78(3), 533-538. 

Tashiro, K., & Iwatsuki, Y. (1995). Growth and feeding habits in reared Japanese centropomid fish 

Lates japonicus. Bulletin of the Japanese Society of Scientific Fisheries (Japan). 

Taubert, B. D., & Tranquilli, J. A. (1982). Verification of the formation of annuli in otoliths of 

largemouth bass. Transactions of the American Fisheries Society, 111(4), 531-534. 



References   
 

73 
 

Thorsteinsson, M. V., Davenport, J., & Maoiléidigh, N. Ó. (2002). Tagging methods for stock 

assessment and research in fisheries. Report of Concerted Action.  FAIR CT.96.1394 (CATAG) 

Tsukamoto, K., & Arai, T. (2001). Facultative catadromy of the eel Anguilla japonica between 

freshwater and seawater habitats. Marine Ecology Progress Series, 220, 265-276. 

Uchida, Y. (2005) A mysterious fish in the Shimanto estuary: life history of Lates japonicus. 

Aquabiology 27, 24–29 (in Japanese) 

Veiga, P., Gonçalves, J. M., & Erzini, K. (2011). Short-term hooking mortality of three marine fish 

species (Sparidae) caught by recreational angling in the south Portugal. Fisheries Research, 

108(1), 58-64. 

Walford, J., & Lam, T. J. (1993). Development of digestive tract and proteolytic enzyme activity in 

seabass (Lates calcarifer) larvae and juveniles. Aquaculture, 109(2), 187-205. 

Watanabe, Y., Mitani, Y., Sato, K., Cameron, M. F., & Naito, Y. (2003). Dive depths of Weddell seals 

in relation to vertical prey distribution as estimated by image data. Marine Ecology Progress 

Series, 252, 283-288. 

Watanabe, Y., Wei, Q., Yang, D., Chen, X., Du, H., Yang, J., Sato, K., Naito, Y., & Miyazaki, N. (2008). 

Swimming behavior in relation to buoyancy in an open swimbladder fish, the Chinese sturgeon. 

Journal of Zoology, 275(4), 381-390. 

Whitfield, A. K. (1997). Fish conservation in South African estuaries. Aquatic conservation: Marine 

and Freshwater ecosystems, 7(1), 1-11. 

Wolman, M. G. (1954). A method of sampling coarse river‐bed material. EOS, Transactions American 

Geophysical Union, 35(6), 951-956. 

Yamane, K., Shirai, K., Nagakura, Y., & Otake, T. (2012). Assessing the usefulness of otolith elemental 

compositions for evaluating the population structure of the Pacific herring Clupea pallasii in 

northern Japan. Fisheries science, 78(2), 295-307. 

Yokouchi, K., Fukuda, N., Shirai, K., Aoyama, J., Daverat, F., & Tsukamoto, K. (2011). Time lag of 

the response on the otolith strontium/calcium ratios of the Japanese eel, Anguilla japonica to 

changes in strontium/calcium ratios of ambient water. Environmental Biology of Fishes, 92(4), 

469-478. 

Yoshimura, C., Omura, T., Furumai, H., & Tockner, K. (2005). Present state of rivers and streams in 

Japan. River research and applications, 21(2‐3), 93-112. 

Zimmerman, C. E. (2005). Relationship of otolith strontium-to-calcium ratios and salinity: experimental 

validation for juvenile salmonids. Canadian Journal of Fisheries and Aquatic Sciences, 62(1), 

88-97. 


