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Tunas of the genera Thunnus and Katsuwonus are important fishery resources in the neritic regions of Japan.
Although a large amount of information about tunas behavior has been collected, it is very fragmentary and very un-
quantitative because the data are based on empirical fishing information. Recent technological developments in acoustic
transmitters, archival tags and pop-up tags have made it possible to simultaneously monitor swimming behavior of vari-
ous species of animals, ambient physical and internal physiological information as digital data. However, the duration
of successful tracks of tunas using acoustic tags has been restricted to about one week owing to the difficulty of tracking
for long periods in rough seas, and results in researchers’ fatigue and consequent loss of the target. In the last few years,
technological advances in archival and pop-up tags have been achieved, which enable researchers to record time-series
data of longer duration and higher resolution compared to previous acoustic studies. Thus, it will be possible to eluci-
date a seasonal change and developmental processes of tuna behavior. In addition, since the tags detect feeding events
of tunas, it will be possible to comprehensively understand relationship between fish behavior and physical biological
environment. Moreover, if technological developments of geolocation progress, three-dimensional behavior of fish can

be expected.
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INTRODUCTION

Tunas genus Thunnus (including yellowfin, albacore, big-
eye, blackfin, longtail, southern bluefin and Atlantic and
Pacific bluefin tuna) and Katsuwonus (skipjack tuna) are
one of the most important fishery resources in the neritic
region of Japan. Significantly large amounts of biological
information (age and growth, reproduction, distribution,
etc.) have been collected for analysis of population dynam-
ics and fisheries management of the tunas (e.g. Sund et al.
1981). This information is very fragmentary and unquanti-
tative, because it is often inferred from fisheries data. In ad-
dition, various studies have attempted to delineate the habi-
tat requirements of tuna species from employing relation-
ships between catch statistics and oceanographic conditions
averaged over time and space (Blackburn and Williams
1975), but the averaged catch statistics and environmental
data do not necessarily elucidate these relationships. This is
because this data usually were not gathered simultaneously
and (as demonstrated by Sharp and Francis 1976) error
terms caused by averaging are usually too broad to show
meaningful relationships (Brill 1994). Therefore, it is very
important to collect more detailed scientific information on
the distribution and movement of tunas, as well as detailed
relationships between their habitat and oceanographic con-
ditions.

Recently technological advances in acoustic transmitters
have been realized. Hunter et al. (1986) reviewed behav-

ioral study of tunas using acoustic tags from the 1970s to
the early 80s, and Koido and Miyabe (1990) and Miyabe
and Okamoto (1998) reviewed the studies up to the early
90s. Most recently technologies in archival and pop-up tags
have made it possible to monitor the swimming behavior of
various species of animals including external physical and
internal physiological information, simultaneously. In this
paper, studies on the behavior of tunas archival and pop-up
tags are described in addition to behavioral studies using
acoustic transmitters. Moreover, benefit of archival and
pop-up tags for investigating tunas’ behavioral ecology is
also discussed.

STUDIES OF TUNAS BEHAVIORS USING
ACOUSTIC TRANSMITTERS

An acoustic (ultrasonic) tracking system consists of a
transmitter attached to the fish, and a directional hy-
drophone and receiver system installed on a tracking vessel.
Since pressure and temperature sensors are installed in the
transmitters, swimming depth of fish and ambient water
temperature data are transmitted to the receiver system on
board. Fish geolocation is also measured via GPS on the
vessel.

Summary of acoustic tracking of tunas is shown in Table
1. The first success of tracks of tuna using the acoustic sys-
tem was conducted by Yuen (1970), who tracked 2 small
skipjack tuna (Katsuwonus pelamis) to obtain information
on their behavior associated with movement of water mass-
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Table 1. Summary of tuna acoustic tracking.

Tuna species ci(;'?)i’k“ll:;gg}tl; Sa;r;;g le dI::tilén Type of data recorded
Carey and Lowson (1973) Atlantic bluefin 230-270kg 7 6-56 hrs water temp., internal temp.
Lutcaveage et al. (2000) Atlantic bluefin 136-340kg 11 3.5-48hrs depth, geolocation
Marcinek et al. (2001) Pacific bluefin 81-119cm 6 9-68 hrs depth, internal temp., geolocation
Laurs et al. (1977) Albacore 84-87 cm 3 28-50 hrs geolocation
Holland et al. (1990) Bigeye 57-75 cm 4 10-30 hrs depth, geolocation
Koito and Miyabe (1990) Bigeye 46-55cm 6 676 hrs depth, geolocation
Holland et al. (1992) Bigeye 79cm 2 29 hrs depth, water temp., internal temp.
Josse et al. (1998) Bigeye 35-84 cm 2 24 hrs depth, geolocation
Carey and Olson (1973) Yellowfin 87-98 cm 4 9-48 hrs depth, geolocation
Yonemori (1982) Yellowfin 63—70 cm 4 8-32hrs depth, geolocation
Cayré and Chabanne (1986) Yellowfin S4cm 1 89 hrs depth, geolocation
Holland et al. (1990) Yellowfin 44-75cm 11 9-48 hrs depth, geolocation
Koito and Miyabe (1990) Yellowfin 44-79cm 4 9-34 hrs depth, geolocation
Cayré (1991) Yellowfin 73-105cm 3 1324 hrs depth, water temp., geolocation
Block et al. (1997) Yellowfin 75-94 cm 3 54-72 hrs depth, geolocation
Josse et al. (1998) Yellowfin 60 cm 1 24 hrs depth, geolocation
Marsac and Cayré (1998) Yellowfin 49-100cm 8 1144 hrs depth, geolocation
Yuen (1970) Skipjack 40-44 cm 2 12-161 hrs geolocation
Dizon et al. (1978) Skipjack 70 cm 3 10-24 hrs depth, water temp., geolocation
Bard and Pincock (1982) Skipjack 44-45cm 2 3-7hrs depth, geolocation
Levenez (1982) Skipjack 53-55cm 2 19-44 hrs water temp., geolocation
Cayré and Chabanne (1986) Skipjack 57cm 1 39 hrs depth, geolocation
Cayré (1991) Skipjack 41-52cm 5 324 hrs depth, water temp., geolocation

es off the island of Oahu, Hawaii. A notable feature of these
tracks was striking ability of the fish to move away from
and return to a precise position every day. Although Dizon
et al. (1978), Levenez (1982), Bard and Pincock (1982),
Cayré and Chabanne (1986) and Cayré (1991) also tracked
a few skipjacks, their tracking durations were very short (at
most 44 hours Levenez (1982)).

Regarding yellowfin tuna 7. albacore and bigeye tuna T.
obesus, Fish Aggregating Devices (FADs) were developed
in the early 80s as ‘miracle solutions’ for making popula-
tions of tunas available to small-scale fisheries of island de-
veloping countries (Marsac and Cayré 1998). Yonemori
(1982), Cayré and Chabanne (1986), Holland et al. (1990),
Koido and Miyabe (1990), Cayré (1991), Josse et al.
(1998), and Marsac and Cayré (1998) investigated the
movement of yellowfin and bigeye around FADs using
acoustic transmitters. In most of the studies, fish remained
around FADs, however, in other studies, fish moved away at
night and returned to FADs the next morning (Cayré and
Chabanne 1986, Holland et al. 1990, Marsac and Cayré
1998). Large adult yellowfin repeatedly re-visit the same
FAD, and appear able to navigate precisely between FADs
(Brill et al. 1999). Josse et al. (1998) suggested that scatter-
ing layers (SSL), assimilated as food, played an important
role in vertical and horizontal tuna movements.

Vertical movements of yellowfin tuna in the open ocean
were also investigated (Carey & Olson 1982, Block et al.
1997). According to Block et al. (1997), yellowfin is pre-
dominantly confined to the surface mixed layer above the
thermocline and the fish made periodic short dives below
the thermocline, encountering cooler temperatures.
Incidentally, this corresponds to the empirical finding that
purse seine catches of yellowfin and skipjack are consider-

ably large in the thin mixed layers above sharp thermoclines
(Green 1967). Albacore, T. alalunga, concentrated in the
vicinity of upwelling fronts and moved away when up-
welling ceased and the front dispersed (Laurs et al. 1977).

Holland et al. (1990, 1992) measured swimming depth
and muscle temperature of bigeye, simultaneously, and
found that bigeye spent most daylight hours well below the
thermocline (in 15°C water) but made regular, brief, up-
ward excursions into mixed layers. Bigeye reduce the effi-
cacy of their vascular counter-current heat exchangers
while gaining heat from the environment, then increase it
again when they return to depths below the thermocline,
known as ‘physiological behavioral thermoregulation’
(Holland et al. 1992). According to Dagorn et al. (2000),
large bigeye swam within the first 100 m below the surface
during the night and at depth between 400 and 500 m dur-
ing the daytime, making upward excursions approximately
every 2.5h. Further, the fish exhibited clear relationship
with the SSL.

Carey and Lawson (1973) were measured ambient water
and internal temperature of 230-270kg Atlantic bluefin 7.
thynnus thynnus. Bluefin made abrupt dives periodically
from surface water of 18°C to the thermocline at 4-5°C. In
addition, bluefin, which experienced marked changes in
water temperature, showed excellent regulation of body
temperature (which was, however, pointed out to be an in-
correct interpretation by Neill and Stevens (1974), —that is,
the body temperature of the bluefin was maintained not by
physiological, but by physical means of “their thermal iner-
tia”). Recently, Lutcavage et al. (2000) tracked bluefin
(136-340kg) in the Atlantic and Marcinek et al. (2001)
made in the Pacific (11.8-57.6kg, T t. orientlis). Bluefin
spent most of their time in the top of the water column and
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Table 2. Summary of studies of tunas behaviors using archival tags or pop-up tags.
. Body weight Sample Track Samplin
Tuna species or foilk lenggth sizI; duration Type of data recorded inte?valg Type of tag
Gunn et al. (1994) Southern bluefin  40-50 cm 2 15-33days  depth, water temp., internal temp., 1-4min archival tag
light, geolocation
Block et al. (1998) Atlantic bluefin  96-181kg 37 3—6ldays  water temp., geolocation 1 day pop-up tag
(only end location of the track)
Lutcavage et al. (1999) Atlantic bluefin 190-263cm 17 61 days water temp., geolocation 1 day pop-up tag
(only end location of the track)
Kitagawa et al. (2000) Pacific bluefin 50-70 cm 15 6-75days  depth, water temp., internal 128sec  archival tag
temp., light, geolocation
Inagake et al. (2001)  Pacific bluefin 49-55cm 5 611-1635days water temp., geolocation 1 day archival tag
Marcineck et al. (2001) Pacific bluefin  127-143 cm 2 24-52days  depth, water temp., geolocation 1 min pop-up tag
(only end location of the track)
Kitagawa et al. (2001) Pacific bluefin 50-70 cm 15 6-75days  depth, water temp., internal temp., 128sec archival tag

light, geolocation

made occasional dives into deeper and cooler water.

As shown in Table 1, durations of all these successful
tracks of tunas using vessels are less than one week. This is
due to the difficulty of tracking for long periods in rough
seas, and results in researchers’ fatigue and consequent loss
of the target. Since fish may show abnormal behavior in the
first few days after release, a longer monitoring period is
essential to estimate their natural behavior, particularly for
the investigations of seasonal change and development
processes of their behavior.

STUDIES OF TUNAS BEHAVIORS USING
ARCHIVAL AND POP-UP TAGS

In recent years, “archival tags™ (data storage tags, micro
data loggers) have been developed and applied to salmons,
plaice, whale shark, cod and tunas (Gunn et al. 1994, 1999,
Boehlert 1997, Ogura 1997, Metcalfe and Arnold 1997,
Tanaka et al. 1998, 2000, Block et al. 1998a, b, Kasai et al.
1998, 2000, Lutcavage et al. 1999, Naito et al. 2000,
Kitagawa et al. 2000, 2001, Walker et al. 2000, Righton et
al.2001, Marcinek et at 2001, Inagake et al. 2001, Friedland
et al. 2001). The archival tag is an electronic device that
measures environmental variables and records raw or
processed data in its memory. When an archival tag is at-
tached to an animal, it allows direct examination of the re-
lationship between animal behaviors or physiological con-
ditions and the ambient environment, because the sensor
measures the environmental conditions which the animal
experiences at that moment. In addition, some versions of
archival tags allow rough estimation of fish geolocation
every day from time of sunrise and sunset as detected by
light sensor (Anonymous 1994, Block et al. 1998b). As for
the theory of fish geolocation by light levels, longitudes are
estimated the time of sunrise and sunset; Latitudes are esti-
mated by daytime duration (Hill 1994).

These tags enable us to record time-series data for longer
durations and higher resolutions when compared to previ-
ous tracking studies using acoustic transmitters.

The pop-up tag is attached externally to a fish, releases at
a preprogrammed time because of a corrosive linkage,
floats to the surface, and then transmits continuously to
ARGOS satellites (Block et al. 1998a). Therefore, com-

pared with archival tag, recapture of the animal to access
the data is not required. Summary of studies of tunas be-
haviors using archival tags or pop-up tags is shown in Table
2. Gunn et al. (1994) first applied the archival tag to south-
ern bluefin (I maccoyii). They measured data on depth,
body and ambient water temperature of tuna, and clearly
detected daily feeding and activity cycles from body tem-
perature changes. Feeding events were indicated by rapid
drops of body temperature due to ingesting food or water.
These rapid thermal changes could not be explained by a
change in ambient water temperature. Further, the fish pre-
ferred the upper water column during daylight hours, while
at night it routinely swam at depths greater than 30-40 me-
ters (data length 15 days). Regarding Pacific bluefin,
Kitagawa et al. (2000) analyzed time-series data on the
swimming depth and ambient water temperature recorded
every 128 seconds by tags retrieved from 15 fish (data
length about 80 days at maximum). In this study, the tags
were recovered by fisheries and recovery rate of the tags
was 0.143 (15/105). As a result, spatial and seasonal
changes of the vertical structure of ambient water tempera-
ture were found to have a great influence on the vertical
distribution and movement of the bluefin. In addition,
Kitagawa et al. (2001) analyzed time-series data on water
and peritoneal cavity temperature recorded by tags retrieved
from the fish and investigated thermoconservation mecha-
nisms of the bluefin under low ambient temperature.
According to their results, the peritoneal cavity temperature
of bluefin is maintained when it makes brief and frequent
dives to depths through the thermocline. It was further re-
vealed from a heat budget model that thermal inertia or
heat production is important for the thermoconservation
during the dives. They pointed out that since bluefin cannot
maintain body temperature for a long dive, they spend most
of their time at the surface and have to avoid rapid tempera-
ture change at the thermocline via behavioral thermoregula-
tion. This result is quite different from that of bigeye tuna
as reported by Holland et al. (1992). The heat exchangers
are disengaged to allow rapid warming as the bigeye ascend
from cold water into warmer surface waters, and are reacti-
vated to conserve heat when they return to the depths,
which is a process called physiological and behavioural
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thermoregulation (Holland et al. 1992).

Inagake et al. (2001) described the migration routes of
young Pacific bluefin in the western North Pacific in rela-
tion to oceanographic conditions. The fish showed clock-
wise migration patterns closely related with the ocean
structure in and around the Kuroshi-Oyashio Inter-frontal
Zone. They moved westward in spring in and around the
Kuroshio Extension, northward in summer along the warm
water intrusions originating from the crest of the Kuroshio
Extension, eastward in fall along the south of the Oyashio
front, and southward in early winter to the Kuroshio
Extension. It is likely that their migration routes are related
to changes of chlorophyll-a concentration as well as ocean
currents.

Block et al. (1998a, b, 2001), Lutcavage et al. (1999) ap-
plied archival tags or pop-up satellite tags to Atlantic
bluefin and investigated their temporal and spatial move-
ment patterns in the Atlantic Ocean. Although some au-
thors reported on tag data collected from small sample, they
did not necessarily reveal the causal factors affecting the
movement of the fish. Advances in technological develop-
ments of pop-up tags and increases of sample size retrieved
are desirable. Neverthless, according to Lutcavage et al.
(1999), the view of bluefin migrating in a region of the
mid-Atlantic bounded by Bermuda and the Azores, indicat-
ed that spawning size class was primarily found in the Gulf
of Mexico in late April-June. Block et al. (1998a) showed
that Atlantic bluefin crossed between the western and east-
ern management zone, indicating that it is necessary to im-
prove the identification of discrete biological stocks. It was
also showed that bluefin moved in the Gulf Stream or along
the western frontal zone, indicating the blufin prefer
warmer water masses to the cooler Labrador Current or
coastal water. Marcinek et al. (2001) tracked two Pacific
bluefin with pop-up tags in the eastern Pacific and found
that these blufin spent the majority of their time in the top
parts of the water column in a pattern similar to that ob-
served for yellowfin (Block et al. 1997). According to
Block et al (2001), Atlantic bluefin dive to depths of more
than 100 m and maintain a warm body temperature. In addi-
tion, tagged bluefin make trans-Atlantic migrations and
they frequent spawning grounds in the Gulf of Mexico and
eastern Mediterranean.

Relationships between vertical distributions of tunas and
ambient water temperatures have been described from a
viewpoint of fishing ground formation (Suda et al.1969,
Uda 1973, Kawai 1980, Koido and Mizuno 1989, Ogawa
and Ishida 1989a, b). Since this information, however, was
collected only when fishing grounds were formed, the infor-
mation is very fragmental and lacks generality of tunas be-
havior. Tracking of tunas with acoustic transmitters were
also restricted to no more than a few days duration as de-
scribed above. In contrast, archival tag provides a fisheries-
independent measure of the tunas behavior with environ-
mental and physiological data from the location of tagging.
Therefore, if the tags can be retrieved, it will be possible to
collect detailed biological information of tunas for longer
durations and higher resolutions compared to previous fish-
eries data analysis or tracking studies.

One of the limits on archival tags is that only physical
quantities are measured, suggesting that only the relation-

ship between fish behavior and ambient physical environ-
ment such as water temperature, light level, etc can be elu-
cidated. Thus, studies using this tag may fall into the ap-
proach of “environment determinism”. However, feeding
events for tunas indicated by rapid drops of their body tem-
perature, were also detected by the tags (Gunn et al. 1994),
suggesting that it is possible to comprehensively understand
relationship between fish behavior and the biological envi-
ronment such as prey, in addition to the physical environ-
ment.

CONCLUSION

In this paper, studies on use of acoustic transmitters,
archival and pop-up tags in investigations of the behavior of
tuna were reviewed. Benefit of archival and pop-up tags for
investigating tunas’ behavioral ecology was also discussed.
Regarding a weak point for technology of archival tags,
only once a day can fish geolocations be roughly estimated
from the time of sunrise and sunset as detected by the light
sensor. In addition, the scale of errors in geolocation esti-
mates from archival tags are considerable (Welch and
Eveson 1999). Therefore, for future studies, it is important
to increase spatial resolution of the geolocation of the ani-
mals or to develop new techniques. These improvements
are indispensable for the research on the horizontal migra-
tion of pelagic animals. If these technological developments
progress, it will be possible to observe 3-dimensional be-
havior of fish. Moreover if possible, the fish themselves will
reveal the nature of their 3-dimensional “real” environment,
instead of relying on ship-based measurements.
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