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ABSTRACT

Environmental influence on yellowfin tuna (Thunnus albacares) distribution and reproductive ecology was
analyzed using | ong line fisheries and oceanographic data in the Indian Ocean for the period of 1953 —1997. Data
were obtained from National Research Institute of Far Seas Fisheries and the National Oceanographic Data
Center, respectively. Hooking rates, sexual maturity and larval density were compared with thermocline depth and
depth-specific data on temperature, salinity, oxygen and nutrients using geographic information system (GIS)
application and simple numerical analyses in order to describe their relationships. Results predicted optimum
range for every environmental parameter at each respective life stages of yellowfin tuna. It was found out that
water temperature, dissolved oxygen concentration and thermocline depth influenced the distribution of adult
yellowfin tuna while, temperature and dissolve oxygen concentration influenced spawning activities. For the larvae,
temperature, dissolved oxygen and ther mocline depth were also considered important factors. Other environmental
parameters studied had more influence on intermediary factors that affects the distribution as well.
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INTRODUCTION

The influence of the environment plays an important role,
not only on its existence, but also on distribution, density
and mortality of marine organisms as well. It predetermines
the preferential habitat of different species whereby
physiological adaptation is not subject to exceed its limits
and tolerance. Though physical properties are not the only
determinant, a good knowledge on this provides basis for
understanding indirect effects on distribution such as
availability of food.

Fisheries scientists are now considering ecological factors
affecting major fisheries resources, indicative of their
vulnerability to exploitation. For yellowfin tuna (Thunnus
albacares), considerable work has been done to study their
relationship with their habitat ranging from laboratory
experiments to remote sensing or to real-time surveys.
However, most of it is focused on distribution of catchable
size and less attention at other life stages. Moreover, if not
site specific, it islimited to smaller coverage area.

To date, only sea surface temperature data are mostly used to
analyze the influence of environmental factors on yellowfin
tuna distribution on a large-scale basis. Hence, it is
necessary to study depth-specific environmental data, which
corresponds to the depth range in different life stage (adult,
spawners, larvae) of these species. Fortunately, the National
Oceanic and Atmosp heric Administration through National
Oceanographic Data Center (NODC) provides such depths
specific oceanographic data in a long term period nearly for
100years.

This paper is an attempt to describe environmental
influences on the distribution of yellowfin tuna on an
oceanic scale. Specificaly, it will describe the influence of
temperature, salinity, dissolved oxygen, thermocline depth,
chlorophyll a and nutrients, on the distribution of adult,
spawning activity and larvae of yellowfin tuna in the Indian
Ocean. Further, it will attempt to predict optimal range of
environmental parameters studied.

Limitation of the study includes none application of
statistical tests to determine significance of influence of each
environmental parameter. Also, few assumptions need to be
considered for interpretation.

REVIEW
Biology and ecology

(1) Taxonomic description (Bonnaterre, 1788)
Systematics
Class. Actinopterygii
Order: Perciformes
Family: Scombridae
Genus. Thunnus
Species. abacares

(2) Morphological Characteristics

Yellowfin tuna, Thunnus albacares (Bonnaterre, 1788),
belongs to the family Scombridae. These fishes have
elongated spindle-shaped (fusiform) bodies covered with
small scales, having two separated dorsal fins, a deeply
forked caudal fin and the presence of finlets behind the
dorsal and anal fins. The second dorsal fin and anal fin are
exceptionally long, and in some species may reach well over
20% of the fork length. The pectoral fin is moderately long,
usually reaching beyond the second dorsal fin origin but not
beyond the end of its base. Two small and one large keels
are present in each side of the caudal peduncle. The color is
black metallic, dark blue changing through yellow to silver
on the belly. The dorsal and anal fins and finlets are bright
yellow. The ventral side frequently has about 20 broken,
almost vertical striation curved towards the rear (Figure 1).

Figure 1. lllustration of a yellowfin tuna (Thunnus albacares)

(3) Growth

Age and growth of yellowfin tuna have been studied through
hardpart analysis (i.e. otolith, scales), weight and length
frequency analysis by several authors (Stequert, 1989;
Suzuki, 1994). Stequert (1989) cited that yellowfin tunas
ages 1, 2, 3, 4 and 5 years have corresponding fork lengths
54 cm, 92 cm, 120 cm, 140 cm and 154 cm. Moreover,
juveniles of 4575 cm in fork length generally have the
growth rate of 3 cm per month. In the Indian Ocean, a
similar study showed that yellowfin tunaat 57-76 cm in fork
length have the growth rate of 3 cm per month while 4.3
cm/mo at 88-101 cm. A review on the growth of yellowfin
tuna revealed that the growth rate generaly ranges from 2.7
to 3 cm/month at the size ranging from 30 cm to 100 cm
(Ardill, 1993).

(4) Spawning and mode of reproduction

Yellowfin tunas attain sexual maturity at lengths ranging
from 75.9 cm to 134.5 cm in fork length and age at first
maturity is estimated to be 1.8 years (Froese, 1999).

Suzuki (1994) cited that the size of yellowfin tunas at first
spawning (maturation) in the western and central Pacific has
been studied through gonadosomatic indices (GSI), external
features of the ovaries and microscopic examination of egg
diameters. Results from one of the studies revealed that
maturation ranges from 53 cm for males and 57 cm for
females in Philippine waters while 70-80 cm for females in
the central Pacific. Another study also covering the area of
western and central Pacific, revealed that maturation of
femalesis attained at 80-110 cm in length.




Histological examination of ovaries revealed that the
smallest female with mature ovaries in eastern tropical
Pacific measured 84 cm in length. Studies from other
authors, without histological examination, showed that the
size at fifty percent maturity ranged from 110 cm to 120 cm
in the western and central Pacific. Suzuki (1994) further
cited that there were indications that yellowfin tunas caught
by surface fisheries tended to be more mature than those
taken by the longline fishery due to possible movement of
mature individuals to the sur face layer. But, he stressed that
there is a necessity for a detailed histological study on
maturity covering both surface and longline data.

Stequert (1989), on the other hand, cited that an examination
of yellowfin ovaries caught by longline fisheries in the
Indian Ocean revealed that fifty percent of the fish observed
reached first sexual maturity when measuring 120 cm to 140
cm and rarely at 80 cm in length. GSI levels of females in
advanced ovarian development, range from 15 to 25.
Plotting the distribution of mature females with GSI levels
greater than 2, indicated spawning season and areas.

Yellowfin tunas have an external mode of fertilization
(Froese, 1999). Eggs and sperm are released into the water
column for fertilization. No parental careis given to the eggs
or the young after spawning.

Yellowfin tunas spawn throughout the year in tropical and
equatorial waters of three major oceans. At higher latitudes,
spawning is seasonal, with peaks in summer. While at lower
latitudes, it may continue throughout the year. There are also
site specific seasonal peaks. In the western tropical Pacific,
peak potentials are from December to January while April to
May in the central tropical Pecific. Suzuki (1994) cited two
authors whose studies revealed that there are two spawning
peaks in the Philippines, a major peak in March to May and
a lesser peak in October to December. Based on similarities
between calculated birth date and other studies on gonad
index, Stequert et a (1993) revealed that yellowfin tunas
reproduce all year round with a peak between November and
March in the Indian Ocean. In the previous study, Stequert
(1989) specifically revealed that spawning intensifies from
January to March in the central Indian Ocean as well as west
off Sumatra and Seychelles. In the vicinity of Sri Lanka, it
peaks from April to June, while it is October to December
north off Australia and north of Madagscar.

Y ellowfin tunas are multiple spawners and spawn every few
days over the spawning period (Froese, 1999; Suzuki, 1994).
In Suzuki’'s review, yellowfin tunas in western Pacific
spawned every 1.7 day while an interval of 1.3 days was
observed in the eastern Pacific. Further, he cited that
spawning occurs at 2000 to 2400 hours. He mentioned that
some authors believe that spawning occurs during new moon
and further suggested that it may be affected by the monsoon
season, specificaly in Philippine waters. Further, yellowfin
tunas are multi-batch spawners (Timochina and Romanov
1991). They spawn 6-7 batches of eggs during pawning
period in the western Indian Ocean. Sexual activity occurs
during the months of November to February, while lasted
inactivity from June to September.

(5) Larval stage

Larval stage in yellowfin tunas begins after hatching 1.34 to
1.85 days of egg development (Froese, 1999). The larvae
live in the open ocean for a duration of 25 days. The
optimum temperature is approximately 26.5°C. Suzuki
(1994) further stated that the water temperature where the
larvae are distributed ranges from 18.7°C to 31.9°C and no
larvae were found outside of that range. He aso cited that
there are two critical periods for larval mortality, 4 to 5 days
and 11 days after hatching. The latter is associated with the
change of prey from crustaceans to fish larvae. Kgji (1999),
on the other hand, found that survival of tuna larvae was
density dependent, observing a higher survival rate at high
density and inversely for low density.

Suzuki (1994) cited from another source that yellowfin tuna
larvae are more abundant at the surface first 50 m depth than
in underlying subsurface water. He aso cited that these
larvae are more abundant during the night than during the
day. Though he also mentioned that some believed that no
diurnal differences occur, other studies indicate that larvae
migrate to the surface during daytime.

(6) Feeding

Yellowfin tunas are a highly predatory species. Froese
(1999) indicated that it has a trophic level ranging from 3.5
to 4.9 and feeds 11.6 times its body weight per year. They
feed on a wide variety of prey species mainly nektons.
Studies conducted using stomach content analysis revealed
that yellowfin tunas prey on crustacean, cephalopods and
finfishes (Froese 1999; Stequert, 1989). Suzuki (1994) cited
that yellowfin tunas feed mostly during daytime and prey
species composition varies with association with fish
aggregating device (FAD). Some studies described that
yellowfin tunas diet composition changes from one season to
another while others indicated that there are no significant
consumption rates between male and female. However, there
is a high amount of juvenile yellowfin tunas being
cannibalized.

In the western Indian Ocean, Roger (1993) conducted a
study on the feeding behavior of surface tunas, in general,
through stomach content analysis. His study also suggests
that these tunas feed during the day foraging mainly on
epipelagic prey fishes at prey-predator size ratio
approximately 1:30. His study further suggests that tuna
abundance is linked to plankton density due to intermediate
characteristic of plankton feeding prey-fishes. Results also
described that yellowfin tunas form small schools and feed
on awide variety of prey-fishesin poor areas. They just feed
on what they meet in search for richer areas. Y ellowfin tunas
form large schools in rich aeas, where they feed on large
concentrations of a single type of prey-fish such as
anchovies.

(7) Physiological adaptations

Yellowfin, as well as other tunas, continuously swim not
only in search of prey but also to ventilate their gills and to
maintain hydrostatic equilibrium. The intensity of swimming




activity consequently influences their oxygen demand.
However, Stequert (1989) mentioned that the presence of a
swim bladder among yellowfin tuna (which is not present in
some genera) helps to regulate buoyancy and consequently
ease the intensity of swimming activity, enabling them to
reduce speed as well as oxygen intake.

Tuna s unique aerobic locomotor (red) muscle, which power
sustained swimming, has supporting vasculature that forms
counter current heat exchangers. It conserves metabolic heat
and acts as thermoregulation system. Stequert (1989) cited
that juvenile tunas have to swim within narrower thermal
boundaries due to underdeveloped thermoregulation system.
Older individuals can penetrate deeper and colder waters.

Several laboratory experiments were conducted to examine
yellowfin tuna's physiological response to changes in
temperature (Altringham, 1997), oxygen concentration and
exercise (Korsmeyer, 1997). Field experiments through
ultrasonic tagging were also conducted to ascertain
ecophysiological preference of yellowfin tuna (Marsac,
1998; Brill, 1999; Block, 1997).

(8) Distribution

Horizontal distribution

There are numerous influences on the horizontal distribution
of tunas in general. Hunter (1986) cited that aggregation of
yellowfin tunas near the surface along oceanic provinces and
other oceanic fronts are attributed to the abundance of food
resources. He stressed that prediction of food abundance
may depend on identification of the appropriate lag between
the onset of a productivity event and tuna catches. Added to
that, oceanographic processes such as divergent zones
determine food production and distribution. He identified
that tunas are rarely found in these zones. Instead, they
frequented zones of convergence where laterally dispersed
food are collected. The same is true for eddy motions which
can create divergence or convergence depending on the
direction of the flow and coriolis force. Moreover, he also
mentioned that yellowfin tunas tend to remain in clear
oceanic waters and avoid low visibility or turbid coastal
waters.

Stequert (1989) further conveyed the implication of potential
of tertiary productivity enhanced by primary and secondary
productivity along upwelling regions. However, the concept
remains theoretical due to the complexities in the maturation
process of phytoplankton enriched water masses and effects
of multiple predation. Added to that, he also pointed out that
high metabolic activity of tunas force them to constantly
engage in the search for suitable areas to ensure their
survival. Hence, tunas, in general, are concentrated
according to a hydrological route or optimum environment
rather than areas of high primary productive. He aso
identified potential tuna concentration in the Indian Ocean
based on physiological compatibility of tunas to zones of
optimal temperature and dissolved oxygen levels.

Marsac (1998) discussed potential dwelling time of tunas to
FAD. He mentioned that yellowfin tunas move closer to the

FAD during the day than at night. He attributed his
observations to an attraction effect exerted by the vertical
anchor line. He further said that device aggregates other
small prey species, which act as stimulus to retain the
predator within the vicinity.

Suzuki (1994) cited seasonal movement to higher latitude
during warm season and to lower latitude along major
currents in the Pacific. The fact that several tagged yellowfin
tunas in the equatoria Pacific were recovered in the
temperate waters of Japan indicates potential long-distance
migration. He also cited that distribution can be affected by
oceanographic factors such as surface water temperature.

Vertical distribution

Generaly, yellowfin tunas are found above or within the
thermocline with an occasional dive beneath the thermocline
(Cayre, 1993; Block, 1997). Carey et a (1993) pointed out
that gradients of temperature and dissolved oxygen have
greater effect on the vertical movement of yellowfin tuna. In
western Indian Ocean, oxygen levels ranging from 3.6 to 4.2
ml O, per liter can be considered threshold values that could
affect the general activity of the species. Block (1997), on
the other hand, found temperature to be the limiting factor
rather than oxygen levels near the Hawaiian Islands. John
(1995) in his study, further elaborated the relationship
between thermal processes and catch per unit effort (CPUE)
along the exclusive economic zone of India. He stated that
CPUE based on longline fishing, is positively associated
with mixed-layer depth and thermal gradients while
negatively related to isotherm depth, column thickness,
thermocline depth and thermocline thickness. He described
that the preferred temperature zone is compressed when the
vertical thermal gradient is high, resulting to a higher density
of fish per unit volume.

Schooling is a common behavior of fishes to aggregate
themselves purposely as a protection measure. Stequert
(1989) described some patterns of deep-sea schooling
detected by echo sounder in the Indian Ocean. Schools
mostly detected below flotsam appear in one compact form
and are comprised of mixed species of adult skipjack,
juvenile yellowfin and bigeye tunas. Schools may also have
two forms or groups, one on top of the other. The top part is
usually compact in form, comprised of smaller individuals,
while the underlying are elongated and composed of larger
individuals. Schools displaying a single but extremely
elongated form, are composed of larger individuals. The
depth distribution of the three patterns of schooling ranges
from 10m to 70 m, 15 m to 130 m and 30 m to 130 m,
respectively.

FISHERIES

(1) General

Tuna and tuna-like species are mostly caught with purse
seing, longline and pole-andline in three major oceans. The
purse seine and pole-and-ine methods are used to catch fish
found close to the surface (e.g. skipjack and relatively small




individuals of yellowfin, albacore and northern and southern
bluefin tuna). The longline method, on the other hand,
targets fish found at greater depths, e.g. large individuals of
northern ad southern bluefin tuna, bigeye tuna, yellowfin
and albacore. Most purse seine and pole and-line catches are
canned, while longline catches, with the exception of those
of abacore, are mainly sold on the sashimi market to be
consumed raw, essentially in Japan. Other gears are troll
lines, hand lines, driftnets, traps and harpoons. Natural or
artificial FAD are often used in conjunction with purse
seining or hand lining.

The global catch of yellowfin tunais continuously increasing
from 0.1 million metric tons in the 1950's to 1.1 million
metric tons in 1997. Twenty seven percent of the global
yellowfin catch comes from the Indian Ocean, amounting to
305 thousand metric tons which the majority is landed by
purse seine (41%) followed by longline (34%) and dllnet
(11%).

(2) Longlinefisheries

Longline fishing is a method of catching fish using baited
hooks in a series of branch lines attached to a single
mainline. Bottom and surface setting are two modes of
operating the gear. For the former, the mainline is anchored
at the seabed. The main target of this setting are demersal
fishes and hence, it will not be dealt in this paper. In surface
longlining on the other hand, the mainline is suspended in
the water column using a floating device. It mainly targets
adult tuna, swordfish and other large predatory fishes. The
line is set as the boat moves forward. Once the line is fully
extended, it is hauled in.

Japanese tuna longliners have two types of longlining
practices (Koido, 1985; Mohri, 1998). The first is by the use
regular gear structured longline. It is characterized by having
eight or less branch lines or hooks per basket. While the
second is the use of deep longline gear structure having nine
or more hooks per basket (Figure 2).

Figure2. lllustration on the two types of Japanese longline fishing
gear commonly used. The left shows the regular longline, normally
with hooks?® 8, while the right, for the deep longline, normally with

hooks 2 9 (adapted from Mohri, 1998).

MARINE ENVIRONMENT

The Indian Ocean is the smallest of the earth's three major
oceans with total area of about 73.4 million km 2 (Figure 3).
It is bounded on the west by the African continent, on the
north by Asian continent, on the east by Austraia and
Indonesian Archipelago, and on the south by Antarctica. The
ocean narrows toward the north, and is divided by the Indian
peninsula into the Bay of Bengal on the east and the Arabian
Sea on the west. The Arabian Sea sends two arms northward,
the Persian Gulf and the Red Sea. The average depth of the
Indian Ocean is about 4,210 m (about 13,800 ft), or slightly
greater than that of the Atlantic, and the deepest known point
is about 7,725 m (about 25,344 ft), off the southern coast of
the Indonesian island of Java. In general, the greatest depths
are situated in the northeastern sector of the ocean, where
about 129,500 km? of the ocean floor lie at a depth of more
than 5,486 m (18,000 ft).

The Indian Ocean contains numerous islands, the largest of
which are Madagascar and Sri Lanka. Smaller islands
include the Maldive atolls made by coral reefs and
Mauritius. From Africa, the Indian Ocean receives the
waters of the Limpopo and Zambezi Rivers, and from Asia
those of the Irrawaddy, Brahmaputra, Ganges, Indus, and
Shatt al Arab Rivers.

Environmental conditions in the Indian Ocean were best
described by Stequert and Marsac (1989). In brief, the ocean
is affected by two seasonal winds caled monsoons, the
northeast monsoon which prevails from December to March
and the southwest monsoon which prevails from June to
September. In between are inter-monsoon season which
range from April to May and from October to November.
The general current flow is shown in Figure 4. Figure 5
illustrates the upwelling, convergence and divergence ar eas.
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Figure 3. Map of the Indian Ocean.




Patterng of surface currents in the Indian
Ocean by monsoon season.
(a}:northeast monscon aaason{Mov-Horch}
{b):southwesl monsoon season{Hay-Sept).
Abbreviptians for current nemes uged in
the Figure are as follows.
Ac:Agul has current
Ec:Equatorial counter current
Ne:Nerth esquatorial current
Se;South equaterial current
So:S5omali current,
Sp:SoulLthweet monscon curreant

Figure 4. Patterns of surface currentsin the Indian Ocean by monsoon season; (a) northeast monsoon and (b) southwest
monsoon. (adapted from Nishida, 1991)
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PREVIOUSSTUDIES

Majority of related studies focus mainly on environmental
influences using mainly sea-surface temperature to yellowfin
tuna distribution while spawning activities and larval
ecology are dealt independently. There are no previous
studies dealing with various depthspecific oceanographic
parameters synthetically.

Dewar et a. (1994) conducted laboratory experiment to
describe the reduction of potential limitations to distribution
and the efficiency in exploiting cooler waters through
physiological thermoregulation. However, their study was
limited to physiological responses rather than distribution.
Cayre et a. (1993), Block (1997) and Brill (1999) studied
yellowfin tuna distribution related to environmental
conditions through ultra-sonic tracking and CTD casts.
Cayre (1993) conveyed that temperature gradients and
dissolved oxygen explains the vertical distribution of young
yellowfin tunas. Block (1997) on the other hand, revealed
that yellowfin tuna with size ranging from approximately 4
kg to 110 kg have strong environmental preference whereby
tracked specimen were consistently found above the
thermocline in the surface mixed layer in waters near
Cdifornia, United States. Brill (1999) adso relate
temperature to be the limiting factor in his experiment near
the Hawaiian Islands.

Kumari et a. (1993) ard Nair et a. (1993) made use of
fisheries data to study influences of environmenta
conditions on yellowfin tuna caught in the Indian waters.
Kumari (1993) studied the distribution of tuna in general in
response to sea surface temperature data from satellite
imagery. He concluded that fishery optimalie between water
temperature range of 27°C to 29°C. Nair (1993), on the other
hand, studied the influence of temperature specifically on
yellowfin tuna fishery through statistical analysis based from
climatological data obtained from National Oceanographic
Data Center. Mohri (2000), on the other hand, also made use
of Japanese longline fisheries data in the Indian Ocean and
relate it to temperature and dissolved oxygen concentration
data obtained from their national oceanographic data center.

Less attention is given on studies related to environmental
influences on spawning activity. Shung (1973) revealed that
yellowfin tunad's sexual activity is not influenced by
temperature since it remained high and low at temperature
26°C and above.

Likewise, studies on environmental influences on yellowfin
tuna larval distribution are understudied. Boehlert (1994)
studied larval distribution of tunas in genera through
ichthyoplankton surveys using multiple opening closing net
and environmental sensing system (MOCNESS) in Hawaiian
waters. He discussed association of tuna larval distribution
and physical characteristics of their habitat as defined by
temperature. He also discussed the association of yellowfin
tuna larvae and the presence of land.

In addition, no studies have conducted about the nutrients
effects on different life stage of yellowfin tuna.

Information

Four types of information were used in this study, i.e,
Japanese commercial tuna longline fisheries data, gonad
(sexual maturity) data, larval data and environmental data. A
detailed explanation of each of these information are given
below.

Commercial tunalonglinefisheriesdata.

The Japanese commercial tuna longline fisheries data were
obtained from the database of the National Research Institute
of Far Seas Fisheries (NRIFSF) of Japan. From this
database, locations, operation months, catch (number) and
effort (number of hooks) data from 1953 to 1997 in the
Indian Ocean were extracted for this study. Only regular
longline data were used and deep longline data were not
used because deep longliners target bigeye tuna (Thunnus
obesus), while the regular longliners target yellowfin tuna,
hence their species compositions between these two gears
were different. Therefore, only regular longline data were
used to maintain homogeneous quality of the catch and
effort data.

Gonad data

Gonad data were obtained from the survey data of the Japan
Marine Fishery Resources Research Center (JAMARC) and
also from the database of NRIFSF. The former data were
collected from experimental longline fishing in the Indian
Ocean conducted over the period of six years, 1981 to 1986.
The latter data were collected from fisheries high school
training vessel and prefecture fisheries experimenta station
vessel over the period of thirty-three years, 1965 to 1997.
See Figure 6 for an overall sampling coverage.

Larval data

Larval data were from the NRIFSF database, including
sampling date and time, locations, methods, and number of
larvae sampled. Original data were collected by the research
vessels belonging to the Fisheries Agency of Japan and other
vessels (fishing high school training vessels and prefecture
fisheries experimental station vessels) over the period of 28
years (1957, 1960, 1962 and 65 to 89). See Figure 7 for the
sampling coverage.

All of the vessels used a conical larval net with identical
mesh size of 1.7 mm at the anterior portion, two-third of the
net and 0.5 mm at the posterior end. However, sampling
conditions varied. The research vessels used a larger net of 2
m in diameter and 6m in length. Day and night tows were
made horizontally at subsurface level of approximately 20-
30 m deep. The high schools and training vessels, on the
other hand, used a smaller net of 1.4 m in diameter and 4 m
in length. Surface tows were done during the nighttime.
Tows were generally made at an average speed of two knots.
In the qualitative (GIS) analyses, information from both
research and other vessels were used, while in the qualitative
(numerical) analyses, information only from research vessels
were used because of consistent method in data collection.
Thus, they are high quality information.
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Figure 6. Map illustrating the sampling locations for yellowfin
tuna gonad study in the Indian Ocean (1965-97).
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Figure 7. Map illustrating the sampling locations of yellowfin
tuna larvae in the Indian Ocean (1957, 1960, 1962 and 65 to
1989).

ENVIRONMENTAL DATA

Environmental data used for this study were depth specific
temperature, dissolve oxygen, salinity, chlorophyll and
nutrient concentration, which were from two databases, i.e.,
World Ocean Database 98 (WOD98) and World Ocean Atlas
98 (WOA98). Both were from the National Ocean Data
Center (NODC) in U SA. In addition, thermocline depth data
were used as one of the environmental factors by compiling
the depth specified temperature data.

WOD98 contains actual oceanographic observations
conducted by various countries for over a period of 100
years, 1890's to 1997. While, WOA98 contains vertically
interpolated and gridded fields of the above mentioned
parameters, generated by combining all data from the early
1930’ s until 1995, into 33 standard depth layers. Hence, the
entire area based on 1° by 1° square gid in each standard
depth, was represented by estimated values using the liner
interpolation with raw data (WOD98). For this study
however, 9 standard depths (0, 10, 20, 50, 75, 100, 125, 150
and 200 m) were used.

Both databases underwent quality control techniques to
ensure good quality data. In brief, data coming from
different sources were systematically checked for errors such

as in format conversion, duplication of data, unrealistic and
other anomalous feature. Refer to Appendix A for more
detail.

METHODS

Data preparation

To study how the environmental factors affect distribution of
adult yellowfin tuna and its reproductive ecology (spawning
activity and larval distribution) in the Indian Ocean, two
types of analyses were conducted using 1° x 1° square grid
based information, which were ‘qualitative analyses using
GIS and ‘simple numerical and graphical analyses’. To
conduct these two analyses, information were prepared and
processed as described in Table 1.

Qualitative analyses using the Geogr aphic I nformation
System (GIS)

Spatial correlation among the three dependent variables
(distribution, spawning activity and larval distribution) and
the five independent variables on environmental factors were
investigated by creating thematic maps using the overlay
function available in Marine GIS software (Marine explorer
version 3.07, Environmental Simulation Laboratory, Inc.,
2000). The five environmental data were temperature, depth
of thermocline (at 20°C), salinity, dissolved oxygen
concentration and chlorophyll a concentration, which were
taken from the WOD98 and WOA98. Depth of the
thermocline (at 20°C) was estimated using the depth specific
temperature data. As defined by Nair (1993), the 20°C
isotherm falls in the lower part of the thermocline. Hence, a
good estimate for thermoclinde depth. Table 2 summarizes
specification of these maps.

Methods (steps) of the qualitative analyses were as follow

(refer to Table 2):

1 Long-term averages for independent and dependent
variables were initialy computed by area (1° x 1°
square grid basis) and season (bimonthly, quarterly
or without season),

2 The three dependent variables were processed as
defined in Table 2. For the larva data, the
occurrence information were used,

3 For the five independent environmental variables,
vertically weighted averages for three depth layers
were computed, i.e., deep layer (50 — 200 m) to be
used for analyses with hooking rates, shallow layer
(0 — 50 m) for spawning activities and another
shdlow layer (0 — 30 m) for larva digtributions.
Each verticaly weighted average was computed by
Sdvi/Sd, where dwas the i-th depth interval and
Vv; was average value of the independent variable at
the i-th depth interval,

4 Each pair of dependent and independent variable
were overlaid using the marine GIS software,
except hooking rate vs. chlorophyll a concentration
because there were no chlorophyll data in the 50-




200m depth range. Thus, 14 GIS maps (3
dependent x 5 independent - 1) were created,

5 For each par of dependent and independent
variables, two types of GIS maps were created, i.e.,

one for the overall average without season and the
other for the seasonal maps (brmonthly or
quarterly).

Table 1. Summary of information and definitions of variables.

Information and definition of variables
Typesof Description of Name of Depthrange for the analyses
variades parameters variables *) Qualitative analyses Simple numerical and graphical
using GIS analyses
Distribution Hooking rates | Mid-waer | (Information) Japanese tuna longline database (NRIFSF)
(50-200m) | (Definition) number of fish/1000 hooks
High hooking rates 3 13.4 (39 quartile of hooking rates)
Spawning (Information) Larval data (JAMARC and NRIFSF)
activities: (Definition)
composition Shallow (no. mature fish x 100) /(total no. of fish), where mature fish
(%) of mature (0-50m) was defined by the gonad index (GI) > 2.0,
YFT Gl=femalegonad weight x 10*/ L3
Dependent . -
Reproductive (Information)
ecology Larval database (NRIFSF)
Larva (Definition)
distribution 1x1 area where at least one
larvae found were mapped.
(Information)
Shallow larval database, (NRIFSF)
Larva (0-30m) (Definition)
density Number of larvae per tow.
Only research vessel s data are
used tecause of their accurate
and consistent sampling
methods
Temperature | Threedepth | (Information) (Data) WOA98
Salinity layers WOD98 & WOA98 (Definition)
Basic factors Dissolve (50-200m, | (Definition) Verticaly weighted averages,
oxygen 0-50m, For the GIS mappings, | for three depth layers were used
Independent Denth of Thermocline 0-30m) variables were presented | to represent independent
(Environmental | thermocline depth dther by symbols or | variables which were
data) at 20°C contours computed by Sdiv/Sd, where d
Two shalow isthei-th depth interval and v;
Nutrients layers isaverage value of the
(primary Chlorophyll | (0-30m and independent varigble at the i-th
productivity) 0-50m) depth interval.

Three types of presentation techniques were used in
representing parameters, which were ‘symbol’, ‘image’ and
“contour’. ‘ Symbol’ was used to present location and density
of parameters. ‘Image’ was used for presenting matrix data
(array data) such as remotely sensed images of satellite
images. Though intervals can be manipulated, values were
represented in raster form, occupying certain grids that
corresponds to the coloration assigned. Contour maps, on t he

other hand, were produced from point data of actual
observations and values. Isolines were then generated by
kriging, a specia interpolation technique (linear variogram)
where estimates were computed based on known and
existing values. In this study, these three presentation
techniques were used to present each parameter effectively.
Table 2 indicates how these presentation techniques were
applied.

10



Table 2. Specification of the GIS thematic maps to investigate spatial correlati on between 3 dependent and 5 independent
variables.
Dependent Hooking rates Spawning activity Larval digtribution
Variable (no. of YFT/1000 hooks) (%of mature YFT) (occurrence of YFT larvae)
(DEP V)
Period (DEP_V) 45 years 28 years 33 years
(1953-97) (1957, 60, 62, 65-89) (1965-97)
Period (IND_V) Over 100 years(1890' s—1997) (more than 95% were from 1953-97)
Spdtia scale 1x1 degree square grid area
(pixel unit)
Depth scale Deep (50-200m) Shallow (0-50m) Shalow (030m)
Presentation (DEP_V) symbol (DEP_V) symbol (DEP_V) symbol
In GIS maps (IND_V) imege (IND_V) countour (IND_V) countour
Independent (environmental variables)
(IND_V)
Temperature Overdl mean (Map 1a) Overall mean (Map 59 Overdl mean (Map 108)
CC) Bi-monthly mean (Map 1b) Bi-monthly (Map 5b) Bi-monthly mean (Map 10b)
Sdlinity Overal mean (Map 29 Overdl (Map 63) Overal mean (Map 114)
(psu) Bi-monthly mean (Map 2b) Bi-monthly (Map 6b) Bi-monthly mean (Map 11b)
Oxygen Overal mean (Map 39) Overdl (Map 79 Overdl mean (Map 123)
(ml/L) Bi-monthly mean (Map 3b) Bi-monthly (Map 7b) Bi-monthly mean (Map 12b)
Chlorophyll (not anadyzed Overall mean (Map 83) Overal mean (Map 134)
(micro mol) because ofno data) Quarterly mean  (Map 8b)(*) Quarterly mean ~ (Map 13b)(*)
Depth of thermocline Overdl mean (Map 49) Overdl mean (Map 9a) Overal mean (Map 144q)
(m)(a 20°C) Bi-monthly mean (Map 4b) Bi-monthly mean (Map 9b) Bi-monthly mean (Map 14b)
™*) . Data only from surface (Om)

Numerical analyses

Simple numerical analyses were conducted to investigate
quantitative relationships between the three dependent
variables (hooking rates, spawning activities and larval

distribution)

and eight

independent

(environmental)

variables by depth range. The eight environmental data were
temperature, depth of thermocline (at 20°C), salinity,
dissolved oxygen concentration, chlorophyll a concentration 4
and nutrients (phosphate, silicate and nitrate), which were all

taken from WOA98 (1° x 1° sguare grid basis interpolated

data in nine standard depths i.e., 0, 10, 20, 30, 50, 75, 100,

150 and 200m). The depth of the thermocline data (at 20°C)

was estimated using the depth specific temperature data.

The methods (steps) of the numerical analyses were as
follow (refer to Table 3):

1 Long term averages of the independent and
dependent variables were initialy computed by

area (1° x 1° square grid basis), season (bimonthly

or quarterly) and

2 The three dependent variables were processed as

standard depth,

defined in Table 1. For the larval data, the number

of larvae per tow

(sample) was used,

3 For the five independent ewironmental variables,
vertically weighted averages for three depth layers

were computed, i.e., deep layer (50—200 m) to be
used for analyses with hooking rates, shallow layer
(050 m) for spawning activities and another
shalow layer (0-30 m) for larva distributions.
Each vertically weighted average was computed by
adv/a d, where dwasthe i-th depth interval and
Vv; was average value of the independent variable at
the i-th depth interval,

The independent and the dependent variables were
merged and matched by same time-area-depth
layer unit. If there were missing values in some
time-area-depth layer unit after the merge, they
was not used,

Each independent variable was arranged in equa
intervals sorting dependent variable in each
respective interval,

Averages for each dependent varigble were
computed in each interval of the independent
variables. This average vaues was referred to as
‘Observed’ values,

Further, an overal weighted average was
computed for the three dependent variables and
referred to as ‘Average’ values. This overal
average was aso the criterion or cut-off points in
determining the optimum range of independent
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variadble that produce favorable effect on the
dependent variables.

8 Then, both values were plotted on line graphs
totaling to 23 graphs (see Table 3) that shows

9 Ranges of independent variables that produced
more than the cut-off point values of the dependent
variables were defined as the ‘optimum range'.
Spectra of these ranges were created (see the

relationships between the dependent and illustration in Figure 8).
independent variables,
Table 3. Specifications of the graphs (plots) for the numerical analyses.
Dependent variables = Unit Hooking rates (*) Spawning activities Larvae distribution
(no. of fish/1000 hooks) (%of mature YFT) (no. of larvae per tow)
Depthrange Deep (50-200m) Shdlow (0-50m) Shallow (0-30m)
Independen variables
Temperature (°O)
Depth of thermocline (20°C) (m) .
Mo (Figure 9) ) )
Salinity (psu) Mo (Figure 10) Mo (Figure 11)
Dissolved Oxygen (ml/L)
Chlorophyl| (LM) NA
Phosphate (UM)
Silicate (1m) Q(Figure 9) Q (Figure 10) Q (Figure 11)
Nitrate (M)
found in the equatorial region. In January/February, the
density of high hooking rates forms a semi-solid cluster
RESULTS

QUALITATIVE ANALYSESUSING GIS

Hooking rates vs. Environmental factors

In order to delineate potentid abundance of yellowfin tuna
among the catches, only the high hooking rate was mapped
against environmental factors. High hooking rate was
defined by the extreme hooking rates with values greater
than third quartile (13.4 fish/1000 hooks).

High hooking raes (>13.4 fish/1000hooks) vs. Temperature
for the 50-200m depth range (Map 1)

Map 1a shows the overall occurrence of high hooking rates
overlaid on temperature profile in the Indian Ocean. Density
of hooking rates was localized a little south of the equétor,
inclined towards the western Indian Ocean and far reaching
towards the northern portion of Mozambique Channel. Mass
occurrence of high hooking rate was also observed along the
Indian peninsula, surrounding waters of Sri Lanka and the
Andaman |slands. Water temperature in these areas was
approximately around 17.5°C. While high hooking rates
were limited in the Arabian Sea and waters in between the
10°S and 30°S latitudes where water temperature was
reaching warmer level. Dense high hooking rates occurring
towards the western side of the basin, seemed to be
associated with an observable stretch of much lower water
temperature ranging from 17.5°C or below. found at 0°to
10°Sand 50°E to 80°E

Map 1b shows the bimonthly distribution of high hooking
rates overlaid on temperature profile in the Indian Ocean.
The density of high hooking rates were likely to show an
association with the profile of the water low temperature

within the range of the low water temperature area, 0-10°S
and 40-80°E. In March/April, this cluster tended to loosen
up as the low water temperature area elongated, spreading
towards the eastern Indian Ocean. Also, occurrence @& low
water temperature draws in aggregation off the western coast
of Sumatra, the Andaman Sea and northern part of Bay of
Bengal. Apparent warming of the Arabian Sea seemed to
limit the occurrence of high hooking rates sparsely
distributed in the central portion.

In May/June, occurrence of high hooking rates was widely
spread in the equatorial region stretching as far as the area of
Bay of Bengal. Though occurrence was not observe in the
warmer waters in the Arabian Sea at this period, a cluster
seemed to appear in the warmer water of the eastern Indian
coast. Density of occurrence reduced by July/August even
though it remained scattered in the equatorial region.

In September/October, the low temperature area in the
equatorial region further shrank back towards the eastern
coast of Africa while density of high hooking rate
diminished and scattered in the equatorial region. Also in
this period, the optimum lower temperature region also
seemed to shrink back with some low water temperature
occurrence along west coast off Sumatra and the area within
the vicinity of Sri Lanka. A noticeable difference in
temperature profile was visible. A series of colder waters
enclosed and separated a fairly cold water mass from
warmer ambient waters in the western Indian Ocean, which
was considered to be caused by the southwest monsoon. In
November/ December, the density began to rebuild off the
east African coast occupying a much compact region of low
water temperature.

12



Hooking rate
(no. of fish/1000 hooks)

Hooking rate (HR) vs. water temperature
(n=23,200)
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Figure8. Example illustrating approximation of optimum range based on relationship between the dependent and independent
variables.
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Map la. Map showing the overall distribution of yellowfin tuna with highest hooking rate (in X mark) overlaid
on temperature (°C) profile at 50-200 m deep in the Indian Ocean.
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Map 1b. Map showing the bimonthly distribution of yellowfin tuna with highest hooking rate (in X mark) overlaid on temperature
(°C) profile at 50-200 m deep in the Indian Ocean.
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High hooking rates (>13.4 fish/1000hooks) vs. Salinity in
the 50-200m depth range

(Map 2)

Map 2a shows the overall occurrence of high hooking rates
on yellowfin tuna with respect to the salinity profile in the
Indian Ocean. Density of high hooking rates cluster at
western Indian Ocean where salinity was relatively higher
ranging below and above 35.8 psu. However, there were
occurrences in areas with lower salinity levels along the
perimeter of eastern Indian Ocean. Sporadic occurrence was
also observed inconsiderably saline waters of the Arabian
Sea.

The bimonthly maps also shows no observable pattern (Map
2b). Variation in salinity profile was seemingly consistent
throughout the year, while occurrence shifted between turn
over. It followed the general trend depicted in the overall
scenario.

High hooking rates ¢13.4 fish/1000hooks) vs. oxygen
concentrationin the 50-200m depth range (Map 3)

In Map 3a, the overall occurrence of high hooking rates on
yellowfin tuna was generally dense in areas where favorable
dissolved oxygen concentration ranging below 2.6 mi/L and
just above 5 ml/L. There were also scattered occurrences in

Bay of Benga and aong the coast of the Indian peninsula
where the dissolved oxygen concentration was lower.

20E  [0E < MOE  BOE  [OE JWE JB0E  J9OE  JIOOE JIIOE [I20E |I30F JI40F
Map 2a. Map showing the overall distribution of yellowfin
tuna with highest hooking rate (in X mark) overlaid on
salinity (psu) profile 50 m- 200 m deep in the Indian
Ocean.
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Map 2b. Map showing the bimonthly distribution of yellowfin tuna with highest hooking rate (in X mark) overlaid on salinity (psu)
profile 50 m- 200 mdeep in the Indian Ocean.

In bimonthly occurrence of high hooking rates overlaid on
oxygen concentration (Map 3b), dense aggregation
apparently followed the varying patterns of dissolved
oxygen concentration. In January/February, a dense cluster
was situated within the bounds of favorable range, around
2.6 ml/L to 5.0 ml/L dissolved oxygen concentration in the
equatorial region, athough there was some sporadic
occurrences at Bay of B engal where there was lower level of
dissolved oxygen concentration. In March/April, favorably
oxygenated waters seem encroaching inward Arabian Sea
while a lower dissolved oxygen concentration level
dominated in the Bay of Bengal. In coherence, diminishing
occurrence could be observed inner of Bay of Benga at this
period. Unlikely for May/June, the spread of favorable
dissolved oxygen concentration level in the Arabian Sea did
not show a similar density of aggregation. Moreover, dense
aggregation appeared in the Bay of Bengal where lower

oxygen level prevailed, although there were spots of higher
dissolved oxygen concentration on either side of the Bay. In
July/August, evident non-occurrence was shown in areas of
low dissolved oxygen level that prevails in the northern
Indian Ocean. Same pattern could be found during
September/October. In November/December, the dense
aggregation was further pushed towards the equator as low
dissolved oxygen level dominated the Arabian Sea and Bay
of Bengal, though there were sparse occurrences within the
Bay.

High hooking rates (>13.4 fish/1000hooks) vs. Thermocline
depth (Map 4)

The overall occurrence of high hooking rates on yellowfin
tuna with respect to the depth of thermocline (Map 4a) was
widely distributed at different depths, though the bulk was
situated within depths of 120 m and shallower along the

equator.

Map 4b shows the bimonthly occurrence of

high hooking rates on yellowfin tuna with
respect to the depth of thermocline. The spread

of the high hooking rates vaguely followed the
course of thermocline depth throughout each

month.  In  January/February, preferred

thermocline depth was generally situated along
and southwest of the equatorial region with
some occurrence in the middle of Arabian Sea.
Density of high hooking rates also shows the
same pattern. In March/April and May/June,
shallow thermocline depth break down at the
western side and seemed to shift its spread at
the eastern side of the ocean just as the high
hooking rates seemed to spread and becoming
denser at the eastern Indian Ocean. However,

H0E [100E

\ZQL ‘m&mﬂ_ﬁﬂ

110E ‘120{ ‘130{

Map 3a. Map showing the overall distribution of yellowfin tuna with
highest hooking rate (in X mark) overlaid on dissolved oxygen
concentration (ml/L) profile at 50—200 m deep in the Indian Ocean.

A
140

in the 2nd half of the year, the density of high
hooking rates remaining in the equatoria
region did not seem to be affected even though
the range of the shallower thermocline depth
extended northwards.
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Map 3b. Map showing the bimonthly distribution of yellowfin tuna with highest hooking rate (in X mark) overlaid on dissolved oxygen
concentration (ml/L) profile at 50—200 m deep in the Indian Ocean.
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Map 4a. Map showing the overall distribution d yellowfin tuna with highest hooking rate (in X mark) overlaid on the
isobath (m) of 20°C profile in the Indian Ocean.

Spawning activity vs. Environmental factors

Though overall sampling coverage shows a wider range (see
Figure 6), the bimonthly sampling coverage shown in figure
9 had fewer sampling locations in some of the months.
Undoubtedly, peaks and lows depicted in the results may not
represent the real scenario due to lack of data.

Spawning activity vs. Temperature in the 30-50m depth
range (Map5)

Map 5a shows the overall distribution of sexualy mature
yellowfin tuna whereby more than 40% of the individual had
gonad index greater or equal to 2.0 overlaid on the
temperature profile in the Indian Ocean. Sexually mature
yellowfin tunas were generally distributed in waters with
considerably higher water, temperature ranging in between
2°C and 30°C, predominantly in the eastern equatorial
region of the Indian Ocean. Dense aggregation of sexually
mature individuals was also observed in the Bay of Bengal
while the rest was scattered in low latitude area.

Map 5b shows the bimonthly distribution of sexually mature
yellowfin tuna whereby more than 40% of the individual had
gonad index greater or equal to 2.0 overlaid on the
temperature profile in the Indian Ocean. The intensified
aggregation occurred in January/February at the eastern
portion of the ocean extending up to the Bay of Bengal and
off the western coast of Sumatra. Some small clusters also
formed at north of Madagascar. The density of aggregation
loosened up for the succeeding months when warm water
seemed to spread westward during

March/April and then northward during May/June. Fewer
occurrences were observed during the months of
July/August and September/October when warmer water
was constricted at eastern Indian Ocean. During the month
of November/December, sporadic distribution was found
within the bounds of fair water temperature.

Spawning activity vs salinity in the 0-50m depth range
(Map 6)

Map 6a shows the overall distribution of sexually mature
yellowfin tuna where more than 40% of the individual had
gonad index greater or equal to 2.0 overlaid on the salinity
profile in the Indian Ocean. Occurrence was generaly
confined to areas with salinity ranging in between 32 psu
and 37 psu, with dense aggregation in the northern part of
the Bay of Bengal.
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Map 4b. Map showing the bimonthly distribution of yellowfin tuna with highest hooking rate (in X mark) overlaid on
the isobath (m) of 20°C profilein the Indian Ocean.
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Figure 9Map illustrating the bimonthly sampling coverage for yellowfin tuna gonadosomatic studies.
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Map 5a. Map showing the overall distribution of mature yellowfin tuna (in X mark) with more than 40% have GI 3 2.0 overlaid on
the temperature (°C) profile at 0 m—50 mdeep in the Indian Ocean.
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Map 5b. Map showing the bimonthly distribution of mature yellowfin tuna (in X mark) with more than 40% have GI 3 2.0 overlaid

on thetemperature (°C) profile at 0 m—50 m deep in the Indian Ocean.
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Map 6a. Map showing the overall distribution of mature yellowfin tuna (in x mark) with more than 40% have GI 3 2.0 overlaid on

salinity (psu) profile at 30 m— 50 m deep in the Indian Ocean.
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Map 6b. Map showing the bimonthly distribution of mature yellowfin tuna (in X mark) with more than 40% have GI 3 2.0 overlaid on
the salinity (psu) profile at 30—50 m deep in the Indian Ocean.

Map 6b shows the bimonthly distribution of sexually mature
yellowfin tuna where more than 40% of the individual had
gonad index greater or equal to 2.0 overlaid on the salinity
profile in the Indian Ocean. The trend followed the general
pattern indicated in the overall distribution. Peak occurrence
in January/February was found in eastern Indian Ocean
where water with lower salinity prevails. The variation in
occurrence of succeeding months seemed unaffected by
almost consistent salinity profile.

Spawning activity vs. oxygen concentration in the 30-50m
depth range (Map 7)

Map 7a shows the overall distribution of sexually mature
yellowfin tuna where more than 40% of the individual had
gonad index greater or equal to 2.0 overlaid on dissolved
oxygen profile in the Indian Ocean. Generally, occurrence
was fairly distributed in oxygen rich waters ranging above
4.7 ml/L to 6.1 ml/L O,.

Bimonthly distribution of sexually mature yellowfin tuna
overlaid on dissolved oxygen profile (Map 7b) showed
positive relationship to various changes in oxygen rich area.
During January to April, occurrence intensified as areas of
high oxygen concentration seemed to spread across Bay of

Bengal and the region 10°N and 1C°S latitudes. Intensity,
however, decreased as low oxygen area started to appear
during May until October. During November/December,
occurrence was regaining intensity within the bounds of
oxygen rich waters though there were still patchy
occurrences in low oxygenated areas.

Spawning activity vs. thermoclinedepth (Map8)

Map 8a shows the overall distribution of mature yellowfin
tuna whereby more than 40% of the individual had gonad
index greater or equal to 2.0 overlaid on varying thermocline
depth in the Indian Ocean. Occurrence of mature individual
seemed to aggregate fairly on varying depth of thermocline.

Likewise, bimorthly Map 8b) distribution did not show
clear trend as the thermocline profile changed.

Spawning activity vs. chlorophyll in the 350m depth range
(Map 9)

Map 9a shows the overal distribution of sexually mature
yellowfin tuna whereby more than 40% of the individual had
gonad index greater or equal to 2.0 overlaid on chlorophyll
profile
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Map 7a. Map showing the overall distribution of mature yellowfin tuna (in X mark) with more than 40% have GI 3 2.0 overlaid on the
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Map 7b.Map showing the bimonthly distribution of mature yellowfin tuna (in X mark) with more than 40% have GI 3 2.0 overlaid on
the dissolved oxygen (ml/L) profile at 30 m—50 mdeep in the Indian Ocean.
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Map 8a.Map showing the overall distribution of mature yellowfin tuna (in X mark) with more than 40% have Gl 3 2.0 overlaid on the
isobath (m) of 20°C in the Indian Ocean.
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in the Indian Ocean. Though occurrence abounded waters
with chlorophyll a concentration lower than 0.34 pg/L,
sexually mature individual seemed present near the areas
where chlorophyll concentration was high such as
surrounding waters of Sri Lanka, western portion of Bay of
Bengal and Kenyan coast. However, presence was also
observed in areas with relatively lower chlorophyll
concentration such as the central Indian Ocean.

The bimonthly distribution of sexually mature yellowfin
tuna overlaid on chlorophyll a concentration (Map 9b)
showed the same trend as in the overal distribution.
However, intensity of aggregation peaks during periods
when chlorophyll concentration appeared to be fairly low in
the 1%, 2% and 4" quarters. Conversely, lower intensity of
aggregation during periods when higher chlorophyll values
were observed, 3% quarter.

Larval occurrence vs. Environmental factors

Same case as in the spawning activity, the bimonthly
sampling coverage showed in figure 10 had fewer sampling
locations in some of the months. Peaks and lows depicted in
the results may not represent the real score due to lack of
data.
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Map 8b.Map showing the bimonthly distribution of mature yellowfin tuna (in X mark) with more than 40% have Gl 3 2.0 overlaid on
the isobath (m) of 20°C depths in the Indian Ocean.

Larval occurrence vs. Temperaturein the 0-30m depth range
(Map 10)

Map 10a shows the overall occurrence of yellowfin tuna
larvae overlaid on the temperature profile in the Indian
Ocean. A dense cluster of occurrence appeared off the
northern coast of Australia while scatteed occurrence
appeared both in the eastern and western Indian Ocean.
Dense aggregation and scattered occurrence seemed to be
found within warmer water ranging within 22C and above,
while none was found in cooler water below 30° S latitude.

Bimonthly distribution (Map 10b) showed intensified
occurrence during the period of November to February while
lower occurrence during March to October. Larval
occurrence appeared in warmer water, predominantly in
eastern Indian Ocean. Intensity of occurrence diminished as
warmer water seemed to spread westward covering low
latitude areas during March/April. Intensity of occurrence
remained very low as the warmer water moved northwards
during May to August. Cluster of aggregation off the coast
of northern Australia begins to build up during
November/December when warm water seemingly
constricted eastward of Indian Ocean.
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Map 9a. Map showing the overall distribution of sexually mature yellowfin tuna (in X mark) with more than 40% have GI 3 2.0
overlaid on chlorophyll a (ng/L) concentration at O m deep in the Indian Ocean.
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Map 9b. Map showing the quarterly distribution of sexually mature yellowfin tuna (in X mark) with more than 40% have GI 3 2.0
overlaid on chlorophyll a (my/L) concentration at O m deep in the Indian Ocean.
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Figure 10.Map illustrating the bimonthly sampling coverage for yellowfin tuna larval survey.
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in the Indian Ocean.
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Map 10b. Map showing the bimonthly occurrence of yellowfin tuna larvae (in X mark) overlaid on the temperature (°C) profileat O
m — 30 mdeep in the Indian Ocean.

the yellowfin larvae was found in areas within chlorophyll a
concentration ranging below 0.34 g /L. Occurrence was
Map 1la shows the overall occurrence of yellowfin tuna also observed near high productive areas along the coast,
larvae overlaid on the salinity profile in the Indian Ocean. surrounding the Bay of Bengal and western Sumatra.
Yellowfin tuna larvae were found in waters with salinity However, scattered occurrence could also be observed in less
ranging within and just above 32 psu, predominant in eastern productive area like the dense aggregation off the northern
and central Indian Ocean. coast of Australia.

Map 11b shows the bimonthly occurrence of yellowfin tuna Quarterly distribution (map 13b) showed a similar trend
larvae overlaid on salinity profile in the Indian Ocean.  during the first quarter. Fewer occurrences were observed
Density of aggregation varies with season and independently during the second and third quarter and regained intensity at
from changing salinity profile. the last quarter. lronically, aggregation seemed intense
during the lower chlorophyll concentration season (1st and
4th quarters) and less intense during high productive season
(2nd and 3rd quarters).

Larval occurrence vs. salinity (0-30m)(Map 11)

Larval occurrence vs. oxygen concentration (0-30m) (Map
12)

Map 12a shows the overall occurrence of yell owfin tuna
larvae overlaid on the dissolved oxygen profile in the Indian

Ocean. Mgjority of the yellowfin
tuna larvae occurred in oxygen rich
waters ranging approximately in
between 4.7 ml/L and 6.1 ml/L O,

Map 12b shows the bimonthly
occurrence of yellonfin tunalarvae
overlaid on the dissolved oxygen
profile in the Indian Ocean. Oxygen
rich waters prevailed amost in the
entire Indian Ocean. The pattern of
distribution vaguely followed the
changes in oxygen profile. However,
aggregation of larvae was never
situated in waters with oxygen level
below 4.7 ml/L O,.

Larval occurrence vs. chlorophyll (0O-
3Im)(Map 13)

Map 13a shows overall occurrence
of yellowfin tuna larvae qverlqd on ‘ZUE ‘EUE o T S 1
chlorophyll a concentration in the

-
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Indian Ocean. Generally, majority of ["Map 11a. Map showing the overall occurrence of yellowfin tuna larvae (in X
mark) overlaid on the salinity (psu) profile at 0 m —30 m deep in the Indian Ocean.
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Map 11b.Map showing the bimonthly occurrence of yellowfin tuna larvae (in X mark) overlaid on the salinity (psu)
profile at 0 m— 30 mdeep in the Indian Ocean.
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Map 12a. Map showing the overall occurrence of yellowfin tuna larvae (in X mark) overlaid on the dissolve oxygen
(mg/L) profileat 0 m- 30 m deep in the Indian Ocean.
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Map 12b.Map showing the bimonthly occurrence of yellowfin tuna larvae (in X mark) overlaid on the dissolve oxygen
(mg/L) profileat 0 m -30 m deep in the Indian Ocean.
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Map 13a.Map showing the overall occurrence of yellowfin tuna larvae (in X mark) overlaid on the isobath (m) of 20°C in
the Indian Ocean.
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Map 13b. Map showing the bimonthly occurrence of yellowfin tuna larvae (in X mark) overlaid on the isobath (m) of
20°C in the Indian Ocean.

Larval occurrence vs. thermocline depth (0-30m)(Map 14)

Map Ma shows the overall occurrence of yellowfin tuna
larvae overlaid on the thermocline depths in the Indian
Ocean. Larval occurrence could be fund within range of
shallow thermocline depth as well as above 120 m deep.

Map 14b shows the bimonthly occurrence of yellowfin tuna
larvae overlaid on the thermocline depths in Indian Ocean.
Even though larval occurrence could be found in areas with
greder thermocline depths, there was no distinct pattern
shown with respect to seasonal variation of thermocline
depth. Clusters appeared and vanished with amost
consistent thermocline depth off the northern coast of
Australia.

Numerical analyses

Resultant numerical relationships between three dependent
variables and eight independent environmental variables
were presented in Figures 10 —13.

Hooking rates vs. Environmental factors (Fig.10)

Figure 10 shows the trend of hooking rates varies with
different environmental parameters. Hooking rates generally
increased as water temperature increased surpassing the
average at approximately 17°C, declining towards 22°C.
With respect to salinity, hooking rates showed an erratic
trend along and above the average with extreme peak at 35.2
psu and a continuously decline thereafter. With respect to
dissolved oxygen concentration, hooking rate also showed
an erratic trend above the average starting at dissolved
oxygen concentration 0.6 ml/L up to 3.8 ml/L O, and
continuously decreasing thereafter. An observable peak was
present at dissolved concentration 2.6 ml/L O,. With
relevance to the depth of thermocline, hooking rates tended
to increase rapidly as they approached the central peak at
around 110 m deep and decreased gradualy as the
thermocline depth increased. The general trend of hooking
rate on nutrients initially increased and remained somewhat
erratic above the average. Specificaly, it surpassed the
average at values 10 uM, 0.8 uM and 7.5 uM (2) for nitrate,
phosp hate and silicate, respectively.
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Map 14a. Map showing the overall occurrence of yellowfin tuna larvae (in X mark) overlaid on chlorophyll a (ng/L)
concentration at 0 m depth in the Indian Ocean.
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Map 14b.Map showing the quarterly occurrence of yellowfin tuna larvae (in X mark) overlaid on chlorophyll a (mg/L)
concentration at O m depth in the Indian Ocean.
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Figure 11 Graphs showing the relationship between hooking rates and environmental parameters in the 50-200mdepth

range. The horizontal linerepresents the overall average (threshold value).
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Spawning activities vs. Environmental factors (Fig. 12)

Figure 12 shows the trend of the percentage of sexually
mature yellowfin tuna expressed against environmental
factors. Sexually mature yellowfin tunas were inclined
towards warmer waters starting a rapid increase from 24C,
surpassing the average at 27°C and continuously increase
thereafter. Preference on salinity, on the other hand, was
strongly inclined with more than 60 percent at concentration
starting 32.6 psu, increasing at 33 psu and decreasing rapidly
thereafter. Percentage of sexualy mature yellowfin tuna
dropped below the average at 34.8 psu. With respect to
dissolved oxygen concentration, percentage of sexualy
mature individual generally started off above the average at
4.0 ml/L G, and continuously decreased after it reached a
secondary peak at 4.5 ml/L O,. Percentage went below the
average at 4.2 ml/L O, and 4.7 ml/L O, onwards. With
respect to the depth of thermocline, sexually mature
yellowfin  tuna rapidly increased above average at
thermocline depth of approximately 90 m and maintained a
plateau up to 140 m deep where it began to decrease. With
respect to chlorophyll a concentration, the percentage of
sexually mature yellowfin tuna seemed erratic in between
the 15 to 25 percent starting from 0.02 pg/L to 0.28 pg/L
chlorophyll a concentration. While sexually mature
yellowfin  tunas generally increased with nutrient
concentration. The percentage of sexually mature yellowfin
tunas reached a peak of more than 60 percent a 3.5 pM
nitrate concentration.

Larval distribution vs. Environmental factors (Fig. 13)

Figure 13 shows the trend of larval occurrence over a range
of environmental parameters. Likewise, &rval occurrences
were inclined to warmer water temperature with abrupt
increase starting 26°C to 29°C for which it remained at its
highest occurrence. Preferential salinity peaked at 34.6 psu
and continuously dropped to zero level with 35.4 psu. Larval

caunts abruptly increased from 4.3 ml/L reaching its peak at
around 4.5 ml/L dissolved oxygen concentrations where it
decreased thereafter. With respect to thermocline depth,
larval occurrences seem erratic initially. Then it increased
starting at the depth of 120 m reaching its peak at 150 m
where it was followed by an abrupt decrease at 160 m deep.
With respect to chlorophyll a concentration, larva
occurrence gradually increased, reaching its peak at 0.08
po/L, followed by an abrupt decrease at 0.1 pug/L whereby it
remained jagged below the average level. For nutrients, the
larval occurrence showed a clear decreasing trend only with
respect to nitrate with highest counts at zero nitrate
concentration. Erratic patterns with extreme crest and trough
were observed as a function of phosphate and nitrate
concentration.

Spectraof optimum rage of Environmental factors

From the resultant graphs (Figures 12-13), the optimum
range of environmental parameters that produce favorable
hooking rates, spawning activities and larvae distribution
(those values above the threshold values) were extracted and
summarizel in Table 4. Spectra of these optimum ranges
were also depicted in Figure 14. Optimal water temperature
for spawning adults and larvae were much higher than for
adult yellowfin tunas. Optimal salinity for spawning adults,
on the other hand, had a wider range, while larvae and adult
yellowfin tunas were restricted to more saline waters.
Optimal dissolved oxygen for common adults had a wider
range than that for spawning adult and larvae, which were
restricted to above 4.0 ml/L O, concentration. Preferred
thermocline depth of adult and larvae were on inverse
partiality, the latter on the deeper side. Spawning adults, on
the other hand, seemed to be in transition. Preferential
chlorophyll a concentration for spawning adults had a wider
range than that for the larvae, which was confined below 0.1
Mo/L.
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Figure 12.Graphs showing the relationship between the composition where 3 41% are sexually mature yellowfin tuna (YFT)
and environmental parameter in the 6-50m depth range. The horizontal linerepresents overall average (threshold value).
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Larval density (LD) vs. water temperature

Larval density (LD) vs. chlorophyll a
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Figure 13. Graphs showing the relationship between larval density and environmental parametersin the 0-30m depth

range. Horizontal line indicates the overall average (threstold value)
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Table4. Optimum range of oceanographic parameters that produce favor able hooking rates spawning activities and
larvae distribution.

Dependent variables =» Unit Hooking rates (**) Spawning activities Larvae distribution
(no. of fish/1000 (%of mature YFT) (no. of larvee per sample)
hooks)
Criteria (threshold value) 13.4 21.2 13
*)
Depthrange Deep (50-200m) Shallow (0-50m) Shallow (0-30m)
Independent Parameters
Temperature (0 17.0-20.5 26.8-30.0 27.5-
Mo (n=23,200) Mo (n=5,439) Mo (n=534)

Sdinity (psu 34.2-344 32.6:34.7 34.2-34.9

) Mo (n=23,201) Mo (n=5,436) Mo (n=534)
Dissolved Oxygen (ml/ 0.6-1.7 & 2.1-3.9 4.00-4.15 or 4.30- 4.447

L) Mo (n=23,204) 4.65 Mo (n=525)

Mo (n=5,425)

Depth of [ (m) 75-130 89-147 128-157
thermocline(20°Q) Mo (n=17,700) Mo(n=4,520) Mo(n=342)
Chlorophyll (M NA 0.06-0.13 or 0.15 0.055-0.090

) 0.17 No (n=284)

No (n=1,890)

Nitrate (um 10-24 1.8-45 0-0.43

) Q (n=9,944) Q (n=3,562) Q (n=208)
Phosphate (wm 081.4&1.61.8 0.33-0.60 0.080-0.175 & 0.185-0.210

) Q (n=9,928) Q (n=3,562) Q (n=210)
Silicate (pm 829 611 0.7-1.30r 2.23.7

) Q(n=9,920) Q (n=3,558) Q(n=210)

(Abbreviations) Mo, Qor No:  Time scales for the analyses were monthly (Mo), quarterly (Q)
or no time scale involved (No).
n Sample size
NA No analyses were conduced
Note (*) : Mean values were used as criteria that produce favorable vale of the dependentvariables

Note (**) : 0 catch datain certain 1x1 degree grid area and month in analyzed (45) years were not used.

Part | Basic parameters

(Temperature)(T

17.0 17.5 180 18.5 19.0
HR
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255
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Larvae
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120 125

155 | 160
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Figure 14.0ptimum spectra of various oceanographic condition that produced favorable hooking rates (HR), spawning
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DISCUSSION

Obscure to many, virtualy al problems have a spatia
dimension (Maeden, 1996). Method and analysis were made
possible through the use of georeferenced Japanese longline
fisheries information and NODC's oceanographic surveys.
However, it is also important to consider good data quality
as provided by above mentioned databases in order to ensure
reliable results of analyses for interpretation.

Distribution of adult YFT

The results of the qualitative analyses suggest that the adult
yellowfin tuna distribution follow the spatial and seasonal
changes of water temperature profile in the Indian Ocean.
Combined with numerical analyses, results showed that the
preferential water temperature lies within the optimum range
from 17C to 24°C.

Capability of body thermoregulation among adult yellowfin
tuna explains the tolerance to lower optimum water
temperature range. Stequert (1989) cited that older
individuals penetrate deeper and colder waters than
juveniles.

Explanation on spatial variation as influenced by
temperature may not be straightforward. Hunter (1986)
described the concept of limits based from correlation
between tuna catches and the physical environmental
barriers indicated by temperature. However, he mentioned
that this concept is not supported by laboratory work, as
there are instances that exceed beyond the thermal barriers.
Kumari (1993), on the other hand, suggested that the
abundance of tuna, in general, within the preferential
temperature range was indirectly related to the presence of
tuna forage brought about by physical processes such as
fronts. Nonetheless, results depicted in thematic maps did
not elucidate association between therma fronts and tuna
abundance because the analyses were not meant for such
detailed scrutiny, though it poses an interesting subject for
future studies.

Resulting preferential water temperature, on the other hand,
coincides with previous findings of Nair (1993) and Mohri
(20008).

Though adult yellowfin tuna was fairly distributed within
areas with high salinity, qualitative analysis failed to show
clear spatial relationship. Numerical analysis indicated an
optimum range from 34.2 to 3.4 psu and 35 to 35.3 psu.
These findings suggest that salinity had less influence on the
distribution because no steady salinity range produced high
hooking rates. The optimum range, on the other hand, may
only describe their oceanic habitat that could provide an
indirect explanation on their abundance.

The results of the qualitative analyses on distribution and
dissolved oxygen suggest a spatial and seasonal relation
between the two. However, numerical analysis indicated a
wider optimum range, from very minimal concentration of
0.6 ml/L O, to 3.8 ml/L O,. The findings imply that
yellowfin tuna preferred but were not limited to areas with

an optimal dissolved oxygen concentration. More over, the
bulk of aggregation was less apparent in areas with 0.6 ml/L
O, concentration. In fact, the resulting sample size found at
the lower concentration was low. Values depicted in the
results were not comparable with the threshold value
suggested by Mohri (2000) because his study was focused
on evauating the minimum oxygen level while this study
was based on a general distribution.

Though vaguely shown, results of the qualitative analyses
suggest an association between the distribuion of adult
yellowfin tuna and the thermocline depth, especially the
observable affinity of dense aggregation within shallow
thermocline depth. Numerical analysis, on the other hand,
depicted a wide optimum range from 75 m to 130 m, with a
central tendency around 100 m deep.

These results confirmed John's (1995) findings that the
thermocline depth had a negative influence on hooking rates.
After the centra peak around 100 m deep, hooking rate
continued to decline with increasing thermocline depth.
Though these values could not ascertain if yellowfin tuna
have preferential thermocline depth, it may be a good
indicator of hydrological condition. A deeper thermocline
may indicate a convergence zone, while the opposite for
divergence. With respect to areas of convergence and
divergence, the observable shallow thermocline depth found
just above 10 S latitude in western Indian Ocean, can be
compared to the divergence zone from December to July. In
coherence, the cluster of high hooking rates appeared to be
denser during the same period at the same location. Though
vaguely depicted in the result, the area of convergence, with
high hooking rate density, lies just above and adjacent to this
shallow thermocline depth. Hunter (1986), in his publication,
reasons out hat this observation is related to areas of
productivity. Divergence is an area associated with high
primary productivity due to the rising up of nutrient rich
deeper water known as upwelling. Consequently, grazers
and prey fishes take advantage of food available. However,
physical processes of convergent zone in proximity
accumulate the laterally dispersed organisms thus, the
potential abundance of tunasin this area.

Another circumstance that supports high abundance in
convergence zones is the consistent presence of aggregation
in the Mozambique Channel from January to August and the
reduction during September to December. The presence and
absence of aggregation coincides with the periodicity of
convergence in the region.

Also, an observable aggregation inthe western Indian Ocean
is evidently situated along the wider isobath intervals while
scarce in narrow ones. This observation may imply that
yellowfin tuna prefer the zones with minimal difference in
thermocline depth. However, no vertical profile has been
analyzed to ascertain the claim. Nonetheless, this assumption
may agree with John (1995) finding that hooking rate is
negatively related to isotherm depth and positively related to
thermal gradient as depicted in Figure 15.
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Though there are no maps to show the spatial relation
between yellowfin tuna distribution and nutrient
concentration, the numerical analysis showed that the
optimum range for nitrate concentration is 10 uM to 24 uM;
phosphate is 0.8 uM to 1.8 uM; and silicate is 8 uM to 29
MM. These values reflect the typical nutrient profile of the
oceanic water column based on surveys conducted in
Geochemical Ocean Sections Study (GEOSECS). Nutrient
concentration increases with depth, reaching a certain point
where concentration is almost constant. However, thereisan
argument that such parameters are aso indicator of
yellowfin tuna abundance. Nutrients are absorbed by
primary producers which are then grazed upon by secondary
producer (zooplanktons), eaten by small fishes and finaly
preyed upon by predators such as yellowfin tuna. Though
Roger (1993) indicated in his study that there is an
immediate link between plankton, plankton feeding prey-
fishes and tuna, there is no illusive study that could support
the argument. More so because his study was limited to
surface tunas. In fact, complexities in the trophic pathways
should be taken into account. The classical foodchain
depicted above may not be true in al forms, especialy in a
marine ecosystem. The network of producers, consumers
and decomposes creates a food web (Kiorbae, 1993;
Legendre and Rassoulzadegan, 1995). Perhaps, it would be
an interesting prospect to study spatial correlation between
nutrient concentration, phytoplankton, grazers, prey-species
and yellowfin tuna distribution without bypassing one or
more trophic levels.

Spawning activities

In order to have comparable results, it is important to
consider a consistent sampling strategy. Patchiness in
sampling coverage poses discrepancies and may affect the
reliability of information produced. For this study overal
sampling coverage was extensive enough but for the
bimonthly sampling patchiness was observed especially in
the western Indian Ocean during some of the months. Hence,
results should be interpreted cautiously.

The majority of the studies on spawning activities of
yellowfin tunas have been focused on seasonal variation.
Only in rare circumstances where spawning activities are
related to environmental conditions such as water
temperature.

Results of the qualitative analysisimply that there is a spatial
and seasonal relation between the distribution of spawners
and water temperature. Spawners are strongly inclined to
warmer water temperature with optimum range of 26.5°C to
0°C.

The optimum range agreed with the findings of Shung
(1973) that the sexual activity of yellowfin tunas caught by
longline fishery in the Indian Ocean advances a a
temperature of 26°C and greater. But, he also pointed out
that these advances might not be dependent on temperature
alone.

Results from the qualitative analyses suggest that spawning
activity had no clear spatial relation with salinity. However,
the numerical analysis revealed that spawners are found in a
wider optimum range of 32.6 psu to 34.7 psu, which is less
than that for none spawning adults. Since the majority of the
spawners aggregate in eastern Indian Ocean and the Bay of
Bengal, their habitat is subject to lower salinity due to
freshwater inflow from three major rivers namely, Irrawaddy
River which discharges in the Andaman Sea while,
Brahmaputra and Ganga Rivers discharges in the Bay of
Bengal.

Results of the qualitative analysis suggest that thereis spatial
relation between spawning activity and dissolved oxygen
concentration. The optimum range for dissolved oxygen
concentration is 4.0 ml/L to 4.6 ml/L Q. These values
coincide with ranges cited by Stequert (1989) and threshold
values proposed by Cayre (1993).

Spatial  correlation implies that optimum  oxygen
concentration is crucial to the spawning activity. Biological
condition during reproductive development may pose
changes in physiological needs. Hence, preferential habitat
differentiates from ordinary non-spawning yellowfin tuna.
However, this claim should be supported by laboratory
experiment.

Results do not show a spatial relation between spawning
activity and thermocline depth. More over, spawners were
abundant at the optimum range from 90 m to 150 m. Unlike
in the case of non-spawning adults, this findings implies that
there are other factors more influential than what the
thermocline depth may indicate. Perhaps, this is due to
physiological needs.

The results of the qualitative analyses showed no clear
spatial relation between chlorophyll a concentration and
spawning activity. However, it is noteworthy to mention that
intensity of spawning activity is low during high productive
season and vice versa. Nonetheless, the optimum range is 0.6
Mo/l to 0.17 pg/L chlorophyll a concentration. The time lag
between intense aggregation and period of high productivity
may indicate strategy of the population to attain equilibrium
as influence of the environmental condition. However, this
concept is remote from what is indicated by low optimal
chlorophyll a concentration. A possible explanation is the
oligotrophic characteristic of tropical gen ocean (Thurman,
1996). Though light is not a limiting factor in primary
productivity, tropical oceans have permanent thermocline
that produces stratification of water masses where by mixing
is prevented between surface waters and nutrient-rich deeper
waters. Murty (2000) studied chlorophyll maximums in the
Bay of Bengal. He revealed that a chlorophyll maximum is
found in depths 50-100 m at open sea.

The numerical analysis shows an optimum range for nitrate
concentration have 2 uM to 5 pM; for phosphate from 0.3
MM to 0.6 uM; and for silicate 6 uM to 11 uM. The values
presented also describes the typical nutrient profile oceanic
water column, especially at near surface. Phytoplanktons
abound near surface water column for sunlight and utilize
available nutrient in this layer. Hence, eutrophication leads
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to the depletion of these nutrients and even to the extent of

near zero.
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Figure 15.Hypothetical illustration to show the presence of yellowfin tuna in relation to isobathytherm of 20°C (solid line).
Further, the dashed lines are theoretical isotherm of 25°C and 30°C upwards. Note that the thermal gradient ishighin the area
where the presence of yellowfin tuna is observed.
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LARVAL OCCURRENCE

Likewise for larval data, sampling coverage is extremely
patchy especially in the western Indian Ocean for both
overall and bimonthly. This may be a possible explanation
why most of the spatial analysis showed no respond, even
though, areas near Sumatra and northwest of Australia were
sampled considerably all year round.

Results of the qualitative analysis did not show a clear
spatial relation between larval distribution and the
temperature profile. However, the numerical analyses
suggests that larvae are inclined towards warmer water
temperature with an optimum range of 27.5C to 3C°C. This
range agreed with the findings of Boehlert (1994) a
temperature range greater than 24°C.

Results of the qualitative analysis did not show a clear
spatial relation between larval distribution and salinity. The
numerical analysis, however, showed that larvae were
restricted towards higher salinity with an optimum range at
34.2 psu to 34.9 psu. A possible explanation for larval
inclination to higher salinity is the role of viscosity on larval
buoyancy. In the open ocean, temperature and salinity are
two variables that affect viscosity (Thurman, 1996). Lower
water temperature makes the water more viscous and inverse
with salinity. Consequently, higher viscosity means greater
buoyancy. Though temperature has a greater effect, salinity
may pose more influence because of larval inclination to
warmer waters. Hence, higher salinity facilitates in keeping
yellowfin tunalarvae free floating.

Although results from qualitative analysis do not show a
clear spatial relation between larval distribution and
dissolved oxygen concentration, larvae are inclined towards
high dissolved oxygen concentration. Optimum range
depicted is at 4.4 mi/L to 4.8 ml/L O, The findings
exemplify the typical oxygen profile in open ocean as
depicted in GEOSECS survey (Ross, 1988). Higher oxygen
concentration is observed near water surface and decreases
with depth until it reaches a minimum where it begins an
almost constant profile.

Qualitative analyses did na show a clear spatial relation
between larval distribution and depth of the thermocline.
However, larvae were concentrated in areas with greater
thermocline depth with optimum range at 130 m to 160 m

deep.

The results of the numerical analyses imply that deeper
thermocline depth favors larval survival on three counts.
First, a deeper thermocline depth has a wider the mixed
surface layer which creates a steady and rich environment.
Second, a deeper thermocline also creates a wider water
column with less thermal difference. Due to their
undeveloped thermal regulatory system at this stage, larvae
are not subject to abrupt changes in water temperature.
Third, though remotely related, is the absence or lower
density of adult yellowfin tuna in these areas that will
somehow limit predation.

Results of the qualitative analyses do not show spatia
relation between larval distribution and chlorophyll a
concentration. Numerical analyses show that larvae are
inclined at chlorophyll concentration at an optimum range of
0.05 pg/L to 0.09 pg/L. Though there is no apparent
influence shown by the results, aggregation in the water
northwest of Australia coincides with high zooplanktonic
biomass present in these areas from August to September
and February to March. Even though there are overlaps in
time, intensified larval aggregation during the last and first
quarter of the year may suggest that larvae opt to be
influence by food availability. Further, it ensures higher
survival rates even if spawning is assumed al year round.
However, this specul ative thought needs to be verified.

Numerical analyses showed that larval distribution are
concentrated in areas where nutrient concentrations are
extremely low to negligible. This is a typical chlorophyll a
concentration at depth 0-30 m. As mentioned above, nutrient
concentration at near surface water column may be depleted
due to primary productivity.

No spatial correlation implies that distribution of yellowfin
tuna larvee seemed to be influenced by environmental
factors other than the above mentioned. Boehlert (1994)
suggests that tuna larval distribution is initially established
from spawning and disperson by passive processes
dependent on larval buoyancy. Highest aggregation density
of spawners and larvae in the eastern Indian Ocean during
January/February seemed to be coherent with his findings.
He also mentioned that yellowfin tuna larvae had an affinity
to land. This seems evident in the aggregation northwest of
Australia and aong the coast of Sumatra. However, there are
also occurrencesin mid-eastern Indian Ocean.

Migration

Expansion and constriction of high hooking rate aggregation
suggest movement of yellowfin tuna with respect to
environmental parameters. Y ellowfin population may seem
to be one homogenous stock located in the midwestern
Indian Ocean. Based on changes in optimum environmental
range indicated by temperature and oxygen, the population
tends to spread out, going to the eastern Indian Ocean up to
Bengal Bay and constrict after some time. As opposed to the
findings of Nishida (1992) that there are two major
yellowfin tuna stocks in the Indian Ocean, the homogeneity
of the yellowfin population depicted in the result is not a
good indicator for stock delineation. It is rather to illustrate
the effect of environmental effect on the distribution.

Morhi (2000b) discussed the horizontal movement of
yellowfin tunain the Indian Ocean using longline catch data.
His findings revedled that there is a distinct separation
between the western and eastern high-fishing density area.
The findings of this study do not show the same trend.
Though he also identified that the center of high dnsity
fishing is located northern of Madagascar Island, this study
found that the bulk of high hooking rate includes the same
location but extends up to 80°E with some aggregation also
found in the Sri Lanka's coast, the Andaman Islands and
south of Java. Unlike his findings, there was no profound
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bulk in the north of Australia. Expansion in the western
Indian Ocean coincides with the spread of high hooking rate
during January to April and retracts from May to October.
However, taking the Indian Ocean as awhole, retraction was
only evident in the Arabian Sea and simultaneous expansion
towards the eastern Indian Ocean reaching Bay of Bengal
was evident during May/June. Further, there was no evident
expansion in so called eastern area. In general, the finding of
this paper does not delineate the yellowfin tuna population
between western and eastern areas. The center of high
density is located along Mozambique Channel and the area
0° to 10°S and 40°E to 80°E. Expansion occurred starting
January to June moving northward and eastward. Lesser
density was observed starting July to October especialy in
the Bay of Bengal, but no constriction was observed because
aggregation remained aong the equatorial region.
Constriction is evident on November/December, when the
high density in the aforementioned area is rebuilding in
dense aggregation.

Homogeneity of the population in the Indian Ocean seemed
to be evident, based on the spatial and temporal differences
in aggregation of spawning and non-spawning adult
yellowfin tuna. High Hooking rates as indicator of non-
spawning adult is centralized in the western Indian Ocean,
whereas sexually mature individuals are predominant in the
eastern Indian Ocean. The first six months of the bimonthly
profiles showed an observable progession of the
displacement in areas of dominance between the two. In
January, high hooking rates are predominant in the western
side reaching up to the Arabian Sea but rare in the eastern
side. While, sexually mature individuals are predominant in
the eastern side reaching up to the Bay of Bengal. As the
months advance, spawning adults in the eastern side
diminish, while high hooking rates become denser in the
eastern side. By May and June, high hooking rates prevail in
both areas and spawning adults are scarce. This suggests that
the expansion in the eastern portion is a movement of
spawning adult eastward. Rare high hooking rates during
peak spawning activity may just indicate lesser vulnerability
of spawning adult to longline fisheries because it is
presumed that they also move towards the surface during
this period. The prevalence of high hooking in May and
June, indicates that spawning activity is over and the fishes
are going back to their regular habitat, which increases their
vulnerability to longline fisheries. The second half indicates
retraction to the western portion, where they start to become
denser in November and December, to start the cycle.

CONCLUSION

The study demonstrates the use of secondary data that have
been compiled for several decades by different sources and
disciplines. Fisheries biologists and oceanographers are
continuously collecting data with increasing efficiency in
time. Coupled with advancing technology such as GIS,
analyses using similar methods in this study profess a
potential future. Perhaps this approach could be used, not
just consolidating two disciplines but also others as well
such economics and social sciences.

Though the approach is generally extensive, this is one of
the first studies that has carried out analyses for three life
stages of yellowfin tuna simultaneously relating it to depth
specific five environmental factors in the Indian Ocean.
Since the marine environment has a lot of interdependent
factors, it will aso be important to consider other factors
such as bait, current and monsoon which are of future
concerns.

In spite of the fact that no statistical tests were attempted,
results of this study suggest that various environmental
factors areimportant to different life stage of yellowfin tuna.

For the distribution of adult yellowfin tuna, environmental
variables namely water temperature, dissolved oxygen
concentration and thermocline depth manifested direct
influences. While, there are also indirect or less influential
factors such as thermal fronts, thermal gradient and areas of
convergence.

Temperature and dissolved oxygen concentration are the
major factors that affect awning activity.

For larval distribution, temperature, dissolved oxygen and
thermocline depth areimportant factors.

Itisfurther recommended to:
1 Conduct statistical tests to ascertain the findings

above and determine its significance.

2 Conduct further study in a smaller time scale than
using the totality of decades of data.

3 Consider other factors that may have potentia
effect to yellowfin tuna distribution such as baits,
monsoon, physical processes and food abundance.
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