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New Discoveries in Visual
Performance of Pelagic Fishes

Dr. Kerstin Fritsches (University of Queensland, Australia)
Dr. Eric Warrant (University of Lund, Sweden)

This is a preliminary report of results obtained in col-
laboration with Dr. Richard Brill, of the National Marine
Fisheries Service (NMFS), in a continuing study of visual
abilities in pelagic fish and sea turtles. The experiments
were undertaken in March/April 2001 at the NMFS
Kewalo Research Lab in Honolulu, and aboard the
National Oceanic and Atmospheric Administration
(NOAA) ship Townsend Cromwvell.

Introduction

Large ocean predators like billfishes and tuna rely heavi-
ly on vision to catch their prey. These powerful animals can
swim tremendous distances, often at very high speed and in
very deep water, in search for prey. A visual world as dim and
cold as that of pelagic predators places considerable strain
on the evolution of good vision, especially for fast-swim-
ming species. Exactly how well do these animals see? How
have they overcome restrictions of cold water and dim light
to enable them to catch their prey? These questions so far
have remained unanswered because of the extreme difficul-
ty of obtaining live specimens— especially billfishes.
However, following a highly successful cruise on the NOAA
ship Townsend Cromwell, we are pleased to report fascinat-
ing new insights into the visual capabilities of pelagic fishes.
Beyond the purely scientific, our results also have implica-
tions for current fishing practices.

Optics of Huge Pelagic Eyes Imply Active Predation in
Very Dim Light

To see well in dim light, one strategy is to have a very
large eye with a large pupil. In this respect we can show that
the eyes of tuna and billfishes are ideally adapted for the
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Figure 1. Frozen cross section of a bigeye tuna eye will help researchers
determine the internal dimensions of the eye, which will improve their
understanding of optical adaptations in pelagic eyes.

task. For instance, in the largest swordfish we studied
(=2.5m in length) the eyes were 9 cm wide and the pupils
almost 4 cm. According to our new theoretical model of
visual performance, and optical measurements we made on
the Townsend Cromwell (figure 1), we can predict that noc-
turnal and deep-water predators like swordfish and bigeye
tunas are efficient visual hunters in dim light. The model
also allows us to simulate the visual behaviour of these fish-
es and predict their ability to capture fast-moving prey in
dark water.

(continued on page 2)
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New Discoveries in Visual Performance (continued from page 1)

Significant Variations in the Speed of Vision Between
Different Species of Pelagic Fishes

For fast-swimming hunters in dim light, the optimal
speed of vision poses a dilemma since fast vision requires
high light intensities, while slowing down the temporal res-
olution of the eye in dim light blurs the image of prey mov-
ing at speed. The speed of vision is commonly determined
by using electroretinography to measure the response of the
eye to individual pulses of light from a flickering light
source, thereby creating an electroretinogram (ERG).
“Flicker fusion” is reached at a frequency when the eye loses
its ability to resolve individual pulses of light. During our
research expedition we succeeded in determining the Flicker
Fusion Frequency (FFF) of a number of pelagic fish, includ-
ing the swordfish, yellowfin tuna and bigeye tuna.

In this preliminary study, fast swimmers such as the
swordfish and bigeye showed surprisingly slow FFF of 17
and 25 Hz (figure 2), which nevertheless is in keeping with
their nocturnal lifestyle. On the other hand, the day-active
yellowfin tuna was capable of significantly higher temporal
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Figure 2. The flicker fusion frequency (FFF) in swordfish, yellowfin tuna and
bigeye tuna is determined using the power function over frequency. From
visual inspection of the recording trace and the resulting spectrum of dom-
inant frequencies, we determined the frequency at which a response to indi-
vidual light sources was no longer detectible; this point was usually reached
at a power of -3.5 log units, which we then defined to be the FFF. Hence the
FFF of swordfish and bigeye tuna in this figure was found at about 17 and
25Hz, reflecting the dim deep-water habitat of the two species. The shallow-
living yellowfin tuna was found to have an FFF of 45 Hz.
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Figure 3. The sensitivity of the yellowfin tuna eye improves significantly
during the day-night shift. We found a 10-fold increase in sensitivity during
the in vivo experiments (left). Surprisingly, the isolated retinae also showed
a clear circadian shift (right).

resolution, resolving light pulse frequencies at up to 45 Hz
(figure 2). We hope to confirm these findings with further
experiments that will specifically include determining the
FFF at different light intensities. However, the present results
indicate that speed of vision is dependent on the lifestyle of
the fishes and can vary significantly between species.

Marked Changes in Visual Performance from
Day to Night

Shallow-living species like the yellowfin tuna experience
a large change in light intensity from day to night, and we
have discovered the first evidence in pelagic fishes that vision
changes accordingly. Eight-hour-long continuous electro-
physiological recordings from pieces of isolated retina
showed clear differences in visual function between day and
night (figure 3). In the night-adapting retina, the response to
light grew markedly stronger, indicating that the eye
increased its sensitivity for vision in dim light. This
behaviour clearly reflected an intrinsic clock of the retina,
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Figure 4. FFF in both the yellowfin tuna (left) and the bigeye tuna (right)
measured during the day and night in isolated retinae. The FFF in yellowfin
tuna is markedly reduced at night, while the bigeye tuna shows little differ-
ence in its FFF from day to night.
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Figure 5. Spectral sensitivity curve of a striped marlin: best sensitivity is
reached in the blue-green waveband, while the two peaks indicate that this
fish might have two different visual pigments.

adapting for night vision irrespective of the surrounding
light.

A very interesting species-specific difference emerged
between the day-active yellowfin tuna and the nocturnal
bigeye tuna (figure 4). The circadian adaptation seen in the
yellowfin tuna was substantial, reflecting highly different
visual capabilities over a 24-hour period. The bigeye tuna,
which in recent archival tagging studies has been shown to
remain in dim light at depth during the day and ascend with
fading daylight, did not significantly change the sensitivity
or temporal resolution of its eye in the day-night shift. This
result shows the close relationship of visual environment
and adaptations of the visual system in different species. The
implications of this finding are especially interesting for esti-
mating visual performance at different times of the day with
respect to attractiveness and visibility of prey objects.

Colour Perception is Best in the Blue-Green

Light entering the ocean is very quickly reduced to a nar-
row bandwidth of wavelength in the blue-green. A visual
system optimally adapted to these conditions should be
tuned to this blue-green light, and this is what we found in
a number of pelagic fish such as the striped marlin (figure
5). We also have evidence from the ERG recordings that
these species of billfish show two peaks of colour sensitivity,
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Figure 6. If yellowfin tunas heat their eyes like bigeye tunas, then these
data imply that a yellowfin tuna in 15°C water without heating has a flick-
er fusion frequency of 18Hz, but with heating could achieve 36Hz. This
assumes that the eye temperature is 22°C in 15°C water (as in bigeye tuna).

indicating that they might have two visual pigments. Using
frozen samples obtained on the Townsend Cromwell, the
ERG recordings will be complemented by microspectropho-
tometry (MSP) measurements to confirm the presence of
colour discrimination in the marlin.

Retinal Heating Speeds Up Vision for High-Speed
Predation

Many pelagic fish can maintain their eye and brain tem-
peratures above the ambient water temperature when diving
into colder depths of the ocean. The physiology of the heater
is well known, while the reasons for the need to maintain rel-
atively warm temperatures have never been tested in pelagic
fish. With our ERG recordings we were able to show con-
vincingly that the speed of vision is highly affected by
changes in temperature (figure 6), and consequently that
maintaining warm eyes leads to improved temporal resolu-
tion and more accurate vision at high speeds.
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The Associated Tuna-School
Fishing Techniquel

Jean-Pierre Hallier 2

The baitboat, or pole-and-line, fishermen of Senegal,
West Africa have developed a unigue fishing technique
called the “associated school fishing method” that is based
on a permanent association between a baitboat and a tuna
school.

Tuna naturally associate at night with drifting logs,
which are fished by purse seiners and tend to be left by the
fish at sunrise. The strategy of the baitboat fishermen is to
maintain a strong association with a school of tuna through-
out the night and day— an association that can be main-
tained for weeks and months. Schools must be exchanged
between boats in order to preserve the association. When
one boat is full of tuna or needs more live bait, she passes her
school to a fresh boat just arriving from port. This requires
that boats work at least in pairs, but more often in groups of
three or more. The exchanges can also be partial if a “taking
boat” needs a school while a “giving boat” hasn’t yet finished
fishing.

Partial or complete exchanges between boats are an
essential component of this fishing technique, so the
exchanges are generally recorded in logbooks; however, data
on exchanges are not exhaustive, and some are not logged.

A file documenting these exchanges from 1976 to 2000
was built by compiling old and recent data on exchanges; a
follow-up of these exchanges provides valuable information
on the evolution of this technigue, its increased monitoring
by the fishermen, and the innovations developed over the
years. Scientists further improved their understanding of the
technique by interviewing the fishermen, taking trips at sea,
and analyzing catch and effort data from logbooks; an inten-
sive tagging program was also conducted using traditional
dart tags.

1 The detailed results of this study have been published in Le Gall J. Y., Cayré P,
Taquet M. (eds), 2000. Péche thoniére et dispositifs de concentration de poissons.
Ed. Ifremer, Actes Collog., 28, « Baitboat as a tuna aggregating device », pp 553-578.

2 |IRD, Centre Halieutique de Sete, B.P. 171, 34 203 - Seéte, France.
E-mail: Jean.Pierre.Hallier@ifremer.fr
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Figure 1. Average fishing area of the baitboat fleet of Dakar (1991-1996);
each section of a circle is proportional to the annual species catch by one
degree of latitude and longitude.

Location and Season of the Fishery

This Atlantic tuna fleet is based in Dakar, Senegal, West
Africa, and its activities are mostly spread from 10°N to
21°N, and from the continental shelf to 19°W (Figure 1).
Catch distribution by latitude and month was very stable
from 1985 to 1997. Fishing starts generally in May or June,
and activity is at its peak from July to November; it takes
place mostly west of Mauritania between 18°N and 21°N
(Figure 2). As fishing moves gradually to the south in mid-
November, yields decrease. In February, the baitboat fleet is
generally spread from 10°N to 14°N, and boats have started
to leave the fishery for rest and repairs. By the end of March
or beginning of April, all boats have stopped fishing.

SST and Catch Distribution

This north-south displacement of the fleet along the
coast is directly related to the sea surface temperature (SST)
in this area (Figure 3). Fishing occurs mostly in waters
whose SST is between 22°C and 27°C, especially where
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Figure 2. Distribution by latitude and month of the baitboat catch by species
(average 1985-1996) from 10°N to 22°N; each section of a circle is pro-
portional to the average species catch by 1° of latitude and one month.
(Circle scale= 300 mt)

isotherms are close together. In fact, the fishery follows the
movement of the thermal front associated with coastal
upwellings. From July to November, this front is stabilized
north of Mauritania where fishing and the associated school
fishing technique are the most efficient. At the end of the
year and during the first term, favorable SSTs are limited to
the south of the area and fishing success is low. During the
second term, upwellings along the coast of Senegal gradual-
ly disappear from south to north, and fishing starts when the
thermal front is more or less stabilized north of 21°N.

Catch Composition, CPUE and Fish Sizes

Catch is more or less equally distributed between yel-
lowfin, skipjack and bigeye tuna (Figure 4). Bigeye, quite
rare in the catch before 1975, became a main component.
Yellowfin has become less abundant since 1993 relative to
the two other species. Despite a continuing decrease in the

(continued on page 6)

Upcoming Events

July 23-27, 2001
2nd SPC Heads of Fisheries Meeting
Noumea, New Caledonia; contact SPC Director of Marine
Resources Tim Adams, TimA@spc.int, +687 26 01 24, fax
+687 26 38 18, or Secretary for Marine Resources Helene
Lecomte: HeleneL@spc.int, +687 26 09 53

NOTE: the SPC meeting will be preceded by The FAO
Coordinated Working Party on Fisheries Statistics
(CWP-19) from July 9-13; the FAO Pacific Island
Fisheries Statistics Workshop, from July 16-18; the 1st
Coordination Meeting of the proposed EU/SPC South
Pacific Comparative Assessment of Reef Fisheries pro-
ject, from July 19-20; an Aquaculture Workshop (partly
sponsored by ACIAR) on July 20; the 9th FFA/SPC col-
laborative work-programming colloquium on July 21;
and the 7th CROP Marine Sector Working Group
Meeting on July 22.
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The Associated Tuna-School Fishing Technique (continued from page 5)
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Figure 3. Seasonality of the baitboat fishing zones and sea surface
temperatures: average monthly catch and SST by one degree of latitude
between 10°N and 24°N for the period 1991-1996; (circle scale=
300 mt).
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Figure 4. Number of baitboats and catch species composition for Dakar bait-
boat fleet (1969-1999).

number of vessels in the 1970s and 80s, the catch remained
on average at 10,000 mt; this was made possible by a dra-
matic increase in CPUE, from 1.9 mt/day (1969-75) to 5.2
mt/day (1994-99). The fleet has slowly grown since 1993, so
the catch also has increased, reaching 17,300 mt in 1999.

Average weights for caught fish are 6.3 kg for yellowfin,
8.9 kg for bigeye (juveniles and pre-adults) and 2.5 kg for
skipjack (juveniles and adults).

Cooperation in Fishing and School Exchange

At the beginning of the season, fishing groups are set up
whose members will collaborate on exchanges.
Collaboration is based on verbal agreements, and may
change during the season. Figure 5 illustrates the exchange
process for the 1997-98 and 1998-99 seasons. The 1997-98
season could be described as ordinary: 5 or 6 schools were
fished by 16 vessels; groups were more or less homogeneous,
but some vessels shifted between groups and partial
exchanges occurred between different schools.

From October 1997 on, 1 or 2 boats excluded themselves
from this process and fished alone, generally on seamounts
to the south of the area. These vessels were banned by the
rest of the fleet because from July to September they collab-
orated with purse seiners. Purse seiners fish seasonally in the
Senegal area from May to October, and, since 1992, in the
Mauritania area from July to September. At the beginning of
the 1997-98 season, catches were not very good in spite of
the abundance of skipjack, which did not respond very well
to baiting. Some purse seiners and baitboats therefore decid-
ed to collaborate, the baitboat allowing the purse seiner to
fish her school, with the resulting catch shared.

Relations between baitboats and purse seiners are gener-
ally difficult, as the former accuse the latter of destroying the
stocks and causing the disappearance of baitboat fisheries.
Therefore, the collaborative baitboats were regarded as
traitors by the rest of the fleet and banned. When purse sein-
ers left to fish other areas of the Eastern Atlantic in October,
these few baitboats had nowhere to fish but the seamounts
in the south. This punishment was effective, as the collabo-
ration with purse seiners has not been repeated.

Improvement in Fishing Technique

For the first time in this fishery, during the inter-season
from March to June 1998, some schools were kept and there-
fore carried from one season to the next. According to fish-
ermen, this practice was motivated partly by the decrease in



EXCHANGES OF TUNA SCHOOLS BETWEEN BAITBOATS : FISHING SEASONS 1997-1998 & 1998-1999
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Figure 5. Exchanges of tuna schools between baitboats: Fishing seasons 1997-1998 and 1998-1999

tuna abundance, which made it difficult to form and keep
schools. The situation would also have been responsible for
the numerous school partial exchanges and the less homoge-
nous groups of the 1998-99 season. By multiplying school
exchanges, each fisherman gained credits with many others,
which gave him more chances to obtain a school if he lacked
one. It seems, therefore, that extensive collaboration and car-
rying of schools from one season to the next has been found
to be rewarding, as it has been continued since, in spite of
more abundant tuna (especially bigeye) in the 1999-2000
season.

School Life Span and Number of Exchanges

Figure 6 shows average school life span and number of
exchanges by school from the 1976-77 season to the
1999-2000 season.

The first parameter— the time elapsed between the for-
mation of a school and its loss— is dependent upon the
extent to which the associated school fishing technique has
been mastered: the greater the mastery, the longer the school
can be kept and exchanged between boats. The second
parameter is related to the first: the longer a school is kept,
the greater the number of exchanges it can undergo.

At first, school life span was low, increasing slowly from
8 days in 1976 to 28 days in 1981— but it jumped suddenly
to 124 days in 1984 and then fluctuated mostly between 80
and 120 days. This sudden increase corresponded to the evo-

lution from a passive association, in which the baitboat was
no more than “a drifting log,” to a dynamic association, in
which the boat moved with the school.

In the 1970s, baitboats were gathering tuna schools at
night and fishing them in the early morning— but often at
sunrise most of the fish left. The boats then drifted with the
remaining tuna during the day, and on the next night per-
haps gathered other fish. However, when fishing in
Mauritanian waters, the prevailing winds and currents car-
ried boats in a southwesterly direction. After a few days they
were too far from favorable fishing grounds and lost their
schools and/or had to go back to their original positions. In
any case, this passive association resulted in a small increase
in CPUE and a higher abundance of bigeye in the catch.

In 1982, fishermen discovered that they could keep most
of the tuna around a vessel if they started moving at slow
speeds early in the morning, instead of drifting. They also
added powerful lights, which enabled the tuna to forage
around the boats at night (yellowfin and skipjack rely on
sight to chase their prey). By moving during the day, the
boats could then stay in the most favorable fishing grounds,
increasing their chances for an improved catch.

This discovery occurred gradually, as it was not obvious
how to keep several tens, or sometimes more than 100 mt,
of tuna around a boat. Therefore, despite the rapid increase

(continued on page 8)



The Associated Tuna-School Fishing Technique (continued from page 7)

School life span (in days)
Number of exchanges/school

Figure 6. Average school life span and number of exchanges by school for the
fishing seasons 1976-77 to 1999-2000

in school life span, CPUE increased only gradually from 2
mt/day in 1976 to 5 mt/day in 1987, when it stabilized
below the very high CPUE of 1991 and 1992 (more than 7
mt/day) with catches consisting mainly of yellowfin and a
small number of skipjack.

In recent years, each school was exchanged an average of
10 times, and one school, which was kept from May 28,
1999 to February 23, 2000, was exchanged 33 times.

Exchange Procedures

Exchange of schools takes place both night and day. At
night, boats are illuminated (each vessel is equipped with
10-20 lights of 1000-2000 watts). A taking boat with lights
on slowly approaches a giving boat, also illuminated. When
they are side by side, the giving boat switches off her lights
and steams full speed away from the taking boat. During
the day, a taking boat approaches a giving boat that is
actively fishing (throwing baits, poles at sea and water
sprays on). When side by side, the giving boat steams full
speed away from the taking boat.

Most partial exchanges take place during the day
between boats that are actively fishing. Partial exchanges
are not as “effective,” in that the fraction of the school that
splits is not as great as at night. If one of the vessels is not
happy with the split, it can be repeated. In recent years, fish-
ermen have come to favor night exchanges.

When associated with a school, a baitboat moves at
between 1 and 5 knots; when drifting at night, the boats
cover an average of one mile each hour.

An Explanation for the Association?

At night, tuna gather around boats in the same way they
gather around drifting logs, but the association is strength-
ened by the bright lighting on the boats that makes foraging
possible.

During the day, baitboats often encounter foraging tuna
while slowly steaming in rich feeding areas; the association
between baitboats and tuna may be similar to that between
whales and tuna. Because they seek the same prey, tuna may
follow whales to optimize their chances of hunting success;
also, whales may provide tuna with shelter from predators.
The associated school fishing technique is most efficient in
the very rich area north of Mauritania from July to
November. Tuna associated with baitboats are there for
trophic reasons; after that period, fishermen manage to keep
schools, but not as successfully as they do in the north.

Tuna Behavior and Movement

Through December of 1999, 9,750 tuna were tagged and
released; 2,606 have been recaptured so far, with recapture
rates of 53.5% for yellowfin, 19.1% for skipjack, and 40.5%
for bigeye. These high recapture rates, which are
attributable to the associated school fishing technique,
demonstrate the high exploitation rate of the schools,
which, in turn, indicates a continuous in-migration of new
tuna. The high exploitation rate is further illustrated by the
distribution of time at liberty for tagged tuna: 55% of
recaptures occur in the first two weeks after tagging, and
82% in the first two months. Skipjack are recaptured more
rapidly, yellowfin less rapidly. On average, 3% of recaptures
occur more than 6 months after tagging, some a year after
(for all 3 species), and even 2 years after for yellowfin and
bigeye, generally in the same location and in schools asso-
ciated with baitboats.

Very few recaptures come from outside the baitboat-
fishing zone (Figure 7). More surprisingly, very few recap-
tures come from the purse seine catch: only 81, including
47 from baitboats associated with schools fished by purse
seiners. In the area 6°N—-22°N/15°W-25°W, baitboats have
recaptured 360 tagged tuna for each 10,000 mt fished, and
purse seiners 1.5 tagged tuna. Purse seiners are very active
in the baitboat area (annual catch of 32,000 mt from 1994
to 1999) and just south of this area; nevertheless, they
caught very few tagged tuna, mostly skipjack. Skipjack is
the most tagged tuna (6,574 tagged), and the size distribu-
tion of tagged skipjack is almost identical to that of skipjack



caught by purse seiners, so this lack of recapture by purse
seiners is astonishing— we have no explanations for it.

Furthermore, we have found that in the month after tag-
ging, 77% of recaptures come from the school in which tag-
ging took place. Three months after tagging, half of the
recaptures still occur in the tagged school, and half are
recaptured from associated schools. This study was conduct-
ed on data from 1994 to 1997, as it was easier to follow
schools in that period than afterwards. The results show that
tuna easily change schools, but their fidelity to their original
school is surprisingly high. When they leave their school,
most of the time it is to join an associated school— only
rarely to join or form a free school that will be vulnerable to
purse seining. Altogether two thirds of the recaptured skip-
jack and bigeye are from the same school; this proportion is
a little bit lower for yellowfin, perhaps because the yel-
lowfins’ average time at liberty is longer than the two other
species.

On average, for 100 recaptures, 61 come from the same
school, 32 from an associated school, 4 from a purse seiner
that has set on an associated school, 2 from a free school
fished by a purse seiner, and 1 from outside the baitboat
fishing area (i.e. caught by a purse seiner).

Conclusions

The association of tuna with floating drifting objects
fished by purse seiners, or with anchored FADs fished by
sport and artisanal fisheries, is not yet well understood and
has inspired numerous studies. The association of tuna
schools with baitboats has some similarities with these asso-
ciations, but it remains distinctive in several ways, especially

a) Yellowfin; b) Skipjack; c) Bigeye.
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Figure 7. Theoretical tuna movements between tagging and recapture by
Dakar baitboats (1994-1999)

by virtue of its dynamic aspects. At night, the baitboat is not
just another drifting object, as it allows tuna to feed by illu-
minating the water around it. During the day, because the
baitboat is steaming, the probability is increased that tuna
will find food, compared to an association with a drifting
log. Whatever the reasons behind these behaviours, this
capacity for tuna to establish associations with different ele-
ments at sea is now used on a large scale to the fishermen’s
advantage. Furthermore, these practices always increase the
vulnerability of tuna to fishermen, so they should be moni-
tored closely and better understood in order to protect the
stocks.
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