HAWAIIAN-CAUGHT SKIPJACK TUNA AND THEIR PHYSICAL

ENVIRONMENT
GUNTER R. SECKEL®

ABSTRACT

Empirical associations between the occurrence of skipjack tuna (Katsuwonus pelamis)
in Hawaiian waters and environmental conditions point to the current system as an im-
portant cause for the variations in the Hawaiian fishery. Large interyear differences
of sea-air interactions in the skipjack spawuning areas may affect larval survival and
year-class strength, A numerical drift model was used to investigate the contribution
of currents to the travel of skipjack from the eastern North Pacific to Hawaii. Floating
objects introduced in the model ocean at long 120°W and lat 10° to 20°N converge toward
the northern edge of the North Equatorial Current near Hawaii in 21 to 23 months. The
time of freedom of skipjack tagged in the eastern North Pacific and recovered in Hawaiian
waters is of the same magnitude. It is concluded that for skipjack a possible mode of
travel from the eastern North Pacific to Hawaii is drifting in the North Equatorial
Current, The variability in abundance and size-frequency distributions observed in the
Hawaiian fishery can be caused by changes in the current system. Numerical models
of the type presented can be verified and so permit progress from the exploratory to the

experimental phase in fisheries investigations.

Over a decade ago empirical associations were
established between environmental parameters
and the availability of skipjack tuna (Katsuwon-
us pelamis) to the Hawaiian fishery. Since that
time oceanographic studies have provided addi-
tional information to augment these associations
that can now be used to postulate causal relation-
ships. Such hypotheses are an essential step in
bringing ecological studies from the exploratory
to the experimental phase, numerical analysis,
and, eventually, prediction.

In this paper I will briefly review the empirical
associations that were established and introduce
new information that has resulted from the
Trade Wind Zone Oceanography investigation.
The empirical associations lead to two environ-
mental processes that must be included in nu-
merical models describing the distribution of
skipjack. One concerns the sea-air interaction
processes that may affect productivity and larval
survival, and the other concerns the current field
that affects the distribution of skipjack schools,

* National Marine Fisheries Service, Pacific Environ-
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The latter is illustrated by a numerical “drift
model” for a portion of the Pacific North Equa-
torial Current.

The purely physical explanations that are
given for the varying availability of skipjack
in the Hawaiian fishery and the implications of
the drift model results may conflict with beliefs
based on biological considerations. Such con-
flicts can be resolved if the proposed hypotheses
are tested experimentally as suggested in this
paper.

1t is fitting that this work should be reported
in Dr. Sette’s Festschrift. He provided great
impetus and leadership to the integration of en-
vironmental studies with fisheries research. The
work on Hawaiian-caught skipjack and on their
environment was initiated at the time Dr. Sette
directed the Pacific Oceanic Fishery Investi-
gations (POFI) in Hawaii.

REVIEW OF EMPIRICAL ASSOCIATIONS
THE HAWAIIAN SKIPJACK FISHERY

The Hawaliian skipjack fishery has been de-
scribed by Yamashita (1958) and Uchida
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(1966). Landings from this fishery range from
about 91 tons® (200,000 lb) per month in Feb-
ruary to more than 907 tons (2 million 1b) per
month in July. Total annual landings also show
wide variations ranging from 2,676 tons (5.9
million 1b) as in 1969 to 7,302 tons (16.1 million
Ib) as in 1965.° Hawaiian fishing vessels fish
within sight of land, mainly in the vicinity of
the islands of Oahu to Maui and Hawaii (Uchida,
1970). Thus, Hawaiian skipjack landings pro-
vide, in contrast to other fisheries where fishing
fleets may follow the fish concentrations, a time
sequence measure from a fixed area.

Uchida (1967) analyzed the catch and effort in
the Hawaiian fishery and found that although
there has been a decline in the number of vessels
fishing on a full-time basis during the last 15
years, there is no clear evidence that this decline
has affected total landings. It appears that the
decline in the number of fishing vessels occurred
primarily among the smaller boats (Uchida
1966: Table 6) and, also, that the decline was
offset by increased efficiency of fishing. For
purposes of this paper, it is important to note
that the large fluctuations in total annual land-
ings are also reflected by the average annual
catch per standard effective trip (Uchida, 1967:
Figure 8). The annual landings of skipjack,
therefore, reflect availability near Hawaii.

THE OCEAN ENVIRONMENT
NEAR HAWAI

The oceanographic climate of the Hawaiian
Islands region was described by Seckel (1962).
Of interest are the North Pacific Central and the
North Pacific Equatorial water types and the
transition water of the California Current Ex-
tension between these water types (Figure 1),
Seckel (1968) defined the North Pacific Central
water as that with a salinity of more than 34.8%,
and the North Pacific Equatorial water as that
with a salinity of less than 34.2%.. These sa-
linities are always found in the salinity gradients
that actually define the water type boundaries,

3 Metric tons are used throughout this paper.
* Source: Hawaii State, Division of Fish and Game.
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The boundary of the North Pacific Central
water lies near the Hawaiian fishing area and is
displaced north-southward both seasonally and
nonseasonally. Usually the boundary lies just
south of the islands in fall and winter and within
or north of the islands during spring and sum-
mer. The boundary displacement is reflected by
the salinity as measured at Koko Head, Oahu
(Seckel and Yong, 1971). Low salinities occur
during spring and summer and high salinities
during fall and winter. During some years,
such as in 1957 and 1958, the islands were bathed
in North Pacific Central water throughout the
year and in 1968 the islands were bathed in the
transition water of the California Current Ex-
tension throughout the year.,

The large effect of heat exchange across the
sea surface tends to obscure the effect of ad-
vection on the sea-surface temperature. Never-
thelgss, the change of temperature due to ad-
vection is apparent in graphs of the change of
temper:ature per month (Seckel, 1962), Warm
advection in Iate winter and early spring causes
the te?mperature in Hawaiian waters to rise be-
fore.1t would rise due to the onset of seasonal
!qeatmg across the sea surface. The temperature
Increases and the salinity decreases southward
near Hawaii. Warm advection is therefore as-
sociated with a northward component of flow
that also causes a decline in the salinity.

Extremes of temperature and salinity as ob-
served 2‘1t Koko Head, Oahu, range from about
22.5°C in February or March to 27.4°C in Sep-
tember or October and from 34.4%c in July to
35.5%. in late fall or early winter. Inorganic
phosphate concentrations in the Hawaiian region
as well as in the North Equatorial Current are
about 0.3 ug at./liter. Seasonal variations have
not been observed.

In the Hawaiian region 10 to 40 cc of zooplank-
ton per 1,000 m" of water are filtered by a 1-m
net in 200-m oblique tows (King and Hida, 1954,
1957a, 1957b; Nakamura, 1967). King and
Hida (1954: Figure 16) indicate that an aver-
age zooplankton volume of about 25 cc per 1,000
m?® of water filtered near Hawaii compares with
2Q to 25 cc in the North Equatorial Current and
with about 38 cc near the equator to the south
of Hawaii. There is no clear indication of a sea-
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FIGURE 1.—Schematic chart of the major North Pacific water types and currents.

sonal variation in zooplankton concentrations in
Hawaiian waters but longer term variations ap-
pear to take place. There has been no systematic
sampling of tuna forage by midwater trawls.

SKIPJACK AND THE ENVIRONMENT

Blackburn (1965) summarized the range of
environmental conditions within which skipjack
are known to exist. The conditions summarized
in the previous section fall well within this range.
The seasonal changes in the Hawaiian environ-
ment are therefore not the probable cause for
the variations in skipjack availability. Inor-
ganic phosphates, as possibly affecting primary
productivity, or the concentration of zooplankton
vary insufficiently to explain a tenfold increase
in cateh rates during the summer months.

It is common to think of temperature and sa-
linity changes in terms of their physiological
effect on the biota. These changes, however, also
reflect dynamic properties of the environment
such as heat exchange across the sea surface and
advection that, in turn, affect biological distri-

butions. Thus, when temperature and salinity
changes were used in the Hawaiian region as
indices of heat exchange and advection (Seckel,
1962) associations between the dynamic proper-
ties of the environment and the availability of
skipjack became apparent, Development of the
empirical associations and their implications can
be traced in Seckel and Waldron (1960), Mur-
phy, Waldron, and Seckel (1960), Seckel (1962),
U.S. Bureau of Commercial Fisheries (1963).

It was found that the seasonal intrusion of
the California Current Extension water into the
Hawaiian region, as reflected by the surface sa-
linity, coincides with the seasonal increase in the
availability of skipjack. To monitor this asso-
ciation, the salinity measured at Koko Head,
Oahu, during July can be used as an index of
the water type during the peak of the fishing
season.

The northward component of flow during late
winter and early spring that causes the displace-
ment of North Pacific Central water by Cali-
fornia Current Extension water near Hawaii,
also causes warm advection. It was found that
strong or early warm advection as reflected by
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TABLE 1.—Annual landings of skipjack in Hawaii, 1952-
1970, with time of initial warming and mean July sa-
linities of sea-surface water.,

: Jul Total
Yeor T rheon landings
warming? sc&on)llfy 10 h:;lzfl’lc

1952 March >34.8 3.31
1953 February <34.8 5.47
1954 February <34.8 6.36
1955 March <34.8 4.40
1956 February 34.72 5.05
1957 March 34.98 278
1958 March 34.87 3.10
1959 February 34.73 5.63
1960 March 34.69 3.34
1961 February 34.77 4.94
1962 March 34.86 427
1963 February 34.84 3.67
1964 March 34.82 4.09
1965 February 34.67 733
1966 March 35.01 426
1967 January 34.83 3.65
1968 Janvary 34.50 4.23
1969 February 34.72 271
1970 March 34.98 333

1 Time of warming and July salinities are based on observations at
Koko Head, Oahu, except 1952 to 1955 when they are based on obser-
vations irregularly made in the vicinity of Qahu.

initial warming occurring before the end of Feb-
ruary precedes favorable fishing conditions.
Weak or late warm advection is reflected by ini-
tial warming in March and precedes unfavorable
fishing conditions.

The empirical associations are summarized in
Table 1, giving the time of initial warming
(temperature index), the mean July salinity,
and the annual landings of skipjack in Hawaii.
The indices are based on measurement, regularly
made at Koko Head, Oahu, since November 1955.
Indices between 1952 and 1955 are estimates
based on sea-surface temperature and salinity
observations irregularly made in the vicinity of
Oahu. Prior to 1952 there were insufficient data
to make estimates.

When the associations between availability
of skipjack and time of initial warming were
first established, monthly mean temperatures
were used. Now Koko Head temperatures are
expressed by harmonic functions of time (Seckel
and Yong, 1971). These functions have been
used to determine objectively the time of initial
warming given in Table 1. Formerly, a salinity
of 35%. was used to indicate the boundary be-
tween North Pacific Central and California Cur-
rent Extension waters. Here, in keeping with
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the definitions given by Seckel (1968), a salinity
of 34.8%. has been used to indicate this boundary.

The temperature and salinity indices can each
be assigned a rating of favorable (F) or unfa-
vorable (U) for fishing. There are therefore
three categories according to which the landings
are classified and shown in Figure 2a: Both in-
dices favorable (FF), one unfavorable (FU or
UF), and both unfavorable (UU),

The 1968 and 1969 landings did not fall within
the FF range of previous years. Examination
of environmental conditions revealed that during
these years minimum salinities were the lowest
recorded since the sampling series began at Koko
Head, Oahu (Seckel and Yong, 1971). A sharp
drop in values took place in late winter 1968
and the salinity, remained low until late summer
of 1969 when values rose to a normal level.
Minimum salinities occurred in June 1968 and
May 1969 and averaged 34.49%, and 34.59%., re-
speptively. This information, as well as that to
be introduced in the next section, indicates that
fa}vorable “skipjack water” is confined to the
hIgh-sa_linity portion of the California Current
Extension. For favorable fishing conditions,
therefore, the additiona] constraint is introduced
that mean monthly salinities during spring must
gfgabgve 135;16?;% <. With this new constraint, land-

s for and 19 i
(Fiyure 25 69 fall into the FU category
. of the. 19 years for which skipjack landings
in H{i\fvali can be associated with environmental
conditions, 6 years fall in the FF category, 7 in
the UU category, and 6 in the FU category when
the revised salinity index is used. Figure 2b il-
lustrates that there is a clear separation between
the landings in the FF category on the one hand
and the FU and UU categories on the other.
The average annual landings are 5,800 tons, and
3,700 tons and 3,600 tons in the FF, FU, and UU
categories, respectively. The lowest value in the
F'F category (4,900 tons) is higher than the
hlg.hest value in the FU category (4,400 tons)
or in the UU category (4,300 tons). The 19-
year average of annual landings was 4,300 tons.
_ Annual landings, therefore, can be classified
1nt0. two groups, One group comprises the
landings in the FU and UU categories that av-
erage 3,600 tons and range from 2,710 to 4,400
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the temperature index can be used to predict the
exceptional fishing years in four out of five cases.
This predictability can be improved by subjective
interpretation of the salinity trends prior to the
fishing season.

SKIPJACK AND THE TRADE WIND ZONE
OCEANOGRAPHY RESULTS

In the Trade Wind Zone Oceanography (TW-
Z0) investigation, oceanographic stations were
occupied at fixed locations between lat 10° and
26.5°N along long 148°, 151°, 154°, and 157°W
at approximately monthly intervals from Feb-
ruary 1964 to June 1965 (Figure 3). Although
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FI1GURE 2.—Annual skipjack landings in Hawaii grouped
according to the temperature and salinity indices being
both favorable, FF, one favorable and the other unfa-
vorable, FU, and both unfavorable, UU. Panel A: Sa-
linity index is favorable with July salinity less than
34.8%.. Panel B: Salinity index is favorable with July
salinity less than 34.8%, but spring salinity higher than
34.6%,.

tons. The other group comprises the landings
in the FF category that average 5,800 tons and
range from 4,940 to 7,330 tons. Landings in
the first group occur two-thirds of the time and
are normal for Hawaii. Landings in the latter
group are clearly exceptional,

Into which of the two groups landings will
fall is in part predictable, The temperature in-
dex is determined in April, well before the be-
zinning of the summer fishing season. The sa-
linity, however, is monitored during spring and
has little predictive-value. During the 19 years
under consideration there have been 4 years
when the temperature index was favorable but
the salinity was unfavorable. Two of these years
were 1968 and 1969, when the spring salinity
was the lowest recorded at Koko Head. Thus,
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F1GURE 3.—Track of the Trade Wind Zone Oceanography

cruises.
tions.

Numbered circles indicate oceanographic sta-
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Ficure 4.—Salinity (%) distribution
at 10 m, lat 10° to 26°N, long 148°,
151°,154°, and 157°W, February 1964
to June 1965. Small circles indicate
location of plankton tows. The number
of skipjack (SJ), yellowfin (YF), and
other tunalike larvae (OTH) captured
are shown,
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no fishery studies were undertaken to comple-
ment the oceanographic studies, results of the
TWZO investigation augment the associations
between skipjack and the environment that were
described above. During each of the cruises,
which lasted about 20 days, 14-hr plankton tows
were made every evening between 8 and 9 o’clock
with a 1-m net just below the sea surface. From
each of the 19 or 20 plankton samples per cruise
the tuna larvae were separated and identified.‘

The descriptive results of the TWZO investi-
gation have been summarized by Seckel (1968).
Figure 4 shows the time variation in the meri-
dional, 10-m salinity distribution for long 148°,
151°, 154°, and 157°W. The positions of the
plankton tows and the number of skipjack, yel-
lowfin or other tunalike larvae are superimposed
on these graphs. The salinity isopleths 34.8%,
and 34.2%, are drawn heavier to demark the
southern boundary of the North Pacific Central
water and the northern boundary of the North
Pacific Equatorial water, respectively.

Along the meridian 157°W that passes through
the Hawaiian Islands, the seasonal northward
displacement in the spring of 1964 of the North
Pacific Central water is evident. Subsequent
southward retreat was stopped when a sharp
northward displacement took place in October
and November. Another sharp northward dis-
placement of the 34.8%. salinity isopleth took
place in May. A pronounced feature along all
meridians presented is the intrusion of the North
Pacific Equatorial water during the spring and
summer of 1964.

The TWZO observations spanned the entire
1964 and the beginning of the 1965 fishing sea-
sons in Hawaii. With landings of 4,093 tons,
1964 fell into the normal category of fishing
years (Figure 2b). Landings of 7,329 tons, in
1965, however, were the best on record and fall
into the exceptional year category. The salinity
distribution along long 157°W shows an im-
portant year-to-year difference in the meridional
salinity gradient. During the winter and spring
of 1964 the gradient was small or diffuse. Dur-

* The identifications of tuna larvae were made by
Walter M. Matsumoto of the National Marine Fisheries
Service, Southwest Fisheries Center, Honolulu Labora-
tory.

ing the winter and spring of 1965 the gradient
was pronounced or high. Qualitatively, the dif-
ferences in meridional gradients means that the
currents were only weakly convergent in 1964
in contrast to the strong convergence or shear
that existed in 1965.

This interpretation provides an additional
lead towards an understanding of the associa-
tion between the availability of skipjack and the
environment. The concentration of organisms,
whether drifting with the water, such as plank-
ton, or swimming relative to the water, such as
skipjack, is affected by water motion. Thus, the
strongly convergent flow pattern evident from
the high-salinity gradient would concentrate the
skipjack schools and so increase their availabil-
ity, unless, of course, the effect of the convergent
flow is deliberately opposed. The concentrating
effect is evident in Figure 5 showing the weekly.
skipjack landings in Hawaii and the Koko Head
salinities. The sharp drop in Koko Head salinity
at the beginning of May 1965 is coincident with
the movement of the salinity gradient through
the fishing area (Figure 4) and with the pro-
nounced increase in weekly landings. A simi-
larly pronounced change in landings with change
in salinity was reported by Murphy et al. (1960).

Consider now the distribution of skipjack
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FiGure 5.—Weekly skipjack landings at Oahu, March
to September 1965 (upper panel), and Koko Head sa-
linities (lower panel).
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larvae shown in Figure 4. The size of skipjack
larvae caught in plankton nets such as were used
in the TWZO investigation range from 2.3 to
20.1 mm (Matsumoto, 1958). During the first
month, growth is rapid and larvae may reach
a length of 9 em (Yoshida, 1971). Thus, pre-
sence of larvae indicates recent presence of
adults. Only the presence or absence of larvae
in a tow is considered, and tows with different
larvae counts are not distinguished. General
absence of larvae as between October 1964 and
April 1965 may mean absence of adults or ces-
sation of spawning. During the spring and sum-
mer of 1964 and spring of 1965, skipjack larvae,
and therefore adults, occurred in all latitudes
sampled during the TWZO cruises. The distri-
bution, however, was not uniform. There were
only few tows that captured larvae in water with
a salinity above 35%, and none in water with a
salinity of less than 34%.

Remembering that the salinity is used as an
index of water type, the total number of plankton
tows and the number of tows with skipjack lar-
vae are listed in T'able 2 as a function of salinity.
The highest number of tows with skipjack larvae
occurred in a salinity range from 34.61 to 34.8%..
Although there were 23 tows in water with a
salinity below 34%., no skipjack larvae were cap-
tured. The percentage of tows with larvae as
a function of salinity is shown in Figure 6. The
highest capture rate, 60%, occurred in water
with a salinity of 34.61 to 34.8%..

Quantitative sampling for tuna larvae is dif-
ficult and results must be interpreted with cau-
tion. However, during February to June of 1964
and 1965, 97 and 95 plankton tows were made,
respectively. For all tows the same sampling
procedures were followed. Interyear compar-
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FIGURE 6.—Percent of plankton tows with skipjack
larvae as a function of salinity from Trade Wind Zone
Oceanography cruises, February 1964 to June 1965.

is.ons of the larvae capture rates, therefore, pro-
Ylde additional leads in gaining an understand-
ing of the.environment-skipjack relationship.
It is evident from Figure 4 that there were
fewer tows with skipjack larvae in 1965 than
there were in 1964. The number of tows with
!arvae and the total number of tows are listed
in Table 3 for the cruises from February to June
of each year as a function of salinity. With al-
mpst the same number of tows in each case, those
with larvae in 1964 numbered 45 and those in

TapLE 2.—Summary of plankton tows with and without skipjack larvae as a f i ini
Wind Zone Oceanography cruises, February 1964 t: J llxl:gti%rfli;f salinity for all the Trade

Salinity

Range 33.01 33.21 33.41 33.61 33.81 3401 34.21 3441 34.6) 3481 35.0% 35.21 35.41

% —332 —334 —336 —338 —34C —342 344 346 _348 350 -852 —354 356 Total
Number

it 0 0 0 0 0

with

skipjack 6 7 18 34 21 9 s 0 100
larvae

TovoL | 2 o 7

mber 13

nymbe 23 39 54 57 44 40 22 3 305

tows
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TABLE 3.—Summary of plankton tows with and without skipjack larvae as a function of salinity for the Trade Wind
Zone Oceanography cruises, February to June 1964 and February to June 1965.

Salinity

Range 33.81 34.01 34.21 34.41 34.61 34.81 35.01 35.21 35.41
%, —34.0 —342 —34.4 —346 —348 —350 —352 -35.4 —356 Total
February Number of
to tows with 2 2 3 16 12 5 5 45
June 1964 skipjack
larvae
Total num-
ber of tows 2 11 16 26 17 13 12 97
February Number of
to fows with 1 4 13 1" 3 32
June 1965 skipjack
farvae
Total num-
ber of tows 1 7 22 29 18 9 8 1 95

1965 numbered 32, This comparison is consist-
ent with that made by Yoshida (1971) of the rel-
ative number of skipjack larvae found in bill-
fish stomachs. The number of juveniles per 100
billfishes taken in 1964 was 21.3 and in 1965 the
juveniles numbered 19.1.

The relative number of tows with larvae as a
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FIGURE 7.—Percent of plankton tows with skipjack
larvae as a function of salinity from Trade Wind Zone
Oceanography cruises, February to June 1964, solid bars,
and February to June 1965, open bars.

function of salinity for each year is shown in
Figure 7. In 1964, although the total number
of tows with Jarvae was highest in the 34.61 to
34.8%. water, the highest capture rate was in
34.81 to 35.0%. water. In 1965 highest capture
rates were shifted to lower salinities. The high-
est percentage of tows with larvae, 60%, oc-
curred in water with salinities of 34.61 to 34.8%..
The restrictions placed on the salinity index in
the previous section is consistent with the cap-
ture rates of larvae during the TWZO cruises.

It seems paradoxical that during 1965, the
yvear with the highest skipjack landings in Ha-
waii, the number of tows with larvae (reflecting
presence of adult skipjack) was lower than in
1964. Figure 7 shows that larvae were spread
over a wider range of salinities in 1964 than in
1965, the difference occurring between 35 and
35.4%.. Although there were fewer tows in the
high-salinity water during 1965 than during
1964, assuming the same capture rate as in 1964,
there should have been three or four tows with
larvae in the 35 to 35.4%. salinity range during
1965. Thus, there were possibly as many or
more skipjack in 1964 than in 1965 but their con-
centration was lower in 1964 resulting in lower
Hawaiian landings. This picture is consistent
with the salinity distribution, which had a high
meridional gradient in 1965 as compared to 1964,
reflecting stronger convergence.

Another possible cause for the difference in
capture rates of larvae between 1964 and 1965
was recognized early in this century. Hjort
(1914) suggested the possibility that the avail-
ability of food at the time of yolk absorption is
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critical for the survival of larvae. In a large
portion of the tropical and subtropical oceans
food supply (plant production) may be governed
by sea-air interaction processes. During the
TWZO investigation there were large differences
in sea-air interactions between the early parts of
1964 and 1965 (Seckel, 1970a,b). Asanexample,
the heat of evaporation, Q (F), the net heat ex-
change across the sea surface, Q(N), and the
zonal component of the wind stress, 7 (z), for lat
17°N, long 152°W are listed in Table 4. The

TABLE 4.—Interyear differences of the heat of evapora-
tion, @ (E), the net heat exchange across the sea surface,
Q(N), and the zonal component of wind stress, r,, lat
17°N, long 152°W. Q(E) and Q (N) are positive if the

sea gains heat, 7, is positive to the east. (Seckel,
1970a,b.)

QE) [¢8] Ty

cal em—2 cal em—2 dynes cm—?2

day—1 day—1
Jan-Apr 1964 average —441 —44 —1.71
Jon-Apr 1965 average —134 100 — 76
Interyear difference 307 144 95

evaporation rate in January to April of 1964 was
almost three times as large as during the same
months of the following year. The sea-surface
layer gained an average of 144 cal em~2 day ™!
more heat during the early part of 1965 than it
did during the same time of 1964. The wind
stress was more than twice as strong in 1964
than in 1965. Such interyear differences take
place throughout the spawning areas of skipjack.
For example, the large year-to-year temperature
variations at Christmas Island (Seckel and
Yong, 1971) reflect large changes in sea-air in-
teraction processes.

IMPLICATIONS OF ENVIRONMENTAL
ASSOCIATIONS

THE DRIFT HYPOTHESIS

The pronounced salinity gradient at the bound-
ary of the North Pacific Central water in 1965
(Figure 4) implies strong convergence. Or-
ganisms drifting or skipjack schools swimming
in the converging currents also converge into the
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boundary region. The availability of fish is
therefore expected to be larger within than out-
side of the zone of convergence. Interyear dif-
ferences in the intensity of convergence as re-
flected by the meridional salinity gradient in
the springs of 1964 and 1965 contribute to the
interyear differences in availability. The bound-
ary or convergence zone need not remain at the
same location and may shift northward as indi-
cated by the low Koko Head salinities during
1968 and 1969. Consequently, fish concentra-
tions were also shifted out of the Hawaiian fish-
ing grounds resulting in the low landings for
these years.

The convergence of skipjack schools concept
can be applied on a broader scale. Rothschild
(1965) postulates that a component of Hawaiian-
caught skipjack originates in the eastern Pa-
cific. This hypothesis is supported by the re-
capture of fish in Hawaiian waters that were
tagged in the eastern Pacific (Table 5).* Con-
sider now skipjack schools that entered the North
Equatorial Current in the eastern Pacific.
Throughput the time while the skipjack schools
are carried westward by the current, they are
also displaced northward by a meridional com-
ponent of the trade wind-driven surface current.
The magnitude of the mean annual westward
component of wind stress long 120° to 160°W
.betW(.een lat 10° and 25°N (University of Cal-
1forn1.a, 1948) is shown schematically with the
associated northward component of the wind-
dr‘lven surface current in Figure 8. Under these
wind conditions an object would take on average
abotft 22 months to drift from lat 10° to 20°N.

Flgure 8 also shows that the northward wind-
driven current decreases with increasing lati-
tude. The number of skipjack schools drifting
_from the 10°-15° into the 15°-20° latitude band
is Larger than the number drifting from the 15°-
20° to thg 20°-25° latitude band. In other words,
schools in the North Equatorial Current would
converge north of lat 15°N.

These qualitative considerations can be ex-
pressed numerically. The displacement of a fish
school, S, during a time interval, At, is

. " Tagging data were kindl i il
£ ] y supplied by Dr. William
- Bayliff, Inter-American Tropical Tung Commission.
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AS = VAL.

The velocity of the fish school, V, consists of two
parts: the velocity of the water relative to
fixed coordinates, Vw, and the velocity of the
school relative to the water, Vr. The displace-
ment equation is

AS = (Vw + Vr) AL

The velocities are functions of location and of
time and the net displacement of a school after
a time T is

n

S =3 [(Vw + Vr)Atl
or i=1

S=3S8w+ Sr=73 (Vwat)i + 3 (VrAl):

i=1 i=1

with T' = nAt if the time increments are all equal.

Although this displacement equation is true
for any time and space scale, current or swim-
ming velocities averaged over time intervals, At,
of a week or a month are of interest here. Ran-
dom motions of fish schools and eddying currents
therefore make no contribution to the net dis-
placement in the scales under consideration, It
is evident that in migrations of thousands of
kilometers taking a time of 1 to 2 years, ocean
currents cannot be ignored unless

Vw << Vr

and the displacement of the school due to the
current, S, is therefore small compared to that
relative to the water.

If the environmental conditions are known,
then a numerical integration can be performed
to determine the displacement of a fish school
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FIGURE 8.—Schematic presentation of average zonal
wind stress, long 120° to 160°W, in latitude bands 10°-
15°N, 15°-20°N, 20°-25°N, and associated meridional
component of wind-driven current in miles per month
(thick arrows).

caused by currents alone. An example of a drift
model that is applicable to skipjack originating
in the eastern North Pacific will be given in a
subsequent section.

TABLE 5.—Skipjack tagged in the eastern Pacific and recaptured in the
central Pacific.

Tog release Tag recapture

Days
Date Area Date Area free
17 Apr. 1960 Revillogigedo Is. 22 Aug. 1962 Hawaii 858
5 Sept. 1960 Baja California 12 June 1962 Hawaii 646
22 Sept. 1961 Boja California 5 Apr. 1963 Christmas s, 561
5 June 1965 Revillagigedo ls. 27 June 1967 Hawaii 753
6 Nov. 1949 Clipperton ls. 21 July 1970 Howaii 258
6 Nov. 1969 Clipperton ls. 8 Aug. 1970 Hawaii 276

26 Oct. 1969 lat 4°11’N, 14 July 1971 H il
oy S uly awai 627

Data source:

Dr. William H. Bayliff, Inter-American Tropical Tuna Commission.
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LARVAL SURVIVAL AND YEAR-CLASS
STRENGTH

Rothschild (1965) conceded that environ-
mental conditions a few months prior to the
Hawaiian fishing season affect the availability
of skipjack but felt that the large variability in
catch rates is due to variability in the year-class
strength. The variability in catch rates is also
apparent within the two broad categories of
years defined earlier in this paper. In the next
section it will be shown, however, that the var-
jability can be caused by variations in the cur-
rent field. Nevertheless, year-class strength is
not excluded as an additional cause for the var-
iations in catch rates. It was previously noted
that the large interyear differences in sea-air in-
teraction processes observed during the TWZO
investigation would affect productivity (plant
production) and, hence, also larval survival. In
mid- and high latitudes, winter overturn reg-
ularly replenishes the nutrients of the surface
layer. In alarge portion of the tropical and sub-
tropical ocean this cyclical replenishment does
not take place and a permanent pycnocline inhib-
its vertical exchange of the surface nutrient-de-
ficient with the deeper nutrient-rich water.
Other than in areas of upwelling such as along
the equator and possibly near islands, nutrients
enter the surface layer by eddy diffusion. A net
heat gain in the tropical and subtropical oceans
tends to increase the stability of the pycnocline
and thus inhibits the eddy diffusion process.
Wind stirring, vertical current shear, and in-
ternal waves tend to enhance eddy diffusion. The
wind speed also affects the evaporation which,
in turn, affects the net heat exchange across the
sea surface. The evaporation rate may be so
large that there is a net heat loss from the sea
surface and convective overturn takes place, in-
creasing the nutrient supply of the surface layer.

Increased vertical diffusion across the pycno-
cline due to favorable sea-air interactions may
have subtle effects in that it need not be reflected
as an increase in nutrient concentration. In
areas where nutrients limit productivity, an in-
crease in the nutrient supply into the surface
layer can be entirely exhausted by an increase
in productivity. Thus, a low phosphate concen-

774

FISHERY BULLETIN: VOL. 70, NO. 3

tration and absence of a seasonal variation in
the trade wind region of the North Pacific Ocean
does not preclude variations in productivity.

The sea-air interactions in the trade wind zone
from January to April 1964 (Table 4) favor a
larger nutrient supply by diffusion and, there-
fore, higher productivity than do those for the
same months of 1965, Consequently, a better
supply of primary producers in 1964 should have
enhanced larval survival, The TWZO larval cap-
tures in 1964 and 1965 are consistent with this
proposition. There is presently no information
to verify the hypothetical sequence of events.

In this discussion the results of the TWZO
investigation are used to illustrate what proba-
bly takes place throughout the tropical and sub-
tropicz}l oceans and, therefore, in all the skipjack
spawning areas. The illustration does not imply
tha.t' the North Equatorial Current or the Ha-
waiian waters are major skipjack spawning
grounds.

The sequence of events described is amenable
to quantitative study. Productivity models exist,
such as the one used by Parsons and Anderson
(.1970), that can be adapted to reflect the en-
vironmental changes of the skipjack spawning
areas. An integral part of the productivity
studies must be adequate sampling of the animal
community, including skipjack larvae, that di-
rectlly depend on the initial stages of the food
chain. Those studies would lead to a recruitment
or yea%'-class strength model that complements
the drift model. Development of a year-class

strength model is not within the scope of this
paper.

A DRIFT MODEL

The displacement of a fish school was ex-
pressed above by

S = Sw + S

Here T wish to consider only the contribution to
the total displacement of fish schools caused by
the currents, Sw, in a portion of ocean between
lat 10° and 25°N, and long 120° and 160°W, the
model ocean. In this idealized, rectangular ocean
the distances between degrees of latitude and
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longitude are equal, and there is a geostrophic
current and a wind-driven current. The incre-
ments of displacement of a fish school or a drift-
ing object by currents are expressed by

ASw = VwAt = (Ve + VE)AL,

where Vw, the velocity of the water, is the sum
of the geostrophic current, V¢, and the wind-
driven current, Vs. V¢ and Vg are functions of
position and of time. Because the velocities are
vectors, numerical integration (summation of
increments) is facilitated by using zonal and
meridional components of the displacement

AX = (Vex + Vex) A,

AY = (Ver + Vey) Af, respectively.

The position of the fish school after » equal in-
crements of time, A¢, is

Xn = Xo + (Vex + Vex)iAt + (Vex + Vex)oAt
+ oo 4+ (Vex + Vix)a At

Y= Yo+ (Vor + Ver)1At + (Vey + Var)Al
+ oo + (Vey + Vey)a At

with an initial position X,, Y.

In the model rectangle of ocean the meridional
distribution of dynamic height varies sinusoidal-
ly according to

Ay + C(t) cos I%-’-;-)-(y—a)-

The minimum dynamic height is at 1at 10°N and
the maximum slopes northward from lat 20°30’'N
at long 160°W to lat 26°30’N at long 120°W
(Figure 9). Thus, the geostrophic flow is zonal
near lat 10°N but acquires a meridional com-
ponent at higher latitudes. The amplitude of
dynamic height, C (%), in the sinusoidal distribu-
tion varies seasonally. The zonal component of
the geostrophic current is expressed analytically
by

Vex = —Ki TZ(%_ C(t) sin "E?(%T (y—a))-
The seasonal variation of the amplitude,
C(t) = —[0.142 + 0.05 cos 30(¢ + 1.13)],

_-2.07
/2'0
w
S 1.9
=
-~
<
)
z 8
= ]
o]
z

T T 11.68
160 150 140 130 120
WEST LONGITUDE

F1GURE 9.—Dynamic topography of model ocean (dy-
namic meters) at the time of maximum velocity.
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FIGURE 10.—Seasonal variation in amplitude, C(t), for
the harmonic expression of dynamic height as a function
of latitude.

is shown in Figure 10.

The wave length, a function of longitude, z, is
twice the width of the current: L(2) = 69 —
0.3x.
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The meridional component of geostrophic cur-
rent is given as a function of latitude, y, longi-
tude, x, and the zonal component of geostrophic
current, Vex:

(y—10)
VGY = — 23 —
where z and y are the degrees of longitude and
latitude in the model ocean, with the coordinates
positive westward and northward. L(x) is given
in degrees latitude, and ¢ is the time of the year
in months. The phase angle, o, equals 10°, and
in the dynamic height expression A, equals
1.875 dynm. The zonal component of geostroph-
ic flow in em sec™' is given by
61.69
Ki = 5n y
In the drift mode] it is most convenient to ex-
press the flow in nautical miles per month with
862.9
K = gm v

The wind-driven current is based on the wind
stress values of the Scripps Institution of Ocean-
ography (University of California, 1948). The
zonal and meridional components of stress were
averaged between long 120° and 160°W for each
month of the year and each latitude band 10°-
14°N, 15°-19°N, and 20°-24°N. The variation
with time, ¢, of the zonal components, 7., and the
meridional components, 7y, of the wind stress are
adequately defined by the harmonic functions in
Table 6, and shown in Figure 11,

The meridional and zonal components of Ek-
man transport are calculated from the equations
E, = — 7./f, and E. = 7,/f, where f is the Cor-
iolis parameter. Most of the transport takes
place in the upper 100 m of ocean. Here, it is
assumed that all the transport takes place in
the upper 100 m. Vex = —K, 7y and Viy =

VGX’

TaBLE 6.—Harmonic functions of the zonal component,
7 and meridional component, 1, of wind stress in dynes
cm~2, The time of year, ¢, is in months.

lat 10°<14°N, = 0.91 4 0.544 cos 30 (t+—2.1)
lat 15°-19°N, T 0.8 + 0.188 cos 30 (t—1.2)
lay 20°-24°N, Ty 0.56 + 0.022 cos 30 (¢41.2)

#

It

0.56 — 0.330 cos 30 (t—2.5)
047 — 0.04 cos 30 (¢t—0.2)
0.34 4+ 0.045 cos 30 (t—1.4)

lat 10°-14°N, Ty
lat 15°-19°N, 7
la# 20°-24°N, Ty

ot
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Ko7, then give the mean wind-driven current
for this depth in em sec—! if K, for latitude
bands 10°-14°N, 15°-19°N, and 20°-24°N is
3.17, 2.29, and 1.79, respectively. Again, for
application in the drift model it is most conven-
ient to express the drift current in nautical miles
per month, and K for latitude bands 10°-14°N,
15°-19°N, and 20°-24°N becomes 37.5, 27.0, and
21.3.

Using the geostrophic and wind-driven cur-
rent speeds, the drift displacements can be cal-
culated. Once per month 11 objects are intro-
duced along the eastern boundary of the model
ocean, equally spaced from lat 10° to 20°N. Dis-
placements are calculated and the new position
at the end of the month is determined. Again,
displacements are calculated for the new time
and position, and the positions at the end of the
second month determined. These calculations
are repeated for 36 months or stopped before
Fhat time if the western bournidary (long 160°W)
is crossgd or when the object drifts into easterly
(negative) flow at the northern boundary of the
westerly setting geostrophic current. It is as-
sumed‘that the drifting objects move up and
down in the upper 100 m much as a skipjack
school may be doing,

The result of the numerical integration is
shgwn in Figure 12. The location of drifting
obJects' that were introduced at the beginning
of April, May, and June at lat 10° to 20°N along
long 120°W are traced across the model ocean
in steps of 3 months., After 12 months all drift-
ing objects are north of lat 15°N. The objects
fchat began north of lat 15°N are the first to drift
into the northern, slow portion of the Equatorial
Current and are overtaken by the objects that
bega'n at and to the south of lat 15°N. Thus a
merldional distribution of objects at the begin-
ning becomes oriented along the northern edge
of the model equatorial current after 24 months
of drifting.

Another presentation of the results (Figure
13) shows the location, after 30 months, of all
objects that were introduced at the beginning of
each of the 30 months along long 120°W, The
most westerly position reached by objects during
gac_h quarter is indicated by a dotted line. Again,
it is evident that objects initially located south
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and north, respectively.

of lat 15°N rapidly drift northward. Objects ap-
pear to concentrate on the southern and northern
edge of their distribution and then merge west
of long 150°W in a relatively narrow band be-
tween lat 18° and 22°N. Lost in the presenta-
tion are a few objects that drifted across the
northern edge of the equatorial current in the
western portion of the model ocean and those
that drifted west beyond long 160°W. In the
western part of the model area considerable
mingling of objects introduced in different sea-
sons takes place. In some 1-degree units of area
are found objects that were introduced during
3 seasons.

The concentration of drifting objects at the
southern edge of their distribution is caused by
the seasonal difference in the convergence of the
meridional wind-driven current. The zonal com-
ponent of the trades is stronger from November
to June at lat 10° to 14°N then at lat 15° to

Stress is positive if directed to the east

19°N but weaker from June to November
(Figure 11). Consequently, the meridional
component of wind-driven current is strongly
convergent from November to June but weakly
convergent or divergent during the remainder
of the year, The effect of this seasonal differ-
ence is illustrated in Figure 14. Note that in
the first case with a high meridional wind-driven
current only 4 objects are left south of lat 15°N
but 11 objects are left in the second case. Again,
in the first case with strong meridional conver-
gence there were 14 objects between lat 15° and
17° but 8 objects for the second case.

The seasonal variation of meridional wind-
driven current inferred from the lat 15° to 19°
and 20° to 24°N curves in Figure 11 is smaller
than it is south of lat 15°N. Consequently the
northward drift near lat 20°N is not as large
as in the example given above. Near this lati-
tude, however, the southward component of the

7
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geostrophic current (Figure 9) becomes impor-
tant. The effect of convergence of this compo-
nent of flow with the northward wind-driven
current is evident at the northern edge of the
distribution of drifting objects in Figure 13.

As the objects drift westward north of lat
18°N and west of long 140°N, they enter the
region of decreasing speed in the North Equa-
torial Current (Figure 9) and therefore tend to
accumulate further (Figure 13).

THE MODEL OCEAN AND SKIPJACK

The minimum duration of drift of objects from
long 120°W to the quadrant north of lat 19°N
and west of long 155°W ranges from 21 to 23
months (Table 7). These times are of the same
order of magnitude as the times skipjack tagged
in the eastern Pacific were free except for the
two skipjack tagged near Clipperton Island
(Table 5). If the model ocean is realistic, these
results indicate that the mean velocity of the fish
relative to the water (V) is small compared to
the mean velocity of the water (Vw). The paths
of the fish, of course, are not known and many
routes and modes of travel behavior can be post-
ulated. However, there is one, the simplest mode
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FiGURE 14.—Left Panel: Position of objects in March
that were introduced at long 120°W during the previous
October, November, and December. Right panel: Posi-
tions of objects in September that were introduced at
long 120°W during the previous April, May, and June.

TaABLE 7.—Minimum duration of drift from long 120°W
to the quadrant north of lat 19°N and west of long
155°W.

Month Year and Duration of

of start month of arrival drift in months
Jan. 2d Oct n
Feb. 2d Nov 7
Mar. 2d Dec 72
Apr, 3d Jan 7
May 3d Jan 21
June 3d Feb 21
July 3d Mar 21
Aug. 3d  Apr 21
Sept. 3d Jun 22
Oct, 3ad  Aug 23
Nov. 3d Sep 23
Dec. 3d Oct 23
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of travel, that must be considered—namely,
randomly swimming skipjack drift westward in
the North Equatorial Current. This mode of
travel means that skipjack entering the North
Equatorial Current in the eastern Pacific do not
migrate in the sense that they are actively swim-
ming towards a destination. These skipjack are
concentrated, or converge with the trade wind-
driven water near lat 15°N, and near lat 20°N
they are concentrated by the southward com-
ponent of the geostrophic current and the north-
ward component of wind-driven current. As the
fish schools approach Hawaii, they further ac-
cumulate because of decreasing geostrophic flow.

COMPARISON OF THE MODEL WITH
THE REAL OCEAN

In the model the effects of characteristic
features in the geostrophic and wind-driven cur-
rents on the distribution of drifting objects were
demonstrated. The simplest analytic expres-
sions for the North Equatorial Current and the
wind distribution were used in order to facili-
tate numerical integration. How well do these
simple expressions reflect the average conditions
as we know them to exist in the ocean?

First, consider the field of geostrophic flow.
In the model area, data from historic oceano-
graphic cruises are sparse, but a chart of the
Pacific Ocean dynamic topography prepared by
Reid (1962) shows that maximum and minimum
dynamic heights differ by about 0.4 dyn m as they
do in Figure 9. Average geostrophic speeds in
the model and the ocean are therefore of the
same magnitude.

There is some uncertainty in the width of the
North Equatorial Current at long 120°W. At
this meridian Reid’s chart shows the northern
edge to be at about lat 15°N. A qualitative geo-
strophic interpretation of Barkley’s (1968)
depth of the sigma-t 25.4 surface, in the main
pycnocline, places the northern edge near Iat
25°N at long 120°W and near lat 21°N at long
160°W,

Many more bathythermograph data than
oceanographic station data are available, A geo-
strophic interpretation of Wyrtki’'s (1964)
depths of the center of the permanent thermo-

780

FISHERY BULLETIN: VOL. 70, NO. 3

cline places the northern edge of the Equatorial
Current to the north of lat 20°N in the eastern
part of the model area. More recently, charts
of the temperature distribution at 400 ft pre-
pared from bathythermograph data by Robinson
and Bauer® places the northern edge of the Equa-
torial Current near lat 18° or 19°N at long 160°W
and from about lat 20° to 25°N at long 120°W.
In the vicinity of the Hawaiian Islands, the
northern edge of the Equatorial Current inferred
from Robinson’s charts compares well with the
results of the TWZO investigation (Charnell,
Ay, and Seckel, 1967a,b,c,d,e,f).

The seasonal variation of the geostrophic flow
in the North Equatorial Current observed during
the TWZO investigation was reported by Seckel
(1970¢). The meridional slope of dynamic
height between lat 10° and 20°N computed for
each cruise of thig investigation, reflecting the
mean, zonal component of geostrophic current

® Robinson, M. K., and R. A. Bauer, Atlas of th
mean sea surface and subsurface tem 'eratﬁieoarzgo(?e '3{
of the top of the thermocline, North Igaciﬁc Ocean, Un-

published manuscript ie
Weather Contrar lgnreproduced by Fleet Numerical

S 35-1956
S 38-1957

DYN CM PER °LATITUDE

FIGURE 15.—Meridional slopes of dynamic height, lat
10° to 20°N for every month from February 1964 to
June 1965 of the Trade Wind Zone Oceanography cruises,
connected by straight lines. Numerals indicate the mer-
idional slopes of dynamic height for the cruises of the

Carnegie, 1929, and Hugh M. Smith (HMS), 1950-1957.
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FIGURE 16.—Schematic presentation of geostrophic flow
in the Neorth Equatorial Current with meridional com-
ponents of geostrophic flow and wind-driven current
(insert).

is shown in Figure 15. Also shown are the me-
ridional slopes computed from historic cruises.
These values fall into the seasonal pattern.
Qualitative interpretations of Wyrtki’s and Rob-
inson’s charts referred to above confirm the TW-
70 results and show that the seasonal variation
extends to long 120°W.

The model east-west component of geostrophic
flow, therefore, compares well with available
oceanographic station and bathythermograph
data. Although a small north-south component
of geostrophic flow is computed from the ana-
lytical expression of dynamic height used in the
model, this component is not adequately repre-
sented. A schematic presentation of geostrophic
flow in Figure 16 illustrates that south of lat
15°N the Equatorial Current is essentially zonal
but north of this latitude, the meridional com-
ponent increases to north of lat 20°N where the
geostrophic current is mostly meridional.

The underestimate of the meridional compo-
nent of geostrophic flow in the northern portion
of the model has the effect of shifting the main
concentration of drifting objects north. The
underestimate, however, does not affect the dur-
ation of east to west drift.

In the model only drift within the North Equa-
torial Current is considered and objects that pass
across its northern boundary are not plotted in
Figures 12 and 13. In the ocean, drifting objects
that pass across the northern boundary are car-
ried back into the convergence by easterly and
southerly components of geostrophic flow. Thus,

the concentration of drifting objects in the con-
vergence near Hawaii is expected to be larger
than shown in the model.

The wind stress values of the Scripps Insti-
tution of Oceanography (University of Califor-
nia, 1948) that were used represent average con-
ditions in the trade wind region. Important in
the drift model is a northward component of
wind drift that is proportional to the zonal com-
ponent of wind stress. This characteristic fea-
ture is not lost by averaging wind stress values
in 5-degree latitude bands between long 120°
and 160°W.

The simple procedure of dividing the Ekman
transport by 100 m to obtain the wind-driven
current may be questioned. This procedure,
however, affects the magnitude of wind drift
and not the characteristic feature essential in the
drift model; a meridional component of wind-
driven current.

The results of the drift model are therefore
the same as those to be expected in the portion
of ocean under consideration if average condi-
tions prevail. Drifting objects or skipjack
schools uniformly distributed along long 120°W
between lat 10° and 20°N drift westward and
southward with the geostrophic North Equator-
ial Current. A component of surface wind-driv-
en current in the direction to the right of the
wind stress vector displaces the skipjack schools
northward. In consequence of the converging
flow fields, the concentration of drifting schools
increases westward much as in the model.

The drift model is based on a smooth North
Equatorial Current representing average con-
ditions. From Figure 17, showing the time var-
iation of the east-west component of geostrophic
flow at long 148°W during the TWZO investiga-
tion, it is evident that the North Equatorial Cur-
rent is not a smooth flowing stream. Celis of
high westerly speeds alternate with low speeds
or even easterly flow directions. A fish school
caught in high westerly flow of more than 25 em
sec™!, such as occurred near lat 15°N during
August to October 1964, would in 2 months be
carried about 1,300 km (700 nautical miles)
westward. Thus, much shorter drift durations
can occur than those given in the model. An
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example are the skipjack that were tagged near
Clipperton Island (Table 5).

Large interyear differences in mean geo-
strophic flow take place. Between March of 1964
and 1965, the average geostrophic speeds, as in-
terpreted from the meridional slopes of dynamic
height, Figure 15, differed by more than a factor
of two. In August, historic cruise data indicate
a factor of 1.8 in the interyear difference. Large
interyear differences in wind stresses as listed
in Table 4 also occur (Seckel, 1970b). The path
of a drifting skipjack school therefore is expect-
ed to vary from year to year. Also tobe expected
are year-to-year changes in location and inten-
sity of the converging southward component of
geostrophic flow with the northward component
of wind drift, as evidenced in Figure 4.

SUMMARY AND DISCUSSION

Oceanographic studies have led to the discov-
ery of environmental changes that are associated
with the seasonal and interyear differences in
availability of skipjack to the Hawaiian fishery.
Important is the seasonal northward movement
in spring and summer of low salinity, California
Current Extension water that replaces high sa-
linity, North Pacific Central water in the Ha-
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waiian region. Intrusion of the California Cur-
‘rent Extension water coincides with the seasonal
increase of skipjack landings. Koko Head sali-
nltlf}S as well as the larval distributions observed
dprmg the TWZO investigation indicate that the
hlgh gahnity range (34.6 to 34.8%.) of the Cal-
1fo¥'n1a Current Extension is most favorable.
Eaxlure of this water to move into the fishing re-
glon results in low catches. |

Nor?hward movement of surface water during
late_wmter and early spring causes warm ad-
vection or a warming of the water earlier than
can be expected from heat exchange across the
sea surface. If initial warming occurs before
thg .end of February catches tend to be good.
Imtlgl warming in March indicates unfavorable
conditions,

Using as indices the time of initial warming
and”the spring and summer salinity in the Ha-
waiian _Islands, one finds that catches are normal
when ejlther or both indices are unfavorable, and
exceptional when both indices are favorable.
Normal annual catches average 3,600 tons and
rx;?lr;%'e f:o}rln 2,700 to 4,400 tons, Exceptional an-

catches av
4940 to 7 on tik;lafe 5,800 tons and range from

B'oth indices reflect dynamic conditions in the
environment. This view is supported by results
of the TWZO investigation. A diffuse salinity
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gradient separating the North Pacific Central
water from the California Current Extension
water in 1964 (Figure 4) coincided with a nor-
mal fishing year, a sharp gradient in 1965 coin-
cided with an exceptional year. The character
of the gradient is determined by the currents.

The importance of currents in marine biology
is recognized. Examples of how currents af-
fect marine life have been given by Laevastu and
Hela (1970). However, the active part that
ocean currents play in the migration of adult
fish has not been stressed. The role of currents
in fish migrations including the movements of
fish without reference to landmarks has been
described by Harden Jones (1968). The role has
been covered only qualitatively, however, and
tuna migrations were not amongst his examples.

The destination and migration path of a fish
is the vector sum of the water velocity and the
swimming velocity relative to the water. The
contribution of the currents to the migration of
skipjack that enter the North Equatorial Cur-
rent in the eastern Pacific has been examined
by means of a simple drift model. Essential in
this model are the geostrophic flow of the North
Equatorial Current and a northward component
of surface wind-driven current resulting from
the trades. In this current system floating ob-
jects or fish schools uniformly distributed be-
tween lat 10° and 20°N at long 120°W would be
concentrated by the meridional component of
wind-driven flow as they drift westward.

This concentrating mechanism is evident in
Figure 13 where the southern boundary of the
drifting objects (fish schools) shifts northward
with increasing west longitude. Additionally,
objects (fish schools) are concentrated where a
southerly component of geostrophic flow and a
northerly component of wind drift converge
north of lat 20°N (Figure 13). The minimum
time required to reach the Hawaiian Islands
ranges from 21 to 23 months (Table 7). The
computed drift time is of the same magnitude as
the time of freedom of tagged fish (Table 5).

Before examining the consequences of this re-
sult, it is useful to place some limits on the nav-
igational abilities of skipjack. (See also Hard-
en Jones, 1968.) In terms of physics, it is hard
to understand how, in the open ocean without

a fixed reference, a fish knows that he is in a cur-
rent. Only in accelerating flow would he be able
to feel a force. The fish, therefore, does not know
whether he is swimming with or against the
current,

Easier to understand is the ability of a fish
to swim in the direction of his choice. He may
also know from the water properties, the type
of forage, or from celestial navigation, that he
is not in the area of his choice and therefore
may set a course for a more desirable environ-
ment. Even in this eventuality, his destination
is affected by the current.

Thus, the distribution of skipjack, whether
they swim randomly and drift with the current
or swim in a predetermined direction, is affected
by the northward component of the wind-driven
current and the convergence near the northern
edge of the Equatorial Current.

As a result of the numerical model it can be
postulated that a possible, and the simplest, mode
by which skipjack travel from the eastern Pa-
cific to Hawaii, is by swimming randomly and
drifting with the current. This mode of travel
is consistent with the empirical associations that
were described and does not contradict the ap-
plicable portion of Rothschild’s (1965) migra-
tion model. Rothschild statistically related the
time of warming in Hawaiian waters with an-
nual landings and stated ““ . . . that 44 percent of
the variation in catch is accounted for by time of
warming, the other 56 percent being unex-
plained.” This statement can be misinterpreted
in that it implies a causal relation between time
of warming and catch rates. Rothschild appar-
ently wishes to demonstrate that there is a varia-
tion in catch rates that is not associated with the
variation of time of warming. This conclusion is
also evident from Figure 2 which shows a rel-
atively large range of catch rates within the ex-
ceptional and normal types of years. Rothschild
examined the differences and their causes in the
size frequency distributions of the eastern North
Pacific and Hawaiian skipjack fisheries. He con-
cluded “. .. that year-class associated phenomena
play an important role in controlling the abund-
ance of skipjack in Hawaiian waters.” Roth-
schild, however, neglected to consider the effects
of currents on the distribution of skipjack.
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Currents, as is evident from the drift model
results, also cause variability in annual landings
and in the size-frequency distributions, It was
noted that in the western portion of the model,
drifting objects were found in a single degree-
square area that had been introduced along long
120°W during 3 seasons. If the drifting ob-
jects are fish schools an age difference of 9
months would be reflected in the sizes of fish
caught.

TWZO results have shown that the mean geo-
strophic flow in the North Equatorial Current
can vary by up to a factor of 2 from year to year
and that there are large interyear differences
in the wind stress. The time of drift from the
eastern to the central North Pacific can there-
fore vary more than the range indicated by the
drift model, and it is possible for skipjack schools
that entered the North Equatorial Current dur-
ing 1 year to catch up with those that entered
during the previous year.

Rothschild (1965) also states that lack of
growth, or slow growth, as reflected by size fre-
quency distributions, can be due to a movement
of fish through the fishery. This movement can
be fish schools drifting with the currents.

The size of fish caught in the Hawaiian fish-
ery is also affected by the time, place, and size
of fish entering the North Equatorial Current.
Fish recovered in Hawaii were tagged in April,
June, September, October, and November near
Baja California, the Revillagigedo Islands, Clip-
perton Island, and near the boundary of the
Equatorial Counter Current and South Equa-
torial Current at lat 4°N, long 119°W (Table 5).
The size-frequency distributions of skipjack
caught in the Baja California and Revillagigedo
Islands regions presented by Rothschild showed
large variation from season to season and year
to year. Williams (1972), in another article of
this issue, proposes three alternate migration
models that explain the recruitment of skipjack
into the eastern North Pacific. He concludes
that oceanographic conditions in the central and
eastern Pacific have a vital controlling effect on
the abundance of skipjack in the eastern Pacific
fishery.

Finally, year-class strength determined by
survival of larvae and juveniles, as suggested by
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Rothschild, is not ruled out as contributing to
the catch rate variations in the Hawaiian fish-
ery. Large interyear differences in oceano-
graphic conditions as reflected by the sea-surf-
ace temperatures at Christmas Island (Seckel
and Yong, 1971) and the large interyear dif-
ferences in sea-air interactions observed during
the TWZO investigation undoubtedly affect the
survival of larvae, as suggested previously, and,
therefore, the population size. However, vari-
ations of year-class strength of medium and large
fish in the Hawaiian fishery may be masked by
the effects of varying currents in the eastern
and central North Pacific on the distribution of
skipjack.

An attractive aspect of the drift hypothesis is
its simplicity. Skipjack while in. the North
Equatorial Current need not do, know, or remem-
ber anything other than to search for food. They
need not be able to recognize the concentration
of salt in the water or distinguish between water
types and then know what corrections to make
in order to reach the preferred location. They
need not be able to recognize time of warming
early in the year and then know whether they
should or should not enter the Hawaiian fishery.
The salinity and temperature indices correlate
with availability of skipjack in Hawaiian waters,
bgcause the same water motions that affect the
distribution of temperature and salinity in the
North Equatorial Current (Seckel, 1962) also
affect the distribution of skipjack.

In general, it is important to recognize that
what is loosely called migration consists of the
two components of travel: one resulting from
the mean velocity of the water (Vw) and the
other from the mean velocity of the fish or fish
school relative to the water (Vr). Extreme sit-
uations are those where one component is very
much smaller than the other so that it can be
neglected. There are probably many cases
where Vi and Vi are of the same magnitude.
A.n example of these are the migrations of Pa-
mﬁc.salmon (Royce, Smith, and Hartt, 1968).
During certain times of the oceanic life of salm-
on, average travel speeds (Vr + Vw) of about 6
to 12 miles per day (13 to 26 cm sec”') are indi-
cated. Ocean currents (Vw) with speeds of only
5 to 10 em sec~! are therefore of the same mag-
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nitude as the mean velocity of the salmon relative
to the currents and cannot be neglected. In fact,
it is important to consider Vr rather than (Vw
+ Vr) when studying the navigational abilities
or behavior of fish. Even if Vw is one order of
magnitude smaller than Vr, when travel times
of 1 or 2 years are involved, Vw may not be ne-
glected and the destination will reflect the effect
of the current system,

An example of Vw being negligible in com-
parison with Vr is the travel of albacore across
major portions of the North Pacific Ocean. The
example where Vr is very much smaller than Vw
may be the travel of skipjack from the eastern
to the central North Pacific Ocean.

When skipjack reach the vicinity of islands
a fixed reference becomes available and the
swimming behavior is likely to become different
from that in the open ocean. The fish that were
tagged by a sonic device near the Hawaiian Is-
lands (Yuen, 1970) are an example of such be-
havior. The current field is also affected by the
proximity of islands. Although the relative mag-
nitudes of the current velocities and swimming
velocities may differ from the open ocean case,
both velocities must still be considered. The
travel behavior of skipjack near islands is, how-
ever, a different problem from that considered
in this paper because the time scale is in the
order of hours rather than weeks,

Finally, the relative magnitude of Vr as com-
pared with Vw may vary throughout the travel
history of a particular species of fish. This var-
iation was documented by Royce et al. (1968) for
the case of Pacific salmon and may also apply
to albacore. Williams (1972) tends to favor
“active” migration of skipjack into the eastern
North Pacific fishery. Therefore, Vr may not
be small when compared with Vw throughout the
travel history of skipjack,

CONCLUSION

A plea is made in this paper by way of pro-
posing a model, much as was done by Rothschild
(1965), to progress from the exploratory phas'e
of skipjack distribution studies to the experi-
mental phase. Results from exploration (as-

semblage of data collected without experimental
design) were used to demonstrate empirical as-
sociations between the availability of skipjack
to the Hawaiian fishery and environmental in-
dices. Important to an understanding of the
life history is the linkage between environment
and the distribution of skipjack that the empiri-
cal associations do not provide.

Insight into the linkage mechanisms is gained
if the associations are used as leads to hypotheses
or models that can be tested experimentally.

Modern technology together with the power-
ful analytical tools now available make it pos-
sible to construct a complete migration-distribu-
tion model of skipjack from the eastern and
central North Pacific Ocean. In such a model
the North Equatorial Current portion would be
linked with one of the eastern Pacific models of
Williams (1972) and with a larval survival-year
class strength model. Swimming velocities of
skipjack can be simulated and included in the
model. Numerical evaluation of such a model
depends upon adequate environmental informa-
tion, e.g., large-scale sea-air interaction proces-
ses, geostrophic and wind-driven velocities of
ocean currents,

Important elements that were not discussed
in this paper must be evaluated. For example,
there are the effects of dispersion on the distri-
bution due to the random motions of skipjack
schools and due to large eddies within the cur-
rent system. Currents, either geostrophic or
wind driven, are not necessarily constant within
the range of vertical movement of skipjack. The
current drift must therefore be tuned to the
depth range within which skipjack swim.

The sources for the required environmental
information are meteorological observations
from ships, that in the future may be supple-
mented by buoys. Geostrophic current speeds
can be monitored by the use of vertical temper-
ature sections obtained from merchant ships reg-
ularly traveling specific routes. The dispersive
effect of random fish school motions can be de-
termined by using a sonic tag to track skipjack
as was described by Yuen (1970). The disper-
sive effect of eddying currents can be determined
from drifting buoys whose positions are mon-
itored by satellite. Predicted drift or progress
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of fish schools based on numerical integration
can be verified by drifting buoys and by follow-
ing fish tagged with a sonic device.

The experimental approach will also aid to
answer such questions as the following: Why
is there little evidence of spawning between the
eastern North Pacific and long 140°W? Why are
skipjack schools not evident at the sea surface?
Is the productivity of the water adequate to sup-
port the skipjack schools with a slow net move-
ment? What is the effect of varying forage
abundance on the search pattern and therefore
the dispersion of skipjack schools?

The implications of an experimental, numeri-
cal approach to the skipjack distribution problem
are far-reaching. The principal results of the
simple drift model used in this paper will hold
in a more sophisticated model where observed
rather than climatic boundary conditions are
used. The results indicate that the probable
drift path and concentration of skipjack schools
is predictable. Such predictions will increase
the harvest efficiency of the skipjack resource.
The insight gained into the life history of skip-
jack, particularly if the survival mechanisms
of early life stages are included in the mode],
will permit elegant management of the skipjack

resource.
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