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ABSTRACT

Validity of the use of the otolith in age-growth studies of the redfish (Sebastes
marinusg) is demonstrated. Otoliths accrue one opaque and one hyaline band a year.
The opaque band begins to form in April, the hyaline band in September. Otoliths
preserved in ethanol may be read whole, although those from larger fish are more
easily read after they are sectioned. Otoliths stored dry must be sectioned for reading.

Redfish larvae can be collected in surface waters throughout the period of spawning,
April to September. The fry descend into mid-depths as they grow and first appear
on the bottom in August. Redfish reach an average length of about 50 mm. in their
first year of life.

The sexes grow at virtually the same rate until the tenth year, after which the male
grows more slowly than the female. Redfish of the Guilf of Maine grow more slowly
than those of northern European waters.

While dominant age classes appear in the collections of young fish, they are not
obvious in samples of older, commercially available fish.

v




AGE AND GROWTH OF THE REDFISH (SEBASTES MARINUS) IN THE GULF OF MAINE

By GEORGE F. KELLY AND ROBERT S. WOLF, Fishery Research Biologists
BUREAU OF COMMERCIAL FISHERIES

The redfish of the Gulf of Maine, Sebastes
marinus (Linnaeus), has supported an economically
important fishery in the United States since the
late 1930’s. The fishery has played a major role
in the livelihood of several New England ports,
particularly Gloucester, Mass., and Rockland and
Portland, Maine. Redfish fillets have found a
ready market in this country and, lately, in many
European countries as well. The fishery devel-
oped, as have so many others, first in local waters,
gradually moving out farther and farther as the
closer fishing grounds became less profitable and
as gear and techniques improved. Vessels hailing
from New England ports now fish as far away as
the waters off Labrador. The redfish is also
sought after by many European fishermen on the
shelf areas of much of the boreal North Atlantic.
The vessels of Soviet Russia and Germany have
fished for this species from the northern coast of
Russia itself to certain isolated fishing grounds
_ off the coast of Canada. This intensive effort
has underscored the urgency of understanding the
life history of the species.

Sebastes marinus, the redfish or rosefish, belongs
to a North Atlantic species-group that is not well
understood taxonomically at this time. Sebastes
marinus (Linnaeus) and S. viviparus Kroyer are
generally accepted as the only valid species of the
genus. The status of S. mentella Travin (1951)
is not firmly established. Andriiashev (1954) has
questioned the validity of the species, stating that
of the characteristics used to separate mentella
from marinus— :
all were poor transient characters or showed only average
differences . . . these forms were distinguished by in-
sufficient investigation over the extent of their broad
range (to the Faeroe Islands, Iceland, Greenland, and the
shores of the U.S.A.).

Andriiashev accordingly reduced mentella to the
status of a subspecies of marinus.

Whatever its taxonomic structure, the group
in general has been studied by many people in
this country and abroad. The importance of

this fishery at the international level has greatly
increased the amount of research being done, and
a particularly spirited controversy has developed
about the radically different growth rates derived
by various workers. This paper is primarily
concerned with the growth rate of the redfish
population in the Gulf of Maine. It is to be
hoped that the results of this research will have
wider application; in any event, this information
is necessary for the proper evaluation of the New
England redfish fishery.

BRIEF REVIEW OF THE LITERATURE

1880. R. Collett, working on collections made
in the Bear Island-Spitzbergen area by the
Norwegian Atlantic Expedition of 1876, reported
that redfish fry were about 6 mm. long at birth.

1922, Ad. S. Jensen reported on the extensive
observations that he made on redfish in West
Greenland waters in 1908-9. He collected redfish
fry periodically from the time of the first appear-
ance in the plankton, recording the changes in
size composition for the first 9 months of life.
His data indicated an average length of 5.5 cm.
for fish 8 to 9 months of age. He attempted to

“estimate a growth rate of the redfish from length-

frequency data. This particular population

‘ranged from 7 to 71 em. in length. He suggested

that fish in age-group I ranged from 7 to 17 cm.
in length, in age-group II from 19.5 to 30 cm. in
length, and in age-group III from 31 to 41 cm. in
length. R T

1936. N. P. Smaragdova is to be credited with
the first detailed study of the age and growth
rate of Sebastes. He referred his species to S.
marinus. His work was based on scales, although
he did make a comparative study of scales and
otoliths. The material came from the Barents
Sea and was collected over a period of 12 years,
1921 to 1932, He reported good agreement
between age readings made from scales and those
made from otoliths. He concluded that the

1
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redfish is relatively slow growing and long lived.
He estimated the length at 1 year to be 5.4 cm.
The oldest fish in his collection, with an estimated
age of 27 years, measured 57 cm. in length., The
data presented by Smaragdova are somewhat
erratic but do not differ greatly from that of
later workers.

1944. V. V. Veschezerov also studied the age
and growth of redfish from the Barents Sea. He
used otoliths to estimate the age of 764 fish rang-
ing in length from 3 to 63 cm. He concluded, as
had Smaragdova, that the Barents Sea redfish
are relatively slow growing and that some of his
fish were as old as 26 years. He estimated the
length at 1 year to be 5.1 em. The largest fish,
58.3 em. in length, was estimated to be 24 years
old.

1949. A. Perlmutter and G. M. (larke pub-
lished a detailed study of the growth rate of S.
marinus in the Gulf of Maine and off western
Nova Scotia based on age readings obtained from
the scales. The study was deliberately aimed at
immature fish, or fish less than 23.5 em. in length.
The rate of growth arrived at was comparable to
that published by Smaragdova for the Barents
Sea population of S. marinus. The data suggest
that redfish mature at about 8 to 10 years of age
and are very slow growing.

1951. V. L. Travin published growth data for
S. marinus from the Barents Sea in a paper that
also described a new species of redfish, S. mentella.
S. marinus was described as being restricted to
depths of less than 300 meters, whereas the new
species occurred to depths in excess of 300 meters.
S. mentella Travin is described as having a slower
growth rate than that of S. marinus. Unfortu-
nately, the growth data for both species are pre-
sented simply as average lengths at age without
information on the number of fish involved or the
method used to age the fish. Travin’s growth
data for the two species indicate that they grow
at about the same rate until 4 years of age, after
which mentella. grows more slowly than marinus.
At 17 to 18 years of age, marinus averages 8 to 9
cm. longer than mentella of the same age. His
data suggest slightly faster growth than that im-
plied by the data of Veschezerov and Smaragdova
for fish up to about 14 years of age. His largest
fish, 49.9 cm. in length, was estimated to be 18
years of age. Fish estimated at 18 years by
Veschezerov averaged 50 cm. in length, while

those considered to be 18 years old by Smaragdova
averaged 44.9 cm.

1952. A. Kotthaus, working with material
from the coast of Norway and from the Bear
Island region, presented very rapid growth rates,
which resulted from his conclusion that the red-
fish developed three sets of hyaline and opaque
bands a year on jphe otolith. His studies were
based on nearly 15,000 fish, ranging from 11 to 81
cm. in length. He considered that the modes of
the length frequency curve of his entire sample
represented the first seven year classes. While
we disagree with Kotthaus’ conclusions, it must
be admitted that his findings are provocative and
stimulating.

1953. H. B. Bigelow and W. C. Schroeder state
that the redfish is a “very slow growing fish.”
Their opinion is based on Perlmutter and Clarke’s
study and on some specimens they had collected
that averaged 2} inches and were considered to
be about 1 year of age.

1956. E. Bratberg published a careful study
validating the use of scales and otoliths for de-
termining age of redfish. He collected 19 samples
of small redfish regularly from three localities
along the coast of Norway for a period of 18
months. Bratberg examined & total of 1,860 speci-
mens ranging in length from 5.5 to 22 ecm. He
demonstrated that only one opaque and one hya-
line band is formed in any one year. The periph-
ery of the otolith is opaque from May through
September and hyaline from October to April.
Although he worked mostly with younger fish, he
presented growth data for fish up to and including
age 7.

To sum up, with the notable exception of one
study, the various published growth data demon-
strate general agreement that Sebasfes species
grow very slowly. Whether or not it develops in
the future that one or many species are involved,
much of the research accomplished to date indi-
cates less variation in the results of different
workers than has been observed many times
between closely related populations of other
species of fish. The data that will be presented
in this paper and that presented by Perlmutter
and Clarke (1949) strongly suggest a significantly
slower growth rate for the Gulf of Maine stock
than that reported for the redfish in the Barents
Sea and along the coast of Norway.
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OBJECTIVES AND METHODS

The primary objective of this paper is to present
age-growth information on the redfish population
of the Gulf of Maine. This information was
needed for the intelligent planning of our research
program which is, of course, concerned with
determining how this valuable fishery should be
managed.

To attain our objective, it was necessarv to
interpret the banding of the otolith. Eelated to
this was the question of when the first annulus
was completed in the otolith. Some difficult
problems associated with growth during the first
year of life had to be solved. With verified age-
growth data available, it was finally necessary to
determine the age composition of samples from
the redfish population of the Gulf of Maine.

These several problems were approached in
many ways. It was decided, after due considera-
tion of the scale markings, to use otoliths for the
age-composition studies. The samples were largely
obtained from the commercial catches. For the
detailed study of the otolith and the seasonal
nature of its bands, a special station for sampling
small redfish was selected and occupied at
appropriate intervals.

SAMPLING THE COMMERCIAL CATCH

Since large quantities of redfish are landed at
Gloucester, Mass., and Portland and Rockland,
Maine, the bulk of the sampling was performed at
these ports. Port samplers removed the otoliths
from random samples of 25 fish each from those
catches that came from single statistical subareas
(Rounsefell 1948). The otoliths were stored dry
in separate small paper envelopes on which were
recorded the fork length and sex of the fish along
with the necessary interview information. These
samples were sent to the Woods Hole laboratory

for preparation and reading.

SAMPLING BY RESEARCH VESSELS

To augment the sampling of the commercial
catch, the R/V Albatross III and a chartered
small commercial vessel, the M/V Priscilla V,
were used to collect material. Whenever possible
all such collections were made on well-known
fishing grounds. These collections provided us
with the necessary samples of the smaller sizes
of redfish not landed in the commercial catch.
A considerable amount of general survey work

has also been done with an Isaacs-Kidd midwater
trawl (Isaacs and Kidd, 1951).

Certain aspects of our research required large
samples of very small redfish. This material was
collected at a special fish-sampling station off
Cape Ann, Mass., where such small redfish could
be obtained in number throughout the year.
Designated the New Scantum station (see U.S.
Coast and Geodetic Survey Chart 71), it is located
42°42’ north latitude, 70°11’ west longitude.
Every effort was made to keep the collecting
activities within 5 miles of this point.

PREPARING THE OTOLITH

Redfish otoliths, particularly those of smaller
fish, may be easily read without any preparation.
Otoliths removed from fresh fish or frozen fish
may be stored indefinitely in 95-percent ethanol
without loss of clarity. For this reason, it became
standard procedure aboard the research vessels to
slit and preserve in alcohol all fish less than 15 em.
in length. It was not convenient to preserve
quantities of larger fish in this way; instead they
were frozen. Their otoliths were removed in the
laboratory after the fish thawed and were then
preserved in alcohol.

Most of the otoliths used in this study were
collected from the commercial catch. These were
stored dry. Dry otoliths cannot be read whole,
but must be sectioned. They were cut with a dull
razor blade across the long axis just to one side
of the focus. Using slight pressure, the blade was
sawed across the otolith, causing the otolith to
break into two pieces along the line of cutting.
The exposed face, a cross section of the otolith,
was polished with a high-speed carborundum
cutting disk.

READING THE OTOLITH

The otoliths stored in alcohol were read as whole
mounts and needed no further preparation. The
whole otolith was placed in a small watchglass
filled with 60-percent alecohol and examined
directly with a binocular microscope. The watch-
glass was coated on the outside with black lacquer
to provide a contrasting background.

The sectioned otoliths were placed in a slotted
cork, polished face up, for examination with a
binocular microscope. A lamp provided the
necessary illumination along the side of the otolith.
The polished face was shaded from direct lighting
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with an opaque shield so that light was transmitted
up through the otolith from below. The hyaline
zones show up as bands of light, when so illumi-
nated, contrasted against an opaque background.
In similar manner, the number of light (hyaline)
bands were counted from the center to the outer
edge along the longest axis of the face. With a
little experience, one soon learns to shade the
otolith correctly and to position it properly in the
path of light for the greatest ease of reading. As
might be expected, the outer zones of large otoliths
are narrower and more difficult to count accurately
than are those of smaller otoliths.

No differences could be detected between each
of the otoliths from a single fish; one of the pair
was selected for whatever job was at hand with-
out any consideration being given to whether it
was the right or left otolith. In fact, the two
otoliths of any pair were so much alike that almost
anyone could separate out the pairs if a large num-
ber of pairs from one age group of fish were com-
bined into a single sample.

STUDIES OF THE OTOLITH
SEASONAL NATURE OF BANDING IN OTOLITH

Our study of the formation of the bands in the
otolith, like that of Bratberg (1956), was based on
collections made from young fish. In all, 1,921
otoliths from 8 samples of fish collected over an
18-month period were examined to determine the
nature of the material at the periphery of the
otolith. The results of this study are presented
in figure 1. We determined the percentage of
otoliths with each type of material at the periph-
ery, hyaline or opaque. The number of otoliths
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Ficure 1.—Seasonal variation in the nature of the material
at the periphery of the otolith of young redfish from the
New Scantum station. Samples were composed of fish
from pre-annulus to age-group VII. Figures on curve
indieate number of specimens in each sample.

with an opaque margin is at a maximum during
the months of July, August, and September.
The number of otoliths with a hyaline margin
reaches its maximum in January and February.
The seasonal change is striking and unequivocal.
There can be no question whatever about the
annual nature of the banding in the otolith of the
Gulf of Maine redfish. While it is more difficult
to follow this sequence in the otoliths of older red-
fish, careful examination reveals no deviations
from this general pattern. The outermost mar-
gin of any completed hyaline band may confidently
be regarded as an annual ring and will be con-
sidered here as the annulus that marks the end of
a year's growth.

In figure 2, a series of otoliths from the sample
of 1,921 otoliths used in the analysis of the
peripheral material are arranged by season and
age group to demonstrate further the seasonal
nature of the banding. Although photographs of
material of this sort leave something to be desired,
the gradual change in the nature of the peripheral
band can be followed.

Bratberg (1956) went one step further. He
demonstrated the concomitant formation of annuli
oun both the scale and the otolith, indicating that,
in younger fish at least, comparable growth data
may be derived from either scale or otolith.

COMPARING WHOLE MOUNTS AND CROSS
SECTIONS OF OTOLITHS

The otoliths from a 7-year-old redfish are shown
in figure 3. One otolith as it appears in a whole
mount and the other in cross section following the
preparation procedure outlined earlier. To deter-
mine the extent of agreement, comparative read-
ings were made of whole mounts and cross sec-
tions of otoliths from 298 redfish ranging in length
from 11 to 40 ecm. The results are presented in
table 1. There was 85-percent agreement be-
tween the two methods in those otoliths with less
than nine annuli. The agreement is progressively
poorer as the fish increase in length and age. The
sample was not large enough to analyze these
disagreements with any statistical validity.

COMPARING SCALES AND OTOLITHS

The pattern of annulus formation is the same
in the scales and in the otoliths from the same
specimen (fig. 4). The results of the age-reading
comparisons of the scale and otolith from two
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Fiaure 2.—Seasonal change in the peripheral material of the otolith of redfish, by age groups (pre-annulus to age-group
VD), in collections from the New Scantum station. The black and white dots indicate the positions of the annuli.
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TaBLE 1.— Age-reading comparisons of pairs of otoliths from the same fish, one otolith cut, the other whole
[Otoliths from 208 redfish from 11 to 40 em. in length: collected April 19, 1953]

WHOLE OTOLITHS

Number of Number
annuti | 1| 2| 3| | s 6] 7] &) elw| w23 4{15) 1617|1819 [20] 2122|224 of
4 otoliths
1
Ta
T3 1 1
4 2|1 2
5 2 o] ¢ - T 96
5 wlss| 3| 1 - 59
7 4261 1 31
8 3| 6 1 T 10
9 3| 4] 2| 1 10
E 10 1| 4] 3| 2| 8 13
§ 1 1 2] i 1 5
o 12 1| 3] 2] 3|1 10
% 13 L 1| 2] 2| 1] 1 1 9
g 14 1 2] 3|1 2 1] 1 1
” 15 1|1 1 3
e | 3 3
17 T 1|1 2
18 1 1 2
19 1] 2 1 4
/ 1 1 2
21 1 1
22
23 1 1
24 1 1
Number
[ t{2afion|s3|32|mn|e|ufo|8|1un|4|3[5]5]|6]2 3111 208
otoliths '

TaBLE 2.—Age-reading comparisons of scales and otoliths from youny redfish collected at the New Scantum station in 19563

A. Scales and otoliths from 134 fish, 5-15 cm. in length, collected Mareh 11, B. Scales and otoliths from 201 fish, 5-11 em. in length, collected April 20.
before new growth had started after new growth had started
SCALES SCALES
Number of Unread- | Number Number of Unread- | Number
annuli=» 1 2 3 4 5 6 able of- annuli=» | 1 2 3 4 5 f able of
f scales scales 3 scales scales
1 5 5 1 9 1 10
E’ 2 2 80 2 34 n 2 174 1 5 180
e
£ 3 1 10 11 E 3 1 8 1 8
] °
g 4 2| 14 21 1 4 23 g 4 2 2
7] %]
§ E) 1 9 10 § 5
EY 6 1 1 ] 6 1 1
Unread- Unread-
able able
otoliths otoliths
Number Number
of 7 81 12| 15| 11| 2 [} 134 of 9 |175| 6 4 1 6 201
otoliths otoliths
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Freure 3.—Whole-mount and cross-section preparations of otoliths from an 18.1-cm. female redfish. Seven annuli are

visible.

samples of small redfish collected in March and
April 1953, totaling 335 fish, are presented in
table 2. The agreement is gencrally excellent, in
one casc being 88.8 percent and in the other 95.5
percent. In older fish, the scale annuli become
progressively more difficult to distinguish with
any certainty, so no attempt was made to run
comparison tests in older age groups.

INDEPENDENT READINGS OF OTOLITHS

The number of annuli and the nature of the
material at the periphery of the otolith can be de-
termined from whole otoliths with up to at least
nine annuli. Two readers independently deter-
mined this fact from a sample of 1,809 otoliths
(table 3). They were in complete agreement on
the annulus count and virtually in complete agree-
ment as to the nature of the peripheral material.

The otoliths of larger fish become progressively
more difficult to read as age increases. Three lots
of 100 otoliths each from older fish (VII to XX )
also were read independently by two investigators.
Thirty-one percent of the age readings agreed
exactly, and 59.7 percent agreed to within 1 vear.
In a few instances, the readings deviated from

Dots indicate hyaline zones.

each other by as much as 9 years. The average
agrecment between readers for each of the lots
was +1.16, +1.87, and +1.85 years. These data
illustrate the difficulty of estimating accurately
the age of older fish, and suggest the limits of re-
liability that can be placed on determinations of
age of older redfish.

AGE AND GROWTH

Gravid female redfish are commonly found in
April and the first of the newborn 5-mm. larvae
may be collected at this time; redfish are born
from then until September. The larvae quickly
ascend to the surface layers of the ocean where
they are taken in surface plankton tows. By
mid-May, larvae as long as 12 mm. appear in the
plankton, and by mid-June, postlarvae 20 mm.
long may be collected. The young descend
slowly as they grow, and for this reason the size
range in the uppermost layers of the water shows
little significant change throughout the spawning
season. In March, April, and June, 1953, all
otoliths from small redfish taken on the hottom
had one or more completed annuli. The one-
annulus fish ranged in length from 45 to 70 mm.,
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F1aure 4.—Comparison of scales and otoliths from » 6.1-cm. female with one annulus (top row), a 6.9-em. female with
two annuli (middle row), and a 13.0-em. male with four annuli (bottom row).
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TaBLE 3.—Comparison of age readings by two readers of ololiths from 1,804 redfish, collected at New Scantum station, August
17, 1955

[0 =opaque: H=hyalinc]

READER A
Number of . .
1 2 3 4 6 7 8 9 Number of]
"“‘3““" o | H| olBH| ojnw]| o jBr| Oo]JR| 0o jBH| o8| o] H| 0] H | otaliths
0
"
o 2 2
2
H
0 33 | 3 371
" 7 7
0 Lo3| 7 1,056
4.
< H 13 13
g K 27 27
P H 5 5
o 126 126
A )
H 2 2
0 104 194
7
H 1 1
o 9 9
8
H
o 2 2
8
H
Number
of otoliths 2 38 | 10 |03 20 | 27 | 5 | 126 | 2 | 194 | 1 9 2 1.809

the two-annulus fish had & range in length of from
55 to 110 mm., while the three-annulus fish
ranged from 80 to 120 inm. In the August col-
lections of the same year, a group of fish 21 to 48
mm. in length appeared on the bottom, all of them
with uniformly opaque (pre-annulus) otoliths.
The periphery of these otoliths, however, showed
signs of a developing hyaline edge. Most of these
pre-annulus fish had some scales (fig. 5). None
of the scales had developed an annulus. The
first annulus, therefore, appears to be formed
sometime between August and March, probably
in late winter.

The scales begin to form first along the lateral
line on the posterior half of the body. Redfish
34 mm. in length have been found with much of
the posterior half of the body covered with scales
(fig. 5). By the time that these small fish are
about 40 mm. in length, they have acquired their
full complement of scales.

GROWTH DURING FIRST YEAR

The conclusions of Perlmutter and Clarke (1949)
concerning the growth of redfish in their first year

are reasonable on the basis of the material that
they were able to collect and examine. They
concluded that young redfish reach a length of
about 20 mm. at the end of the first full year.
It 1s, however, our opinion, as well as that of many
European workers, that redfish reach 50 mm. or
more in length during their first growing season.
We believe this because the otoliths and scales of
redfish up to about 50 mm. do not show an an-
nulus, and because all of the material that we have
analyzed indicates that these young fish reach an
average length of 50 mm. in just a few months.
We were fortunate in having at our disposal a
large number of collections made by other workers.
The length frequency data compiled from these
collections, from our own collections, and from
various published records, are presented in tables
4 to 11 and are illustrated in figure 6.

Redfish larvae are abundant in the surface
waters throughout the spawning period. As the
season progresses, the greater numbers of larger
larvae in the plankton increase the average length
slightly: from approximately 10 mm. in May to
more than 20 mm. in early September. Young
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Fiaure 5.—Posterior portion of flank of a 34-mm. redfish,
showing the newly formed seales.  The seales along the
midline have two or more eireuli, while the smallest
(and newest) seales on the dorsal and ventral surfaces
have none or one circulugs. Some seales were rubbed
off when the fish was captured.

fish varying in length from 20 to 50 mm. appear
on the bottom in August for the first time. There
is a general lack of fish between 20 and 40 mm. in
length in any of these collections. What material
we do have leads us to conclude that the fish in this
size range were probably somewhere between the
surface and the bottom. Recent research, the
results of which are not plotted on figure 6, has
demonstrated that redfish slowly descend as they
grow and that these 20- to 40-mm. fish may be
found in the middepths. This particular phase of
redfish early life-history will be discussed only
briefly at this time.

Some very revealing samples of young redfish
were collected at depths of 10, 20, 30, 40, 60, and
100 meters with the Isaacs-Kidd midwater trawl
in August 1957 (Albatress I1T cruise 99). At this
time, these fish varied from 10 to 40 mm. in length.
At 10 meters, all lengths within this range occurred
with the average being about 22 mm. The largest
collections per tow, made at 20 meters, contained
many times more specimens than all the rest of the
tows at the other depths. The average length of
this sample taken at 20 meters was 23 mm. At
40 meters and at 60 meters the samples were small,
but the average length was slightly larger than
the average length of fish at 20 meters. The
length was approximately 27 mm. at a depth of 60
meters. Two tows at 100 meters failed to collect
any young redfish. A similar cruise (Albatross 111
cruise 102) in September 1957 demonstrated the
further growth and descent of the young. The
largest samples per tow came from depths of 80,
100, and 110 meters. The average lengths varied
from 34 to 40 mm. without any marked relation
to depth.
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FicurE 6.—Length frequencies of young redfish taken by research vessels in the Gulf of Maine.

Data of tables 4-11

plotted by time of collection.

20
' T T "Mar.'53
o LN
APR '53
20t f i\_‘ -
[+]
JUNE'53
20 .
)]
T .
n 20 AUG.'53 |
w
w
o 0
o - ' —
x 40 NOV. 53
[«s]
=
2 20p .
2
o
FEB.'53
7 M |
[¢]
APR '54
20 -
0
20} C N AUG. 54 |
0
] 50 100 150 200

LENGTH IN MILLIMETERS

Ficure 7.—Length composition of the three youngest age
groups collected at the New Scantum station in 1953
(<I, I, and II) and 1954 (I, II, and III). The 1952
year class is shaded.

LENGTH COMPOSITION OF SMALLER FISH

The length composition and growth of age-
groups I, II, and III (1954) taken at the New
Scantum station over an 18-month period is pre-
sented in figure 7. Similar data for the first seven
age groups are given in table 12. While growth
in the second and third years is not as rapid as in
the first year, one can clearly observe the progres-
sion of modes. It may be noted that most of the
growth takes place in the period April to August.
Even at these young ages there is a wide range of
sizes in any one age group.

TaBLE 4.—Length frequencies of 781 redfish fry from the

R/V Grampus collections in the Gulf of Maine, 1912
[Data from Bigelow 1914]

July August

Length

16 | .- JEUR RSSO VU RN PRSI N
b ) p— JEVSVEN PRV PR RS PR A,
39 8 1 A IR P e |
37| 18] 3 (10 6 |-cofeeee| 1
69| /| 6] 7| 3 1 2
23| 36{ 4| 3| 1| 1] 1
4| 80| 2| 1 1
51 10 2 |- ) I (R v
2| 10 [cooo|mmaafemmn]|amme | e e -—-

15mm.__
16 mm.
17 mm_
18 mm._
19mm.___ N (.
0mm. . JERNS PRI P
P3N0 1111 + DR RSP RS P,

307 | 234
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TaBLE 5.—Length frequencies of 457 redfish fry from the TaBLE 7.—Length frequencies of 97 redfish fry from the
R/V Grampus collections in the Gulf of Maine, 1914 RIV Albatross IT collections in the Gulf of Maine, 1931

[Data from Bigelow 1917; exact count of specimens not available] [Measurements made from preserved materiall

May June Between
July August Length J anel ISI%H(l
Length uly
e 21 2 | 17 | 18
it 25 27 28 11 12 13
12
Smm. oo R (SR PRV PSRN PSP FPIPIN RN F N 52
emm__ | ] x |- 15
[ L1111 PRURPRRPRIRS [RSVIVR PRFEUPI PR X |-- 1
fmm._______| x | x |....- B S (SR PRV ISR PRI PPN F, 2
9mm___ X Jecceo] X Jomecc]eeeod! x| x MMML ] 2 2 i e |
4 -
X -
_____ X |--oa. -

AMAAANAMMHA

TaBLE 8.— Length frequencies of 2,234 redfish fry from the

20 mm_. R/V Atlantis collections in the Gulf of Maine, 1932
21 -
22 :::2_ - Y [Measurements of preserved material]
.20 4111 RRPRRNONY IRV PRVRNIVION JRUUVRUR PRI IR FRUIRIon RSP FPRI FRIPIE SR R
N July
Total....| 6| 38| 42 48150 | 2 104]| 21| 1| 35| 15 Length
22 23 24
42
TARLE 6.—Length frequencies of redfish fry from the R/V }i}
Grampus collections in the Gulf of Maine, 1915 17
[Data from Bigelow 1917: some material still available was measured and data gg%
inclizded; exaet count of specimens not available] 173
99
44
August September Sta- 2
Length |May|June tion 13
31 14 10300 6
4 6-71 31 1 2 14 2
. N 1
1,262

TaBLE 9.—Length frequencies of 53 redfish fry from the
R/V Albatross TIT and M/V Priscilla V collections in
the Gulf of Maine, 1958

13 mm.. i 3 [Measurements of preserved material}
4 mm._.

Length August | Septem- | Novem-
17 ber 8 ber 10

PR R R R R R N R R R

Total..|] 1 2 |Many.| 2120) 24 [Swarm..| 1|3 |4 ] 1 3

1 Specimens found among old eollections and larvae were measured.
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TaBLE 10.—Length frequencies of 325 redfish fry from the TaABLE 11.—Lenglh frequencies of 97 redfish fry from the
M|V Priseilla ‘g collections in the Gulf of Maine, 1954 R/V Albatross 111 collections in the Gulf of Maine, 1955

[Measurements of preserved material] [ Measurements of preserved material]

Length Febru- | April 21 | August 7 August
ary 6 Length

17 | 18 19

A MMM e
5mm.
__________ fmm._
.......... 7mm.
__________ ] mm.
__________ : 9 mm.
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.......... H mm..
.......... 12mm..
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15 mm.._
16 mm__
17 mm__
1ISmm_.
19 mm..
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TABLE 12.—Length frequencies of redfish, by age

Age-group <I

Agegroup I Age-group IL Age-group III

Mar.

Apr.

June

Aug.

Nov.

Mar.

Apr.[June|Aug.|Nov.[Mar.|Apr.[June/Aug.| Nov. | Mar. | Apr. | June | Aug. | Nov.

Totat males____________._...

Average length (mm.)__.._.




AGE AND GROWTH OF REDFISH

group and sex, collected at New Scantum station, in 1953

15

Agegroup IV

Age-group V

Age-group VI

Age-group VII

Mar.

Apr.

June

Aug.

Nov.

Mar.

Apr. | June | Aug.

Nov,

Mar.

Apr.

June

Aug.

Nov.

Mar.

Apr.

June

Aug.

Nov,
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TaBLE 12.—Length frequencies of redfish, by age

Age-group <I Age-group I Age-group II Age-group III
Length

Mar.|A pr.|June|Aug.|Nov.[Mar.|Apr.|June{Aug.[Nov.|Mar.|Apr.|June|Aug.[ Nov. Mar. | Apr. | June | Aug. | Nov.

FEMALER

Average length (mm.y oo |enos 38.8 (40.3 [...... 63.8 |58.5 [08.8 |79.4 [75.9 177.6 (93.1 |96.2 | 106.0 | 106.5 | 100.0 | 118.3
Grand total

................................. 7| 2 1 11 19| 44 47| 46| 179 | 137 | 184 389 10 9 5

Grand average length
(€551 79 1R I S R 41.1 [50.2 |57.5 |A1.1 |61.2 |68.8 |77.8 [76.2 (78.6 |90.2 {95.0 | 106.0 | 105.0 [ 101.9 | 117.5 | 112.0 | 135.6
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group and sex, collecled at New Scantum slation, in 1953—Continued

Age-group IV Age-group V Age-group VI Age-group VII

Mar. Apr. June Aug. | Nov. | Mar. { Apr. | June | Aug. | Nov. | Mar. | Apr. | June | Aug. | Nov, { Mar, | Apr. | June | Aug. | Nov.

12 10 10 1 11 L 48 s 2 P 58 1 27 10 ... 4 |- 12 b} I [ 4
110.4 | 127.5( 13L0[ 107.5( 146.5 | 181.5 | 155.1 | 160.5 |..._... 161.5 | 152,5 | 176.6 | 179.5 [..____. 172.5 |- 199.6 | 222.0 |.__._.. 201.3
22 26 32 2 89 10 100 56 1 109 1 4 23 |- 13 |aaoos 31 18 |....... 6
13,4} 1246 130.0 | 1150 146.2 | 131.5 | 160.9 | 159.3 | 137.5 | 160.7 | 152.5 | 176.2 | 176.0 |._._._. 174.4 |...... 205.2 | 215.8 |.._..__ 192.5
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LENGTH COMPOSITION OF AGE GROUPS year, when most of the redfish have become

The length composition of 18 age groups (<1to  mature, the growth rates of the males and females
XVII) by sex is presented in figure 8 and in table  change, the females continuing at the higher rate.
13. It may be noted again how large a size range  This difference becomes quite distinct within a
there is within any one age group. In the tenth  period of only 1 year.
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LENGTH IN MILLIMETERS

Fraure 8.—Length composition of all age groups in combined samples of redfish taken in the Gulf of Maine in 1953 by
research vessels and the commercial fishery, totaling 1,255 males and 1,251 females. (5-mm. groups smoothed by
moving average of 5.)
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GROWTH RATE

Growth curves for the redfish, sexes treated
separately and combined, are presented in figure 9.
The mean lengths at age for the sexes separately
and combined are listed in tables 14 and 15. Males
and females grow at approximately the same rate
for the first 10 years of life. The growth curve is
unusual in that for the first 10 years it is approxi-

SEXES COMBINED

mately linear. At 20 years of age, the growth
rate of both the male and the female has markedly
decreased, but it is apparent the fish are still
making definite growth. Growth curves (fig. 10)
in the years 1951, 1952, and 1953 are generally
alike but there are some slight differences.
Whether these are significant cannot be stated at
this time.

SEXES SEPARATE

400
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Fraure 9.—Growth curves for the sexes, separate and combined, fitted to the mean lengths at age and based on samples
of redfish from catches of the research vessels and the commercial fishery, collected in the Gulf of Maine in 1951,

1952, and 1953.

The growth curve of the sexes combined includes 5§12 unsexed fish.

(See table 14.)
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TaBLE 13.—Length frequencies of redfish, by age

[Based on all research-vessel and

Number of males in age-group—
Length .

<l]| 1 1 | IIT | IV v VI | VII | VIIT| IX X XI | XII | XIJI| XIV| XV | XVI{XVII|XVIII| XIX | XX | XX+

-

Total fish__| 15 60 | 487 18 97 | 180 56 53 42 46 38 45 39 31 23 23 8 13 7 3| ----- 3

Mean length
(mm.)._._. 10.8 |67.9 [94.2 [118.8 [135.2 |157.1 |177.5 |203.7 |238.9 |245.0 (262.1 |265.9 |272.8 [278.0 |280.5 |282.3 |283.1 |306.8 | 203.9 1279.2 [_____. 312.5




21

AGE AND GROWTH OF REDFISH

group and sex, sampled in the Gulf of Maine, in 1953

commercial-catch samples; see figs. 8 and 10]

Number of females in age-group—
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TaBLE 14.—Length frequencies of redfish, by age group, sexes combined, from all samples collected in the Gulf of Maine in
1951, 1952, and 1953

[Includes 512 unsexed fish]

Number of fish (sexes combined) in age-group—
Length

<I{ I II | 11X | IV \4 VI | VII|[VIII]| IX | X [ XI | XII | XII|XIV} XV [ XVI|XVI[XVIIL; XIX | XX XX+

P13 .40 DR R B NN PR IR [P PR NI FI POSI N R e B B R aahat] EEEEERS BEEEI PR

—

—
(&)
(=]

P D b G0 GO0 ST IR T D O e 00 et et N e

3
g
3

-1

=t RO DD TN RO Y O P

e
I =M= R N-IRNRIOCORNOROO- D

CO 4 b b O i T b o GO RO R

Total fish_ | 53| 135 {1,125 90| 246 | 369 ( 231 | 217 | 187 ) 180 | 175 ( 170 | 179 | 145 | 133 89 71 67 38 28 10 17

Mean length
(mm.) .. ___[46.7 |69.7 [93.3 |112.1 [135.4 {160.5 [185.9 [213.0 (240.3 [254.8 (269.8 [280.1 [287.7 {300.0 (310.9 |310.6 [323.6 |331.4 | 339.7 |347.3 |367.5 | 351.3
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1951 1952 1953
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Fraure 10.—Growth curves for the sexes fitted to the mean lengths at age, for redfish sampled from the commercial
fishery in 1951, 1952, and 1953

AGE COMPOSITION

Age composition of the redfish sampled from
the commercial catch in the Gulf of Mainein 1951,
1952, and 1953 is presented in figure 11. These
fish ranged in age from 2 to more than 20 years.
The bulk of the fish were from 6 to 14 vears of age.
Certainly in these samples there is no striking
evidence of excessive reduction of the older age
groups from one year to the next. It isinteresting,
therefore, to observe the data presented in figure
12 on the changes in length composition of sam-
ples that are available for the period 1936 to 1953.
The most obvious change is the decrease in the
modal groups over the length range of 27 to 32 cm.
These are fish of approximately 10 to 15 years of
age.

There are possible explanations for the changes
observed over this 18-year period. The modes
which appear in 1936 dominated the fishery and
may very well represent one or more very strong
year classes. 'This could account for the relatively
greater number of older fish some years later.
There is a detectable shift toward the smaller
sizes from 1941 on. In the period 1945 to 1949
there appears to have been another strong year
class; the mode moves from about 25 cm. in 1945
to 28 cm. in 1949. Again in 1949, another such
group is suggested at around 25 cm., reaching 27
to 28 em. by 1953. This argument is admittedly
tenuous; however, the data do suggest that there
may well have been some very strong yvear classes
during the period. 1936 to 1953, and since 1936, at
least, the biggest fish have not been excessively
exploited in proportion to the smaller size groups.



24

FISHERY BULLETIN OF THE FISH AND WILDLIFE SERVICE

TaBLE 15.—Length frequencies of redfish, by sex and age group, from

Length

Numbher of males in age-group—

II | III | 1V v VI | VII |VI| IX | X | XI | XII|XIII|XTV| XV | XVI[XVIIIXVIII| XIX | XX |XX+

25mm__..._..

Total fish..

Mean lengh
(mm.)_....

H YT TP TN

04.3 [122.7 (137.3 |160.2 [183.1 [205.8 |235.4 (248.2 |258.6 [266.0 (270.9 |279.8 |281.1 (283.2 (291.4 [301.5 | 301.0 (285.0 |292.5 (312.5
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all samples collected in the Gulf of Maine in 1951, 1952 and 1953

Number of females in age-group—
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Fieure 11.—Age composition of redfish sampled from the commerecial catch in the Gulf of Maine, 1951, 1952, and 1953.

Age composition of the juvenile fish taken from
the New Scantum station off Cape Ann shows
large differences in year-class strength (fig. 13).
These fish ranged in age from young of the year
to 7-year-olds. Age-groups I and V stand out in
the 1953 collections. Age-groups ITI and IV were
notably lacking. The same age-group relation
existed in the 1954 collections. The age-group
data presented in figures 11 and 13 suggest that
these age-group differences lessened by the time
the fish became available to the commercial fishery.

DISCUSSION AND CONCLUSIONS

Our data show that only one annulus is formed
per year in the otolith of the redfish of the western
Atlantic. This econclusion is in accord with that
of Bratberg (1956) for the redfish of the eastern
Atlantic.

There is no doubt in our minds that redfish
lay down only one annulus a year. While it is
understandable how incorrect interpretations of
length-frequency data are possible when one con-
siders the exceptionally wide spread of sizes at
age, there is no justification for suggesting that
more than one annulus is laid down each year in

the otoliths, on the basis of subjective analysis of
redfish length-frequency data. Some other form
of verification must be submitted before any
consideration can be given to the suggestion that
more than one opaque and one hyaline band is
laid down in a single year in the otolith.

It is our opinion that the young do not normally
pass through the winter scaleless and that an an-
nulus is formed in both scale and otolith duiing the
first winter. However, the time of first-annulus
formation in the scales could be markedly affected
by several factors. Hydrographic conditions vary
greatly within the Gulf of Maine. _The initial
growth of the young redfish may not be sufficient
in areas farther north, around Greenland for
example, for them to start scales before the first
winter. The time at which the larvae are spawned
likewise could profoundly affect the growth
attained in the first year.

Bratberg established the concomitance of annu-
lus formation in scale and otolith. To detect
annulus formation, there must be sufficient new
growth to contrast with the old. Bratberg
studied changes in the spacing of the circuli in the
scale and the seasonal accretion of opaque material
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Ficure 13.—Percentage age composition of redfish, pre-
annulus to age-group VII, collected at New Scantum
station, April 1953 to August 1954.

in the otolith. His study indicated that the an-
nulus in both the scale and the otolith began to
form in March and April. By May all fish showed
obvious signs of new growth. Similarly, the

studies reported in this paper show a sharp in-
crease in April in the percentage of otoliths with
an opaque edge, with over 90 percent of the oto-
liths having an obvious annulus by the early
part of June. Another study—that of Perlmutter
and Clarke—showed essentially the same thing.
Their data suggested quite strongly that renewed
growth may be detected on the scales in April.
Further, the greatest number of scales with nar-
rowly spaced circuli were taken from fish collected
in February. All of these findings are consistent.

The age-composition studies of small fish pro-
vided verification of our interpretation of the
otolith. In figure 13, it is apparent that there
were two dominant year classes in the samples
taken off Cape Ann. This population was followed
for a period of 18 months, during which the
complete cycle of the banding of the otolith was
studied. When the fish were first collected in
April 1953, the otoliths were observed to be
developing the opaque band. By February 1954,
the otoliths uniformly bore hyaline bands. The
opaque bands were beginning to develop again in
April, and by August all had well-developed opaque
bands. It is plain that the sequence observed of
year-class dominance could not have occurred had
the otoliths laid down several series of bands. If
they had, the dominant year classes would have
appeared to have aged several years during the 18-
month period of sampling.

The wide differences in Jength at age observed
may be the result of the failure of some young fish
to form a discernible annulus the first year. More
likely, it is & result, of the extended period of spawn-
ing. Collections made in late summer contain
voung redfish varying in length from 10 mm. to
more than 50 mm. For this reason, even assuming
that all these redfish put down a detectable annulus
during their first winter, it is not surprising to find
that any one age group taken from the com-
mercial catch may have a length range of more
than 100 mm. It is not necessary to hypothesize
extremes in growth rates to account for the spread
of sizes at age.

Most of our data on the length at age is based
on samples of the commercial catch, and these
samples come from many areas in the Gulf of
Maine. Most biologists working with redfish
believe that the fish move about very little and
this admits the possibility of different growth rates
in different areas.
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Fiaure 14.—Comparative growth rates of various Sebastes populations.

All important and relevant growth data that
have been published to date are presented in table
16. All growth data based on the premise of a
single annulus a year are consistent. The data of
table 16, with the exception of those of Smarag-
dova and Veschezerov, are presented in figure 14
in the form of growth curves for the purpose of
comparison. The erratic nature of Smaragdova’s
data (the age appears to be underestimated occa-
sionally) was probably due to the fact that he used
a geographically mixed sample. To a lesser degree,
the same remarks possibly apply to Veschezerov’s
data. It must be remembered that until Travin
published his paper there were at least two fairly
well-defined population groups that were not recog-
nized as such in the northern European waters.
Travin’s age-growth data for the subspecies
marinus and mentella from the Barents Sea show
the rate of growth of the populations. A growth
rate derived from Bratherg’s data is virtually
identical to the growth rate for redfish from the
Gulf of Maine. Perlmutter and Clarke’s growth
data on the Browns Bank redfish show the slowest
growth of any group of redfish. The curve based
on their Gulf of Maine material adjusted for time

of annulus formation indicates a somewhat slower
rate of growth than we found. The age-length
data presented by Kotthaus are also plotted to
show the extreme differences between his concept
of redfish growth and that of other workers.

Kotthaus (1952) reported fish longer than 80
cm. from European waters. In recent years, sev-
eral specimens measuring between 74 and 83 cm.
in length and weighing from 14} to 19} pounds
have been landed at Gloucester, and some have
been reported in the local newspaper (Gloucester
Times, July 30, 1953, and April 5, 1955). Most
of these large fish came from the southeastern
Grand Bank. It is interesting to speculate on the
possible age of such fish. Our data indicate that
it would be possible for one of the faster-growing
females to reach this size in about 40 to 50 years.
It seems probable that some redfish may live to
an age in excess of even 50 years.

In conclusion, our results agree with those of
several of the earlier growth studies and especially
with those which were based on the premise of one
annulus being laid down each year. It is evident
that Sebastes is a slow-growing, long-lived fish.
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TABLE 16.—Growth studies of the redfish, Sebastes marinus marinus and S. m. mentella, 7n the North Atlantic Ocean

[Age In years; average length in ¢em., on January 1]

Average length of—
. Sebastes
Sebastes marinus marinus marinus
mentella
Age Barents Sea Browns Gulf of Maine Norway Norway Barents Sea
Bank coast
Smaragdova | Veschezerov Travin Perlmutter { Perlmutter Kelly Kotthaus Bratherg Travin
(1936) (1944) (1951) and Clarke ! | and Clarke ! | and Wolf ? (1953) (1956) (1951)
(1949) (1949)
5.4 5.12 6.26 4,7 5.2 5.5 17.2 5.6 6. 28
9.7 7.2 9.05 6.9 7.6 7.8 22.2 8.4 10.01
10.0 9.98 12.87 9.2 9.9 10.1 34.2 11.3 13.09
12.6 12. 60 16. 50 11.2 12.1 12.5 39.1 13.1 16. 30
14.7 15.38 19.95 13.2 13.9 14.7 43.8 15.75 19,32
17.4 18.20 23.49 15.0 15.4 17.3 49.0 17.95 22,10
17.5 21.30 26. 61 16.7 16.9 19.8 56.6 21.45 25.27
20.1 24.60 29. 62 18.1 18.9 22,7 f
19.6 28.06 32.69 19.3 21.8 4.9 |-
2.6 32.84 35.33 20.8 |- e 26.3 |
2.5 36.68 22.5 |- 27.4 1.
26.5 38.70 - 28.5
28.6 40.08 29.5
31.3 43. 50 30.4 |.
32.3 45.28 31.3 |-
38.3 46.40 32.1 |.
39.2 48. 46 32.8 |.
44.9 50. 02 33.6
46.3 50. 62 34.4
47.5 51.02 |- 35.0
51.2 53.00
52.4 53.35
63.9 54.33
54.9 58,83 { oo e e[ e |-
B5.4 | e e e e b e e e em
5.0 | e e e[
B0 | oo oo e e o e [

1 Average length adjusted to observed annulus number.

LITERATURE CITED

ANDRIIASHEV, A, P.

1954. XLII. Family Scorpaenidae. In Fishes of
the northern seas of Russia. Guides to the fauna
of the U.S.S.R. published by the Zoological Institute
of the Academy of Seiences of the U.S.8.R. Moscow
and Leningrad, Academy of Sciences U.8.S.R.,,
pp. 329-339. {[Translated by C. Richard Robins.]

BicELow, HeExrY B.

1914. Expilorations in the Gulf of Maine, July and
August, 1912, by the U.S. Fisheries - Schooner
Grampus. Oceanography and notes on the plank-
ton. Bull. Museum Compar. Zool., vol. 58, No. 2,
pp. 31-134.

1917. Explorations of the coast waters between Cape
Cod and Halifax in 1914 and 1915, by the U.S.
Fisheries Schooner Grampus. Oceanography and
plankton. Bull. Museum Compar. Zool., vol. 61,
No. 8, pp. 163-357.

Bicerow, HENrRY B., and WiLLiaM C. SCHROEDER.

1953. Fishes of the Gulf of Maine. U.S. Depart-
ment of the Interior, Fish and Wildlife Service,
Fighery Bull. vol. 53, No. 74, 577 pp. (First
revision.)

BRATBERG, E.

1956. On the interpretation of the opacue and
hyaline zones in the otoliths of immature redfish
(Sebastes marinus L.). Journal du Conseil, Cons.
Perm, Internat. Explor. Mer, vol. 22, No. 1, pp.
66-74.

2 Present study.

CoLLETT, R.

1880. The Norwegian North-Atlantic Expedition

1876-1878. Vol. 3, Zoology: Fishes, pp. 15-18.
GLOUCESTER TIMES. -

1953. Gloucestermen cateh, land biggest perch.
July 30, 1953. Gloucester, Mass.

1955. Forty or 50 years old, and close to 18 pounds,
this mammoth ocean perch entered Gloucester in a
trip of the Villa Nova (photograph -ecaption).
April 5, 1955. Gloucester, Mass.

Isaacs, J. D, and L. W. Kipbp.

1951. A midwater trawl. University of California,
Seripps Institution of Oceanography, SIO Reference
51-51, 10 pp., 10 figs., November 1951.

JENSEN, Ap. 8.

1922. Researches on the distribution, biology and
systematies of the Greenland fishes. Videnskal-
belige Meddelelser fra Dansk Naturhistorisk
Forening i Kjghenhavn, Bind 74, pp. 89-109.
[Translated by Kirstine Soetmann.]

KotrHAUS, A,

1952. Ecologieal and scientific fishery research of the
red perch (Sebastes marinus L.). Berichte der
Deutschen wissenschafflichen Kommission fur

Meeresforschung, N. F. Bd. XII, H. 4, pp. 491-511.
[Translated by Luddo B. Nanninga.]
PERLMUTTER, ALFRED, and GEORGE M. CLARKE.
1949. Age and growth of immature rosefish (Sebastes
marinus) in the Gulf of Maine and off western
Nova Scotia. U.S. Department of the Interior,



AGE AND GROWTH OF REDFISH 31

Fish and Wildlife Service, Fishery Bull,, vol. 51,
No. 45, pp. 207-228.
RouNSEFELL, GEORGE A.

1948. Development of fishery statistics in the North
Atlantiec. United States Department of the In-
terior, Fish and Wildlife Service, Special Scientific
Report No. 47, 18 pp.

SMArAGDOvVA, N. P,

1936. Growth of Sebasies marinus L. in Barents Sea.
Bull. Soc. Nat. Moscow, Biological Station, vol. 15,
No. 5, pp. 331-337. [Translated by Paul 8.
Galtsoff.]

TraviN, V. L.

1951. A new species of sea perch in the Barents Sea
(Sebastes mentella Travin, sp. nov.). Communi-
cated by the academician E. N. Pavlovskii.
Akademiya Nauk, S.8.8.R., Doklady, vol. 77,
No. 4, pp. 741-744. [Translated by C. Richard
Robins.]

VESCHEzZEROV, V. V., -,

1944, Materials on the biology and fisheries of
marine perch in the Barents Sea. The Knipovich
Polar Scientific Institute of Sea-fisheries and
Oceanography, No. 8, pp. 236-270. [In Russian.]

U. 5. GOVERNMENT PRINTING OFFICE : 1959 O - 500398



Blank page retained for pagination



UNITED STATES DEPARTMENT OF THE INTERIOR, Fred A. Seaton, Secretary
FISH AND WILDLIFE SERVICE, Arnie J. Suomela, Commissioner '

THE GOLDEYE, AMPHIODON ALOSOIDES
(RAFINESQUE), IN THE COMMERCIAL
FISHERY OF THE RED LAKES
MINNESOTA

BY MARVIN D. GROSSLEIN AND LLOYD L. SMITH, JR.

FISHERY BULLETIN 157

From Fishery Bulletin of the Fish and Wildlife Service
VOLUME 60

PUBLISHED BY U.S. FISH AND WILDLIFE SERVICE ¢ WASHINGTON o 1959
PRINTED BY U.S. GOVERNMENT PRINTING OFFICE ¢ WASHINGTON

For sale by the Superintendent of Documents, U.S. Government Printing bmce, Washington 25, D.C.
Price 15 cents



Library of Congress catalog card for this bulletin:

Grosslein, Marvin D
The goldeye, Amphiodon alosoides (Rafinesque), in the
commercial fishery of the Red Lakes, Minnesota, by Marvin
D. Grosslein and Lloyd L. Smith, Jr. Washington, U. S.

Fish and Wildlife Service, 1959.
iv, 33-41 p. diagrs, tables. 26 cm. (U, S. Fish and Wildlife
Service. Fishery bulletin 157)
60::From Fishery bulletin of the Fish and Wildlife Service, volume
“Revision of Paper no. 8502, Scientific journal series, Minnesota
Agricultural Experiment Station.”
Bibliography: p. 41.

1, Gold-eye. 2. Fisheries—Minnesota—Red Lakes, 1, Smijth,
Lloyd Lyman, 1909- joint author, (Series: U. 8. Fish and
Wildlife Service. Fish- ery bulletin, v. 60, no. 157)
[SH11.A25 no. 157] Int 59-126
U. 8. Dept. of the Interior. Library
for Library of Congress

Library of Congress catalog card for the series, Fishery Bulletin of the Fish
and Wildlife Service:

U.S. Fish and Wildlife Service. -
Fishery bulletin. v. 1-- -
‘Washington, U. S. Govt. Prmt Oﬂ' 1881-19
v.in illus., maps (part fold.) 28-28 cm.

Some vols. issued in the congressional series as Senate or House
documents,

Bulletins composing v, 47— also numbered 1-

Title varies: v. 1-49, Bulletin,

Vols. 1-49 issued by Bureau of Fisheries (called Fish Commission,
v. 1-23)

1, Fisheries—U. 8. 2. Fish-culture—U. S, 1. Title.

SH11.A25 639.206173 9—35239*

Library of Congress = '~ (59r35b1,



CONTENTS

Page
Production and abundanee___ - ____ ... 33
Factors associated with deeline of goldeye__ .- _ . _._____________________. 34
‘Abundance of associated species_ . ___ ... cemmeeaas 34
Fishing effort___________ oo 35
Ageandgrowth._ _____ . ______________ U 36
Body-scale relation____________________________ e oo eemmmmmeeoo 36
Calculated growth__________________ [ e 36
Comparison with growth in other areas .. ... ________ .. ____._____ 37
Validity of age determination__..__________________________________________ 38
Relation between growth and temperature_______.____.__..___.____. memeemo- 38
Age and size at maturity__________________ L __. PR, 38
Length-weight relation________._______.__ e m—————a .39
Structure of the exploited goldeye population_____._._ . ._.____._______ wmmmeem--—, 39
Length distribution of the commereial eateh____.__.___________________ " ____ 39
Age composition of the commereial eateh_ _ ________________________________ . 40
Strength of year classes_________ LU USSP -- 40
Bex ratio ..o . e em-lo.. 40
Food habits_ . __________________________. L iiL eieee . 40
Conelusions_ ____ ______ s 41
Literature eited. . ____________ . _____ o eeeaeo- 41



ABSTRACT

The goldeye, Amphiodon alosoides (Rafinesque), formerly an important species in
the fishery of the Red Lakes, Minnesota, has been reduced in abundance during recent.
years. The decline has been significantly correlated with increased fishing effort but
not with abundance of predaceous species. Growth rates of the sexes are similar in
earlier years of life but the females grow faster in later years. Growth is positively
correlated with summer temperatures and shows marked differences in different years.
Fish attain maximum availability to commercial gill nets at a length of 13.0 to 13.4
inches and an age of 4 to 5 years. The commercial take is dependent on two or three
age groups and annual abundance is strongly influenced by the strength of individual
year classes. Management would be limited to control of fishing effort, but it cannot
be practiced in the fishery unless entrapment gear is used instead of gill nets.




THE GOLDEYE, AMPHIODON ALOSOIDES (RAFINESQUE),
"IN THE COMMERCIAL FISHERY OF THE RED LAKES, MINNESOTA

BY MARVIN D. GROSSLEIN AND LLOYD L. SMITH, JR.
’ UNIVERSITY OF MINNESOTA

The commercial fishery of the Red Lakes in
north-central Minnesota is & major industry of
the Red Lakes band of Chippewa Indians. This
fishery has been in continuous operation since
1917 and at present is carried on exclusively by
members of the tribe, who market their catch
through the Red Lakes Fishery Association, a
cooperative organization of the Indians. A discus-
sion of production and associated trends in the
commercial fishery of the Red Lakes has been
presented by Smith and Krefting (1954).

In recent years, commercial fishing in the Red
Lakes has been done exclusively by some 200
Indian fishermen who use 3%-inch-mesh (stretch
measure) gill nets operated from skiffs powered
by outboard motors. The Red Lakes are ex-
ploited primarily for the walleye, Stizostedion v.
vitreum (Mitchill), and the yellow perch, Perca
Slavescens (Mitchill), which contribute an average
of 63 percent and 20 percent of the total annual
catch. The remaining 17 percent includes the
goldeye, Amphiodon alosoides (Rafinesque), north-
ern pike, Fsox lucius L., whitefish, Coregonus
clupeaformis (Mitchill), and other species.

The University of Minnesota and the United
States Fish and Wildlife Service in cooperation
with the Bureau of Indian Affairs and the Red
Lakes Fishery Association initiated a fishery study
covering all commercial species in 1949 to provide
data on which to base management and to inves-
tigate population fluctuations and associated
factors.

The marked decline in the production of gold-
eyes from the Red Lakes in recent years has
resulted in an economic loss to the fishery. This
fact and the general scarcity of published infor-
mation on the species led to the present study,
which deals with some phases of goldeye life

NoTte.—This paper is a revision of Paper No. 3502, Scientific Journal
Series, Minnesota Agricultural Experiment Station, St. Paul 1, Minn,
Approved {or publication, May 5, 1958, Fishery Bulletin 157.

history and factors influencing abundance of the
species.

Samples totaling 2,821 goldeyes were taken from
the commercial catches in 1949-53. In 1950, 43
goldeyes were caught by experimental gill nets.
Scale samples were obtained from 1,612 fish and
lengths only from the remainder. Scale impres-
sions were made on cellulose-acetate slides by a
heat-impression method (Butler and Smith, 1953)
and were examined and measured on an Eberbach
scale projector at 28 X magnification. Catch
statistics were taken from records of the Red
Lakes Fishery Association.

Robert L. Butler, Richard L. Pycha, and John
Magnuson assisted in the collection of field data
and in preparation of the manuscript; Dr. E. F.
Cook and J. W. Barnes aided in the identification
of insects; cooperation of the staff of the Red
Lakes Fishery Association in the field made the
study possible.- Financial assistance was pro-
vided by the Great Lakes Fishery Investigations,
Bureau of Commercial Fisheries, U.S. Fish and
Wildlife Service.

PRODUCTION AND ABUNDANCE

Since 1930, when detailed records of statistics
of catch and fishing effort in the commercial
fishery of the Red Lakes, Minnesota, were started,
annual production of individual species and of all
species combined has fluctuated considerably.
During the period 1930-53, the average arnual
production of all species totaled approximately
1,079,000 pounds (table 1). In most years prior
to 1946, -the goldeye ranked third in total yield
and for the period 1930 to 1953 it contributed an
average of approximately 67,000 pounds, or 6.2
percent, to the annual average total production
of the fishery.

Goldeyes were reported to have been very
abundant in the early years of the commercial
fishery, but there was practically no market until

a3
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TaBLE 1.—Production of all species and of goldeyes in the
Red Lakes commercial fishery, 1930-63

[Production in thousands of pounds; data from Smith and Krefting, 1954)

Year All specles | Goldeye Year All specles | Gloldeye

47 26 1,312 117

1,062 3 1,470 57
084 2 1,451 108
783 (O] 1,478 48
867 1,534 52
721 102 1,363 15
757 247 1,081 18

1,018 97 662 49
062 98 758 10
948 124 1,117 4

1,186 148 1,054 4

1,219 136

1,285 111 1,079 67

1 Less than 500 pounds.

smoked goldeye was introduced in 1924. Between
1930 and 1953, the lowest yield of goldeyes was
in 1933, when only 362 pounds were taken.
Production increased abruptly in 1934 to more
than 22,000 pounds and exceeded 100,000 pounds
the following year. The maximum take fo the
period was 247,383 pounds in 1936.

The substantial rise in total production of -

all species of fish in the Red Lakes after 1940
resulted from a rise in fishing intensity caused
by wartime food demands. Fishing effort
increased 78 percent, from an annuel average of
5,965 lifts in 193040 to 10,639 lifts in 1941-53

TasLe 2.—Total summer lifts and average caich per lift
of walleye, yellow perch, and goldeye in the Red Lakes
commercial fishery, 1930-63

[Data from Smith and Krefting, 1064

Catceh per lift (in pounds)
Number of
Year lifts (5-net)
Walleye Yellow Goldeye
perch
6, 586 61.0 1.3 4.0
5, 794 90.0 13.4 .3
3, 860 110.9 , 33.4 .5
5,417 90.0 32.8 .1
6,672 66.1 23.2 3.0
7,087 40.8 21.0 13.0
7,842 33.8 14.5 31.4
5,172 96.3 43.5 18.6
4,910 117.0 41.4 19.8
5,657 95.5 33.8 21.8
8, 614 102.0 24.0 22.2
8,086 95.6 11.2 16.7
12, 934 72.2 12.7 8.6
14,816 52.4 13.0 ‘7.8
8,454 99.4 37.1 6.6
10,596 | . 72.9 28.2 10.1
11,092 72.8 26.9 4.3
12,393 69.9 25.4 4.2
10, 083 90.9 4.8 LS
9, 905 64.0 18.7 L8
12, 767 30.3 5.6 3.8
12, 449 4.7 9.0 .8
7,856 83.3 50.7 .8
6,883 78.1 85.9 .6
5,965 82.1 26.6 12.2
10, 639 71.3 25.3 5.2
8,497 73.0 25.9 8.4

(table 2). The greater effort produced a sub-
stantially larger catch of walleyes and yellow
perch, but not of goldeyes.

Fluctuations in total annual catch of all species
appear to be primarily dependent on abundance of
walleyes and perch and on market demand (Smith
and Krefting, 1954). These two factors determine
the amount of fishing and length of season, because
there is a walleye quota and market conditions
become unfavorable in late summer.

Since fishing effort has not been constant, esti-
mates of abundance of all species have been based
on the catch of a standard unit of gear, which con-
gists of 1,500 linear feet of commercial gill net
(5-net) set for 1 night. The average catch of
goldeyes per unit of effort for the entire period
1030-53 was 8.4 pounds and the highest and
lowest takes were 31.4 pounds and 0.1 pound
(table 2; fig. 1). These wide fluctuations in
availability correspond in general to changes in
production (table 1). Since 1940, the availability
of goldeye has declined steadily except for slight
rises in 1945 and 1950, which were only minor
interruptions in the downward trend.!

FACTORS ASSOCIATED WITH DECLINE
OF GOLDEYE

Abundance of Associated Species

The walleye is the most important potential
predator of the goldeye in the Red Lakes. The
coincidence of the substantial decline in avail-
ability of the goldeye with a decrease in average
availability of the walleye suggests, however, that
predation by the walleye is not the major con-
trolling influence on goldeye abundance (table 2).
Since the most significant predation on goldeye
would occur during the first year of life, the
effects of predation would probably vary with
abundance of the older walleye age groups. In
recent commercial goldeye catches, age-groups 111
through VI were predominant.? Linear correla-
tion analyses between walleye abundance and
goldeye abundance, with successive offset inter-
vals from 3 to 6 years, were applied to the data,
but no significant relationships were apparent.

1 Subsequent to completion of the present study, Sroung-or-the-year goldeye
were collected for the first time in shore-seine hauls during 1955 and 1956. In
the 1058 commercial season total production increased suddenly to 60,070
pounds and the catch per 5-net lift {nereased to 4.7. The later data suggest
a possible reversal of trend such as occurred in 1935.

2 Age groups are given in terms of number of annuli on the scales; fish

hatched in 1950 and taken in 1953 belong to age-group III throughout the
calendar year.



GOLDEYE IN RED LAKES, MINNESOTA 35

280 —

240 —

200

160

120 —

PERGENTAGE

80

40

GOLDEYE ABUNDANCE e
FISHING EFFORT === —

A

/ —

| 1

32 34 36 38 40

42 44 46 48 50 52

CALENDAR YEAR

Freure 1.—The abundance of goldeye and the total fishing effort expressed as percentages of the 1931-40 average.

It therefore appears that the abundance of wall-
eyes does not affect the abundance of goldeye
directly. Similar appraisal of the possible influ-
ence of yellow perch on goldeye abundance failed
to show a relationship. Since abundance indices

of perch and walleyes fluctuate together and the

estimates for the various years are based on fish
of the same age groups in both species (Smith and
Krefting, 1954), their combined influence on
goldeye appears to be unimportant. Fluctua-
tions in abundance of northern pike and other
minor species did not appear to be related to
changes in abundance of the goldeye.

Fishing Effort

During the 1930’s when total fishing effort was
at a low level, the wide fluctuations in goldeye
-abundance gave no evidence of correlation with
changes in fishing effort. After 1940; however, the
abundance declined steadily coincidentwith a sub-
stantial increase in fishing effort (table 2, fig. 1).
Correlation of fishing effort with goldeye abun-
dance 2 years later resulted in a significant nega-

tive coefficient (r=—0.77,p<.001).® According to
Van Oosten and Deason,* the principal age groups
in the 1937 commercial goldeye catches were the
IV, V, and VI groups. In recent years, the pre-
dominant age groups have been III, IV, and V.
This decrease in average age of the catch may be
associated with an increase in fishing effort, but
also may simply reflect the limited sampling and
the chargcteristics of year-class strength at the
time of the earlier study. .

Where goldeyes have been subjected to commer-
cial exploitation in Canadian waters, the popula-

‘tions have declined (Sprules 1947). Lake-of-the-

Woods once supported a large goldeye population,
which in recent years has nearly disappeared (Car-
lander 1949). The decline was accompanied by
increased fishing effort although the goldeye was
not particularly sought by commercial fishermen.

3 Since annual commercial catches of goldeye have been composed chiefly
of a few age groups, it would be expected that any change in abundance due
to change in fishing effort would appear in about 2 years.

¢ Van Oosten, John, and Hilary Deason (M8.). A preliminary survey of
the commercial fisheries resources of the Red Lakes, Beltrami and Clearwater
Counties, Minnesota. The materials of this manuscript, much abbreviated.
were the basis of a2 paper by Van Oosten and Deasoit (1957).
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Although increased effort seems to be associated
definitely with decline of the goldeye in the Red
Lakes, as it has been in other waters, the mecha-
nism of its influence is not clearly defined.

AGE AND GROWTH

Body-Scale Relation

Three to five scales, removed randomly from the
region where the tip of the pectoral fin when ro-
tated intersects the lateral line, were taken from
285 fish that ranged in length from 2.8 to 20.1
inches. The measurements of the projected images
(28 X) of all scales from each fish were averaged
to obtain the estimate of scale length. Simple func-
tions did not adequately represent the empirical
data for the smaller fish, possibly because the num-
ber of measurements for fish 4.5 to 10 inches long
was small; therefore, a line which appeared to fit
all the data best was drawn by eye. Back-calcu-
lations of length were made from a nomograph
constructed to incorporate the body-scale relation
defined by this line (fig. 2).
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FicureE 2.—The body-length/scale-length relation of Red
Lakes goldeye, as plotted by eye from empirical points.
(Scale measurements magnified 28 times.)

Calculated Growth

The growth rate of the Red Lakes goldeye is
most rapid during the first 3 years of life, is reduced
markedly in the fourth year, and declines steadily
thereafter (fig. 3). Samples from the 1953 catch
indicate that the rate of growth in both sexes
decreased markedly in the fourth year, and that
at the end of the fourth year and thereafter, the
females exceeded the males in length (table 3).

TOTAL LENGTH (INGHES)

YEAR OF LIFE

FiGure 3.—Grand-average calculated length at the end’
of each year of life of goldeye from Red Lakes, sexes
combined.

Slower growth of male goldeyes in the third and
later years of life has been shown for Lake Texoma
goldeyes (Martin 1952).

Comparison >f the average calculated total
lengths at the end of the first 3 years of life in
the various year classes reveals only small differ-
ences, except in the 1941 and 1949 broods (table
4). Differences are greater after the fourth year
of life, especially in the year-classes 1946 to 1949,
which are considerably shorter at corresponding
ages than are the later year classes. This differ-
ence apparently is caused by the cumulative effect
of very poor growth in 1950 and 1951. The grand-
average calculated total lengths of the fish cap-
tured in 1953 are shorter than the combined

_calculated lengths of the catches for all years

except in the first year of life, because the 1953
catch was composed primarily of the year-classes
1946 to 1949. Goldeyes taken in 1937 and 1938
(Eddy and Carlander, 1942; Van Oosten and
Deason; see footnote 4, p. 35) grew more slowly
than those collected in the present study (table 5).

The marked differences in growth rate among
year classes during the period of their greatest
availability to the commercial gear would be ex-
pected to make considerable difference in the total
contribution of the various year classes to the
annual production. These changes would be
especially apparent during periods of high popula-
tion levels, but in recent years the harvest and
abundance have been at such low levels that these

- changes were not important to the fishery.
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TaBLE 3.—Average total length of 288 goldeyes of the 1953 collection ot time of caplure and at time of annulus formation, by sex

{Length in inches]
Total Calculated length at end of year of life—
Age and sex Number of | length at -
, fish capture
1 2 .3 - 4 5 6 7
32 12.5 4.82 7.63 10. 56 12.25 [ (SR
53 13.3 4,63 7.36 10. 20 12.38
13.8 4.26 8.40 11,42 12.65 13.40 |- oo femmeeeeel
42 14.7 417 8.19 11. 60 13.03 1410 R
al 46 13.9 4,16 8.20 11.21 12.34 13.12 13.80 |-
Female. - 15.0 4.17 8.20 11.82 12. 62 13. 14.59 |
VII group: Male.. 2 14.6 4.17 8.40 11.03 12.26 13.12 13.90 14,30
QGrand-average calculated length: )
Male.__ V) SRS, [ 4. 41 8.08 11.06 12. 41 13.26 13.60 14,30
_______ - 4.32 7.92 11.04 12.67 13.90 14.59 .
Increment of average:
@ o o eeemecaeeccccmcmmmeemceamccmaefeammaammmmen e e ———— 4.41 3.67 2.98 1.35 0.85 0.34 0.70
Female. . - ) PO 4.32 3.60 3.12 -1.63 1.23 0.60 |-

TABLE 4.—Average calculated total lengths of 1,165 Red Lakes goldeyes sampled from the commercial catches, 1949-63
[Sexes combined; length in inches]

Average calculated length at end of year of life—
Year Date Age Number
class collected group of fish
1 2 3 4 5 6 7 8 9
9 3.7 8.2 10.8 12.4 13.5 14.4 15.4
22 4.0 8.3 11. 4 12.8 14.2 15.1 15.8
48 3.9 8.4 11.4 13.1 143 15.3 16.1
24 3.9 8.5 11.6 13.3 14.5 15.4 16.1
62 4.0 8.2 11.3 13.2 14.4 15.4 16.1
258 4.1 8.0 11.1 12.8 13.5 14.2 143 |-
430 4.2 8.4 11. 4 12.7 13.4 14.0 oo
190 4.2 8.5 1.7 12.8 13.7
122 4.9 7.6 10.6 12.3 PRSIV, -
- 4.1 8.3 11.3 12.9 14.1 15.0 15.8 16.6 17.2

T aBLE 5.—Grand-average calculated total length&, sexes combined, of goldeyes collected from the Red Lakes fishery in 1937-38
and 1949-5683, and from Lake Texoma in 1949

[Length in inches]
- Average calculated total length 1 at end of year of life—
Source Date Number
collected of fish
1 2 3 4 5 6 7 8
Eddy and Carlander (1942)_____ . e immeeeeem 625 2.8 6.4 9.4 11.0 12.5 13.8 |- fommaeaa
Van Oosten and Deason (MB.) 2_. 10 3.1 7.9 11.0 12.4 13.5 14.4 0 e
Martin (1952)_______ ... 817 7.5 8.8 11.2 12.6 13.2 14.2 - -
Present study.__.___._..... 1,166 4.1 8.3 11.3 12.9 14.1 15.0 15.8 18.6

1 Standard lengths of the various authors were converted to total lengths throuih use of length conversion factor based on 361 Red Lakes goldeyes from
pres;sgt sti_udgn. t’I‘l;e ratio :;)5t standard length to total length was 0.815; the ratio of fork length to total length was 0.907.
ee footnote 4, page 35.

Comparison with Growth in Other Areas : of measurement was omitted, but comparison of

Rawson (1947) reported that most goldeyes take
in Lake Athabaska were 6 to 11 years old and
12 to 16.5 inches long. Although the type of
length measurement is not specified, it appears
that these fish grow more slowly than those in
Red Lakes. Bajkov (1930) presented growth data
for goldeyes from several lakes in Manitoba.
These data are not directly comparable with those
from Red Lakes because information on the type

annual increments represented ‘as percentage in-
crease suggests slower growth, especially in the
earlier years of life.

Lake Texoma goldeyes (Martin 1952) appar-
ently grew much more rapidly in their first year
than did fish from the Red Lakes; in later years of
life, however, the average annual increments
of growth and total lengths, with one exception,
were greater in Red Lakes fish (table 5). The
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TaBLE 6.—Annual fluctuations in érowth of Red Lakes goldeyes determined from sample years 1949 to 1963

[Expressed as percentage deviation from the mean annual inerement of the entire sample from each year’s collection in different calendar years]

Year collected

Percentage deviation in calendar year—

1942 16843 1944 1945 1946

10847 148 1949 1950 " 1051 1952

L d e
YT 'S

apparent unusually large first year’s growth of
Lake Texoma goldeyes may result from use of the
4.5-inch intercept of the body-scale regression line.

Validity of Age Determination

False annular marks on- the scales of all age
groups and obscure patterns in the outer zones of
those from older fish hampered accurate assess-
ment of age. The best criterion of annuli was the
cutting-over of circuli in the lateral and postero-
lateral fields. Validity of age determinations for
Red Lakes goldeyes was supported in three ways.
First, the number of annuli increased systemati-
cally with increase in fish length in collections of
separate vears. Second, agreement was good
among calculated lengths at the same age in
various year classes (table 4) and was still better
among calculated lengths of the different age
groups of the same year classes. Third, different
year classes collected in the same or different
calendar years agreed with respect to the relative
goodness or poorness of growth in certain calendar
years. Percentage deviations of growth of Red
Lakes goldeyes from the average annual increment
of the period were determined separately for the
samples of each year of collection, 1949 to 1953
(table 6). Although the base period is different
for each year of collection, similarity among the
trends gives considerable support to the validity of
age determinations.

Relation Between Growth and Temperature

Water temperature may influence growth of
fish directly by ‘its effects on metabolism and
behavior, indirectly through food production, or
by a combination of these effects. Since tem-
peratures in Red Lakes vary considerably in
different seasons, changes in growth of goldeye
could be related to this factor.

The relation between annual fluctuations in
growth rate of Red Lakes goldeyes and mean air
temperatures during the growing season, there-

fore, was evaluated by comparing the percentage
annual deviations of each from the mean value
for the period 1947-53 (table 7). This particular
period was used because it did not include sam-
ples of less than 20 fish. Because the tempera-
ture of the shallow waters of the lake have been
observed to be correlated very closely with air
temperature, the mean air temperatures for June,
July, and August (the major part of the growing
season) were used. During the limited span of
years available there was a positive correlation
between fluctuations of summer temperature and
rate of growth (r=0.90, p=0.02).

TaBLE 7.—Percentage deviations of mean air lemperature
(June, July, and August) and of mean annual growth of
Red Lakes goldeyes from the average for 1947-52

Percentage deviations in calendar year—
Item
1947 1948 1949 1950 1951 1952
Growth of goldeves...... 8.1 12,9 10.8 | —11.7 | —15.4 —-2.8
Mean air temperature.__ 3.1 L0 31| -3.8| -39 0.4

Age and Size at Maturity

Few data are available on the size and age at
which goldeyes reach maturity. Dymond * stated
that in some Manitoba lakes females spawn first
when 4 years old, at a length of 12 inches and a
weéight of 12 ounces, but many do not mature
until a year later. A few males mature at 3 years.

"Among the 10 goldeyes from the Red Lakes

which were examined by Van Oosten and Deason
(see footnote 4, p. 35) in 1938,-3 were mature
males belonging to age-groups III, IV, and VL.
The remaining 7 fish were females of which 4
were immature (age-groups II, III, and V) and
3 were mature (age-groups IV, V, and VI). In
the present study, 34 male and female goldeyes,
all of age-groups IV and V, examined in late
July and early August were mature. From

s Dymond, J. R. The goldeye, its life history and conservation. 8 pp.
(typewritten).
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observations on Lakes Winnipeg and Winni-
pegosis, Hinks (1943) reported that only about
half of the female goldeyes, 12 inches or longer,
spawned in any one year.

Length-Weight Relation

A description of the length-weight relation in
goldeyes of the Red Lakes was based on 156
specimens. No significant differences between
the sexes were noted. The relation is expressed
by the formula—

log W=—2.094+2.844 log L,
where
W=weight in ounces,
and
L=total length in inches.

STRUCTURE OF THE EXPLOITED
GOLDEYE POPULATION

Since nearly all samples used in the present
study were taken from commercial catches, they
represented the portion of the goldeye population

39

that was available to the commercial gear. In
1953, the origin of samples (whether from Upper
Red Lake or Lower Red Lake) was recorded.
Because age and length-frequency distribution of
samples from both lakes were similar, it was as-
sumed that samples from mixed catches were suit-
able for the analysis of population structure.
Length distributions and age frequencies were
similar from month to month in all years.

Length Distribution of the Commercial Catch

The length-frequency distribution of the com-
mercial goldeye catch was based on 2,787 ran-
domly selected fish taken in 1949-53 (fig. 4).
With one exception, the distribution showed an
increase in the average length of the predominant
size groups in successive years (table 8). This
increase in average length reflects dominance of
a few year classes in the catches.

The 3%-inch-mesh commercial gill nets took
fish over a wide range of lengths (10.0 to 19.4
inches), but the major part of the total catch was
composed of fish in the lower half of the range

PERCENTAGE OF TOTAL GATGCH

3 E 3 3 : : : : 3 5
: : : : 3 3 : : : g
TOTAL LENGTH IN INGHES

. Fioure 4.—Length-frequency distribution of the commercial eatch of Red Lakes goldeyes, all samples combined.
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TaBLE 8.—Length-frequency distributions of goldeyes laken
from Red Lakes commercial calches, 1949-63

[Modes indicated by asterisk®]

Frequency of occurrence of fish
Total length (inches) collected in— Total

1049 1950 1951 1952 1953

10.0-104. ... 2 ) U8 IR T

(fig. 4). The Red Lakes goldeyes first become
completely available to the commercial gill nets
within the size interval 13.0 to 13.4 inches total
length. Although it has not been definitely
determined, there is some indication that the
larger fish may not be completely available to
the gear.

Age Composition of the Commercial Catch

* The age composition of the commercial goldeye
catches was described from 1,578 fish. Age fre-
quencies, determined from scales, were tabulated
in 0.5-inch intervals to permit extension of the data
to samples for which only length measurements
were available. Approximately 83 percent of the
commercial catch during the period 1949-53
consisted of III-, IV-, and V-group fish; age-group
IV contributed 38.4 percent and age-groups IIT
and V comprised approximately 20.7 percent and
23.8 percent of the total (table 9). The remainder

TapLe 9.—Age disiribution of 1,678 goldeyes from com-
mercial catches in the Red Lakes, 1949—63

Percentage | in age-grow
Year collected o8 BEe-group—

I [II(IV]| V (VI] VII | VIII | IX | X | XI

66.4/10.0( 3.3) 5.8 5.8 3.7._ 0. 5|
.|26.7147.8) 3.5 5.1] 11.4] 2.3____[ 0.9
-] 0.977.116. 1] 3.7) 0.5 0.3] 0.2] 0.2].___
-| 9.628.6162.4( 6.7} 1.4 0.3/ 0.5(.___|01
---.]----|28.5(43.9/26.0| 0.5 0.7[..._|._._.|..--
Combined samples. .| 0.2]20.7|38. 4]23. 8 9. 5 1.4) 0.1) 0.3)....

1 Differencés between summation and 100 eent re| t fish wh
could not be aged. per prosen which

>

of the catch was made up principally of VI-,VII-,
and VIII-group fish.

The commercial catch in 1937 (Van Oosten and
Deason; see footnote 4, p. 35) was dominated by
age-groups IV, V,and VI, which comprised approxi-
mately 25 percent, 39 percent, and 20 percent of
the total catch. Age-group III made up about 9

percent and the VII and VIII age groups con-

tributed 5.9 percent and 0.5 percent of the total.
Strength of Year Classes

The catches from 1949 to 1952 were largely
dependent on one or two age groups of the 1946,
1947, and 1948 year classes. The take in 1953
was derived chiefly from the combined catch of
the 1947, 1948, and 1949 year classes. In con-
trast, during 1949 when abundance was three
times as large as that of 1953, the catch was largely
based on the 1946 year class (tables 2 and 9). The
presence of unusually strong or weak year classes
can affect markedly the catch in any season, since
the annual harvest is dependent on the abundance
of very few age groups. Although the size of year
classes in recent years has been small in compari-
son with the hatches responsible for the greater
abundance in earlier years, the number of age
groups comprising the annual harvest apparently
has changed little.

Sex Ratio

Males consistently outnumbered females in daily
samples from the goldeye catch of 1953 : in a total of
389 goldeyes, 56 percent (220) were males and 44
percent (169) females. The ratio of males was
even higher (70 percent) in the age-groups V and
VI which were completely available to the gear.
Females outnumbered males in age-group IV as
might be expected, since IV-group males in 1953
werebelow thesize of complete availability (table 3)

FOOD HABITS

Food of the goldeye, as reported by a number
of previous investigators, consists chiefly of a
wide variety of insects. Examination of 34
stomachs in the present study indicated that
the principal food organisms were aquatic insects
(arval and adult). The common occurrence of
terrestrial insects suggests that goldeyes are
frequently surface feeders in shallow water.
Bajkov (1930) concluded that goldeyes foraged
chiefly at night since large quantities of deep-
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water organisms, which rise to the surface at night,
were found in their stomachs. In marshes around
the Saskatchewan River, movements of young
fish were found to be greatest near sundown and
sunrise and activity was generally greater at night
than during the day (Sprules 1947). In the present
study, the common occurrence of noctuid moths
and fireflies in stomachs suggests that goldeyes in
the Red Lakes are often nocturnal feeders.

CONCLUSIONS

The appraisal of fluctuations in abundance of
the various fish populations in Red Lakes yields
no evidence that the recent decline of goldeyes is
attributable to an increase in the number of
walleyes and yellow perch, which are the predomi-
nant species. The lower abundance of goldeyes
in recent years has been accompanied by increased
fishing effort, as has been observed elsewhere, but
the actual influence of this factor is not clearly
defiried. The abundance of the goldeye popula-
tion is now extremely low, but it may recover as
it did in the 1930’s. The recent capture of first-
year fish in shore seining lends some support to
this view. Available information suggests that
the only change in management practice which
might aid in the recovery of the population would
be a reduction in fishing effort. Under present

conditions, gill nets are fished primarily for the

walleyes and secondarily.for the perch; catch of
other species is incidental. Special management
of the goldeye, therefore, would not be practical
unless entrapment gear of some type were em-
ployed.

Demonstration of the validity of age determina-

tion and appraisal of growth difference in various -

year classes have shown that prediction of available
commercial stock would be possible if adequate
sampling of the population prior to its entrance
into the fishery could be obtained. As has been
shown for various other species, the strength of
individual year classes in large measure determines

U. S. GOVERNMENT PRINTING OFFICE: 1959 O -505113

the size of the stock available for harvest in any
particular year.
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ABSTRACT

A study is presented of 3,546 stomachs of the squawfish, Ptychocheilus oregonensis
(Richardson), collected from April 1955 to April 1956 in the lower Columbia River.
The basic food table of the squawifish, based on a modified point system with emphasis
on salmon predation is presented. Sixty-three percent of the stomachs examined were
empty. Size of squawfish, season of the year, and geographical distribution within
the river affect the occurrence and importance of the food items.

Major food items were fishes, crayfish, and insects, and, in much lesser amounts,
plant materials, mollusks, and miscellaneous items. Squawfish from 8 to 8 inches
long subsisted on a diet of insects; above that length fishes and crayfishes attained
importance. At 11 inches, fishes and crayfishes were dominant and insects were
only 5 percent of the stomach content.

All occurrences of juvenile salmon in squawiish stomachs were related to releases
of young salmon from hatcheries. The role of the squawfish as a predator on salmon
was limited to time and place where juvenile salmon concentrations were high follow-
ing release.

v




FOOD OF THE SQUAWFISH, Ptychocheilus oregonensis (Richardson)
of the Columbia River
By RICHARD B. THOMPSON, Fishery Research Biologist, BUREAU OF COMMERCIAL FISHERIES

An average of 56 million young salmon has
been released annually into the Lower Columbia
River* during the past 5 years from Federal and
State fish-cultural stations and hatcheries. These
young salmon varied from unfed fry of about
114 inches long to fingerlings of 514 inches. At
the time of their release into the river, the young
and relatively defenseless salmon are in dense con-
centration and therefore easy prey for predatory
fishes. Before the dispersal of the salmon into
the turbid water of the main Columbia River,
they are particularly vulnerable to predators.

Numerous observations of predatory fish ac-
tions on the small salmon immediately after their
release have been made by hatchery personnel.
Some control measures on the predator popula-
tionshave been attempted with gill nets and dyna-
mite. The most abundant predator collected was
the Columbia River squawfish, Ptychocheilus
oregonensis (Richardson).?

As a result of the indications of predation
cited, a program of study was iitiated by the
Columbia River Fishery Development Program
which had as one of its activities an investigation
of the role of the squawfish as a predator on young
salmon in the Lower Columbia River.

The first phase of the study was to examine the
distribution of the species in the Lower Columbia
River and its tributaries, particularly with respect
to the location of present and planned salmon
hatcheries and fish-cultural stations. Included in
this phase was the examination and analysis of
the basic foods of the squawfish. The present
food study is based on the examination of the

1Progress Report, Fiscal Year 1956. Fishery Development
Program of the Columbia River. U.S. Fish and Wildlife Service,
Portland, Oreg. 66 pp.

2 Observations on hatchery. releases and squawfish predation in
little White Salmon River in the spring of 1953, by Paul D.
Zimmer. Issued by U.8. Fish and Wildlife Service Regional
Office, Portland, Oreg. August 1953 (mimeographed).

NoTE.—Approved for publication Apr. 23, 1958. Fishery
Bulletin 158.

stomachs of squawfish taken in the distributional-
study collections. The fish were collected from
the mouth of the Columbia River at Astoria
(Oreg.) to McNary Dam, 180 miles east of Port-
land (Oreg.) and some 240 river-miles from the
mouth. These sampling operations were con-
ducted from April 1955 to April 1956, inclusive.

The second phase of the planned operation was
to conduct a more detailed study of the life his-
tory of the squawfish in a smaller area. This was
done by employees of the Columbia River Fishery
Development Program and will be reported on at
a later date.

The purpose of the present food analysis is
to determine the basic foods of the species
within the study area. In addition, if losses of
salmon to squawfish were found to occur in ap-
preciable numbers, it was desired to determine
where and at what times these losses were the
highest. The collection of squawfish stomachs
was not designed for a detailed study of diet, but
to determine the basic foods of the species. A
time-consuming attempt at detailed accuracy in
the stomach analysis was not advisable, hence the
more rapid, but admittedly less accurate point
system of stomach-content evaluation was selected
for use. . '

REVIEW OF LITERATURE

Little information is available on the life his-
tory and food habits of the squawfish in the
Columbia River. Very few food studies have been
made on the species. Most of the recorded infor-
mation has been obtained from collections made
in British Columbia, Canada.

Clemens and Munro (1934), in a food study of
the squawfish from central British Columbia, ex-
amined stomachs from 119 squawfish that ranged
in size from 114 inches to 12 inches, They deter-
mined that the smaller squawfish up to 4 inches
in length fed entirely on aquatic insects and other

43
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_Grays River
Big Creek
Elokomin Creek
Cathlamet
Abernathy Creek
Germany Creek
Clatskanie River
Coweman River
Kalama River
St. Helens
Lewis River
Portland
‘Washougal River
Sandy River
Corbett
Vista Slough

17 Oneonta Creek
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18 Beacon Rock

19 Eagle Creek

200 Herman Creek

21 Upper Wind River
22 Wind River (mouth)
23 Dog Creek

24 Drano Lake

25 “Drinking Fountain”
26 Spring Creek -
27 Big White Salmon River
28 Broughton Drift Area

29 Hood River—Wells Island
80 Klickitat River
31 Lyle Drift Area
32 John Day River
33 Umatilla River

F16UuBE 1.—Columbia River and tributaries showing location of gill-net sampling stations and subarea boundaries.

invertebrates. A few individuals as small as 414
inches fed on fishes, but squawfish of all sizes
contained insects at certain times of the year. Of
the 119 squawfish, 67 had eaten fish and 27 of
these had eaten young salmonoids (salmon, trout,
and kokanee).

Chapman and Quistorff (1938) examined 95
squawfish stomachs collected in the north-central
Columbia River in the State of Washington. All
but 37 of these were empty; 9 contained fish re-
mains, none of which were identifiable as salmon-
oids. The remainder of the food items were prin-
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cipally aquatic insect life. The diet of the squaw-
fish was not unlike that of the rainbow trout taken
in the same area.

Ricker (1941), as a result of long-term studies
on Cultus Lake, tributary to the Fraser River in
British Columbia, determined that the squawfish,
because of its abundance and predatory habits
in that lake, exacted the greatest toll of all preda-
tors on the sockeye salmon (Oncorhynchus nerka)
fry and fingerlings residing in the lake prior to
their departure for the sea. During the winter
the young salmon formed the main food of squaw-
fish larger than 414 inches. During the summer
the squawfish fed on other fishes (small cyprinids
and sculpins) presumably because of the absence
of young salmon in the waters frequented by the
squawfish. The number of salmon consumed per
squawfish was low, commonly 0.2 to 0.4 per stom-
ach, but the abundance of squawfish made them
the foremost predator in the lake. A systematic
removal program was initiated principally against
the squawfish and charr (Salvelinus malma) and
by 1938 it succeeded in reducing the number of
squawfish to one-tenth of their 1935 level. As a
result of the removal of predators, the authors
reported sockeye survival to the migrant stage
increased threefold (Foerster and Ricker, 1941).

The squawfish have been considered a signifi-
cant agent affecting the abundance of sockeye sal-
mon of Lakelse lake, British Columbia (Brett and
McConnel, 1950). Six hundred and twenty-three

squawfish were collected with gill nets and the

stomachs examined. Sockeye salmon contributed
31 percent, by volume, to the squawfish stomach
contents during the summmer months. The calcu-
lated losses of salmon within the lake, from fry to

migrant size, were accounted for by an estimated

consumption of 140 salmon per predator per year,
a figure which was accepted as reasonable.

Studies on the closely related Sacramento River
squawfish (Ptychocheilus grandis) by Taft and
Murphy (1950) suggested that the squawfish prey
on young trout and compete with trout of all
sizes for food.

MATERIALS AND METHODS

Squawfish stomachs examined in this study were
obtained by field crews of the Columbia River
Fishery Development Program during the period
April 1955 to April 1956. The fish were taken

preponderantly by gill nets set at 36 sampling sta-
tions established along the Columbia River from
Astoria, at the mouth, to the vicinity of McNary
Dam, and in the lower reaches of selected tribu-
tary streams.

Observations recorded by the U.S. Corps of
Engineers at Bonneville Dam indicate that during
the period of squawfish sampling river conditions,
compared with the conditions of other years, were
normal. (Corps of Engineers, 1955.)

Mesh sizes of the gill nets ranged from 114
inches to 4 inches, stretched measure. The nets
differed slightly in type and usage; most were set
nets, which were anchored in place with the lead
line on the bottom of the river. Fishing in certain
areas was conducted with nets that drifted with
the current; minor squawfish catches were made
with these drift-type nets.

The set. nets were set during the day, left to fish
overnight, and examined the following day.
Sampling in this manner was conducted through-
out the study period, with minor exceptions for
the repair of nets and gear. The sampling crews
moved from one set of adjacent stations to the next
upstream sites; continuing until the upper sam-
pling stations were completed, then starting again
at the downstream stations. A complete survey
of all stations was completed approximately each
month. .

The stomachs of 3,546 squawfish were collected
and examined in this study.

Figure 2 shows the length-frequency distribu-
tion of the 3,546 squawfish examined in the food
study. The immature and unknown category in-
cludes the small fish that could not be sexed by
visual inspection and also mature fish, the sex of
which was unreported. The consideration of the
percentage occurrence and percentage composition
of foods by each length class reduces the bias of
the results caused by variations in sample length
composition. The sampling covered a wide
enough range of seasons, water conditions, habi-
tats, and fish sizes to provide reliable data on
the basic food and feeding activity of the squaw-
fish in the Lower Columbia River during the time
of sampling.

A solution of 70 percent alcohol was injected
into the stomach of each fish as soon as it was
removed from the net. The amount of alcohol
inserted depended on the size of the fish, but was
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Immature and unknown, 1,043; males, 1,307; females, 1,196; total, 3,546.
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FicUure 2.—Length-frequency distribution of squawfish in food analysis. by sexes and total.
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seldom more than 10 milliliters. The preservative
was necessary to stop digestive action on the
stomach contents, for digestion was found to pro-
ceed at a rapid rate after the fish had been re-
moved from the water, especially in warm
weather. A few untreated stomachs collected
early in the study were discarded because the
contents had been digested.

The fish were measured on a measuring board
to the nearest one-tenth of an inch and weighed
to the nearest one-hundredth of a pound. Follow-
ing this, they were sexed and the degree of ma-
turity noted and recorded. The stomachs were
then removed and preserved for later examination.

The procedure followed in examining the stom-
achs was as follows: first, the stomach food volume
was estimated and points allotted; second, the
contents of the stomach were placed in a petri
dish for identification and evaluation of the in-
dividual food items. Each food item was identi-
fied as specifically as possible, although no
extensive taxonomic classification was attempted
on insects, plant materials, and miscellaneous
items.

EVALUATING FOOD ITEMS

The three generally accepted methods of assess-
ing the stomach contents of fishes are by number,

by occurrence, and by some measure of the com-
parative or actual volumes of the food items. The
use of only one of these three methods provides
only partial information of feeding habits. Some
combination of the three must be used to deter-
mine accurately the food and feeding habits of
the species.

The numerical system is the most simple. It
is a direct count of the various food items found
in the stomachs. This, however, tends to place
undue emphasis on small items and perhaps those
foods that are most resistant to digestion. The
small items with numerical dominance may make
up only a small portion of the bulk of the foods.
The time involved in making the counts and the
errors involved in attempting enumeration of
broken and partially digested itéems made the use
of such a system inadvisable for the purposes of
this study. '

The frequency of occurrence of a food item is
the number or percentage of fish in the sample
which contained a given food item. The statistic
may be a measure of the feeding selectivity and
food availability to the feeding fishes. These two
factors are considered together in this report.

The volumetric system is based on the bulk of
food items found in the stomachs. Conditions
affecting the size of items after ingestion, such
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as the rate of digestion and elapsed time, may dis-
tort the results, placing emphasis on the recently
eaten and more durable items. However, a large
series of samples over a period of time should
show with reasonable accuracy the average volume
of food items eaten. The volumetric determina-
tion of the diet of a species of fish does not in-
dicate the nourishment received from the various
food items. Until dietetic values of the items are
determined for each consuming species, volume
seems to ofter the best criterion.

Numerous variations of the basic volumetric
analysis have heen developed for food investiga-
tions with different specific purposes. The point
method was first used by Swynnerton and Worth-
ington (1940), who listed the individual food
items in each fish stomach as “common,” “fre-
quent.” They used rough counts and judgment
of volume by eye to determine each item’s impor-
tance in the stomach. Each food category was
allotted a number of points based on its impor-
tance in the stomach and these points were sum-
med and reduced to percentages. This gave the
percentage composition of the various foods in all
the fish examined. The technique was basically
volumetric, the rough counts of organisms being
adjusted as to their size to make one large organ-
ism count as much as a great number of small
items.

Hynes (1950), in a study of the food of stickle-
backs of the British Isles, developed a method of
food assessment based on volumetric estimation.
Hynes considered a full stomach to be valued -at
20 points, but allotted values of only 1, 2, 4, 8,

and 16 points. No intermediate values were used,

since he felt that the technique was only approxi-
mate and no additional flexibility was necessary.
The author recognized the difficulty that when a
full stomach containing only one kind of food
was found it received only 16 points, rather than
the 20 points a full stomach should have received.
However, few of the large number of stickle-
backs examined in his study contained only one
food itéem and he found that the results of the
technique corresponded closely with results ob-
tained by other methods of assessment. Hynes
recommended that “. . . in future work it would
be better to allot the points to the stomach in the
first instance, and then to subdivide the number
allotted to the various food items present.”
507202 0—59——2

Hynes lists the favorable factors of this type
of evaluation: . . . it is rapid and comparatively
easy, it requires no special apparatus for measure-
ment, it is not influenced by frequent occurrences
of small organisms in small numbers, nor of
heavy bodies, and does not involve trying to count
large numbers of small and broken organisms.”
He further stated that it does not give the spuri-
ous impression of detailed accuracy which is
given by some other methods.

The author cited as the technique’s major short-
comings the subjectiveness of the investigator and
the influence of prejudice in the allotment of
points. However, he continued, . . . where large
numbers are analyzed over a period of months
this difficulty is to some extent overcome.” In
examining a large series of stomachs, the investi-
gator becomes experienced in estimating their
fullness. However, the identification of the food
items does not become any. less important and
the investigator must continue the careful identi-
fication of remains of organisms as specifically
as possible. These criticisms apply equally well
to other methods of food assessment.

The present assessment of the stomach contents
of the squawfish of the Lower Columbia River is
based on Hynes’ technique, with slight modifica-
tion.

Immediately after being opened, each squaw-
fish stomach was evaluated according to its de-
gree of fullness and allotted a certain number of
“stomach points.” A full stomach was valued at
20 points. No food values of less than one point
were given; an empty stomach received zero
points. No consideration of the comparative sizes
of the stomachs was made, it being assumed that
a full stomach was just as important to a small
fish as was a full stomach to a large fish. How-
ever, since stomach size could have an effect on
the extent of predation, the numbers of salmon
and all other fishes found in the stomachs were
counted. . Thus the distorting influence of pre-
dator-size on predator-capability was to some ex-
tent overcome. These counts of the salmon re-
mains supplemented the use of the points system
in establishing the predatory role of the squaw-
fish.

After the points were allotted to each stomach
for its degree of fullness, the points were distrib-
uted among the individual food items present.
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Each food category present was allocated points
according to its relative volume in the whole of
the stomach contents. In this manner, volume be-
came the foremost consideration in evaluating the
contents of the stomachs. The allotment of the
stomach points prior to the evaluation and identi-
fication of the food items prevented the possi-
bility that large, relatively undigested items, such
as fish and erayfish, might lead the investigator to
overestimate their volumetric importance. No at-
tempt was made to evaluate partially digested re-
mains on the basis of their volume when first
eaten. Items were scored only by their volume
when the stomach was examined.

During the early course of the investigation it
became apparent that the point and percentage
values were weighted too heavily for the rather
small volume of food found in the stomachs. The
technique of assessment did not take into proper
consideration the lack of food in the entirely
empty stomachs nor in those stomachs only par-
tially filled with food.

In order to give the food items a point value
corresponding accurately with their actual rela-
tion to the potential stomach volume, a modifica-
tion of the basic point system was devised. An
estimate of the maximum possible total of points
attainable by the fish in a sample was calculated
by multiplying the number of fish examined by
20, the food value of a stomach when full. An
estimate of the “empty” volume was determined
by subtracting the points gained by all the food
items from this maximum possible total. The
-volume percentages were then determined for each
food category, including “empty,” from this max-
imum possible total and not the food point total.
An example of the point system of food assess-
ment for a four-fish sample is illustrated in
table 1. '

This estimation of the potential volume of a -

fish’s stomach is a rough estimate of capacity.
It is a necessary consideration, however, when the
basic diet and the feeding activities of predatory
fishes are under investigation and the results from
the sample are applied to the general population.
At the time of examination of the stomach, only
the points gained by the food present were esti-
mated. No direct estimate of “emptiness” was
made for an individual stomach. When the stom-
achs for any given samples were grouped, the

TaABLE 1.—Ezample of the point gystem of food assessment
for a }-fish sample

Fish No. and Food points Food | Percent-
stomach volume allotted Stomach contents | item | age com-
points | position

1. Full ... 20 | 2sculpins__ ... 20 25.00
2. Two-thirds full___ 13 | 1lamprey larvae. . 8 10. 00
10 Caddis larvae. . 5 6.25

3. One-half full_..... 10 | 1 rainbow trout..._ 6 7.50
2 crayfish, smalt___ 4 5.00

4. Empty....-oo-.. [/ N PP REPRRRPP SN .
Total.....-- [ 2 TSR F S — (53.75)
Maximum pos- 4)3(20)=80 |- e oo es

sible

Empty.. .coeemmo 80—43=37 | Empty..cocooaemo|aem- 46. 25
100. 00

potential capacity was then calculated to arrive at
an estimate of the “empty” volume in the sample.

Stomach volume can be increased greatly by
stretching the stomach walls from a rather thick,
folded state when the stomach is empty to a thin
membrane when full. The maximum extension of
the walls and the capacity of the stomach can only
be estimated. The allotment of points to the vol-
ume of food items present was based on experience
gained through the examination of hundreds of
stomachs with a variety of volumes and foods.

The roughness of the capacity estimate detracts
little from its value as used in this study.. Here
its basic use is to obtain an estimate of feeding
activity by the populations of squawfish. With-
out it, application of the results of sample stom-
ach analysis to the general population is impos-
sible.

The problems of stomach contents analysis and
methods of presentation are difficult ones and
should be approached anew with each species and
purpose of study. As Reintjes and King (1953)
stated, “Regardless of the method of analysis used,
there are many uncontrollable variables inherent
in food studies which detract from the precision
of the results. One may safely conclude, how-
ever, that those food items that rank large in num-
ber, large in volume, and high in frequency of
occurrence are important foods . . . at the time
and in the area sampled.”

RESULTS

The detailed results of the study of the food of
squawfish from the Lower Columbia River are
shown in table 2. Numbers of items were ob-
tained only for the fishes occurring in squawfish
stomachs. No attempt was made to obtain counts
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Fieure 3.—Percentage occurrence of food items in 3,546
squawfish stomachs from the lower Columbia River.

of individual items of other foods. The main pur-
pose of the study was to determine the basic food
table of squawfish populations and an understand-
ing of the role played by the squawfish as salmon
predators. The counts of consumed fishes aid in
determining this. Counts of small, nonfish items
would have been time consuming, inaccurate, and
would have offered only supplemental informa-
tion to the main purpose of this study.

Of the 1,272 countable fishes found in the stom-
achs examined, 1,102, or 87 percent, were salmon.
Sculpins comprised 6 percent, lamprey larvae 2.5

percent, and other species, mostly cyprinids, made -

up the remaining 4.5 percent.

Figure 3 shows that 63 percent of all the squaw-
fish stomachs examined were totally empty. A
measure of the emptiness of the stomachs only
partially filled with food is not possible with this
method of assessment. '

The percentage composition is the evaluation of
the importance of the food items as based on the
modification of Hynes’ (ibid.) “points” method.
These point totals were grouped into the major
food categories, and expressed as percentages of
the total possible number of points, which in-
claded “empty” values. The inclusion of the
points for emptiness illustrates not only what food
was found and in what comparative volume but
also the extent of overall feeding activity and
food availability to the squawfish. Figure 4 il-
lustrates the percentage composition of the foods

TasBLE 2.—Results of the stomach analyses of 3,546 squa-
fish, Ptychocheilus oregonensis, froni the Lower Colum-
bia River

Stomachs in Food
which item “‘point””
Num- | occurred total
Food item ber
of items
Num- | Per- | Num- | Per-
ber |[cent | ber | cent
FISH
Salmon and salmon remains......... 1,102
Sculpin, Cottus spp. 80
Lam) 30
Trout, 18
Sucker, Calostomus Spp..——— .- —— 8
Chiselmouth, A¢rocheilus alutaceus. . 20
Mlplned stickleback, Gasterosleus acu-
eatus. _. 8
Chub, Mylocheilus caurinus.____.... 3
S8quawfish, Ptychocheilus oregonensis_ 1
Shiner, Richardsonius balleatus 4
Adult salmon carcass remains__ ... |......__
Unidentifiable fish remains. ... _|.-—...__
Sum. el 1,272
FISH PRODUCTS
Salmon viscera_ ..ol femnanan 1] .08 [cemammafecan
Salmon ova (eyed).-. [ S S 1 A (SR
Salmon eggs (bait). .. .ooocooeo o[ 5] .14
Fishrefuse. .o ocmmmoe oo [ommeaee L3 (R § N PR, A
Sum.... 14| .39 193 .8
CRUSTACEA
Crayfish___ 128 | 3.61 | 1,027 L5
INSECTS ’
Plecoptera. . .. -
Odonata. ... .
Trichoptera.
Diptera. -
Hymenoptera.
Coleoptera. ...
Unidentifiable insect remains._..____[|-----.--
"Sum...
] MOLLUSKS
Snails. 13| .37
Clams.. - - 19 | .54
Sum. ... 32| .91 139 .2
PLANT MATERIALS
Algae_______. FCR DN ) T —
Wheat kernels. . .o |omeeaa 27{ .76
Unidentifiable plant remains_ _ __.___|--————-. 48 [ 185 |-cmee | e
Sum. - 154 | 4.34 701 1.0
MISCELLANEOQOUS
Annellds . oo 5
Stones and pebbles 3
Mud and detritus. 43
Feathers. . ..__._. 1| .03
Rodents (fur and remains). . . 61 .17
Salamanders...--......--__ __________________ 2| .06 -
Sum._ . - 60 | 1.69 298 .4
D741 N 2,243 [63.25 | 61,587 | 86.8
Grand total. ..o o em | [ 70,920 | 100.0

1Totals for all nonsalmon fishes.

of the squawfish stomachs examined. From it and
from table 2 it is evident that the squawfish are
omnivorous; probably they are opportunistic om-
nivores, willing to eat anything available that is
palatable. However, fishes were the most impor-
tant food item in both occurrence and composition.
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F1euRE 4.—Composition of contents froxq 8,546 squawfish
from the Lower Columbia River.

Salmon were by far the most important genus of
fish found in the entire sample. Insects, crayfish,
and plant materials, in that order of importance,
were the only other important categories of food.
An interesting point from figure 4 and table 2 is
that 87 percent of the estimated potential volume
of the squawfish stomachs was empty.

Size of organisms eaten

The squawfish stomachs examined indicated
that the fish are largely nonselective as to the sizes
of organisms eaten. Smaller fish, of course, are
limited to the smaller food organisms; however,
larger squawfish showed evidence of feeding on
small organisms also.

Algae, wheat kernels, and small insect larvae
were found in the stomachs of some large fish, ob-
jects of small size in relation to the size of the fish
and to other items of food.

The smallest items found in the stomachs were
bits of green algae. These were usually found in
conjunction with other items of food and may
have been taken incidentally, but some stomachs
contained only algae. The largest food items
were fish. One squawfish, 18 inches in total
length, had an 8-inch Columbia River chub,
Mylocheilus caurinus, in its stomach and gullet.

Occurrence of gorging

Very few squawfish were found with stomachs
distended with food. The few taken in this con-
dition were full of young salmon and were cap-
tured in close proximity to and within a few days
following a release of artificially reared salmon.
There were indications that the squawfish, under
these conditions, were capable of “pumping” the
undigested remains of salmon through the ali-
mentary tract. Salmon remains were ejected
from the anus when some of the sqawfish were
first handled. These remains even in the lower
part of the intestinal tract showed little of the
effect of digestion; the fins were whole and the
integument intact.

Diurnal fluctuations in feeding

The sampling for data on diurnal fluctuations
in the feeding activities of squawfish was inade-
quate. The majority of the catches were made at
night, when gill-net fishing was most efficient,
and the nets were usually lifted the following

~ morning. The results from drift-net fishing,

where the fish were captured during a relatively
short period of time, were too meager to provide
information on diurnal feeding.

Variation in feeding habits

Variations in the percentage occurrence of foods
eaten by different-sized squawfish are shown in
figure 5. In this illustration, the fish were grouped
into 1-inch length classes and the percentage oc-
currences of the food items and empty stomachs
were calculated and graphed. Due to duplication
of food items in some stomachs, the summed per-
centages were, in most length classes, slightly more
than 100 percent. However, since only 3 percent
of the fish containing food contained more than
one kind of food item, the highest total of summed
percentages was only 105 percent. For clarity and
simplicity in figures 5 and 9 none of these totals
was plotted at more than 100 percent, so the area
in the figures denoting the empty stomachs should
be a bit more extensive. This slight loss of area
in the empty category reduces only slightly the
validity of the figure in presenting the relation
between size and the occurrence of food items.

“The most obvious change in food occurrences as
the squawfish increase in size is the decrease in
_ the occurrence of insect foods and the increase in
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F16Ure 5.—Percentage occurrence of food items and empty stomachs by 1-inch length groups; sexes grouped.

occurrence of fish and crayfish. Other food
items—mollusks, plant materials, and miscellane-
ous items—did not occur in great enough fre-
quency to illustrate any trends. Plant materials
were eaten equally often by all sizes of squawfish.
Hynes (ibid.) observed similar changes in the
size of food items in the diet of sticklebacks with
a change in fish size and stated that the change
, . . is an expression of increase in maximum size
of the organisms eaten.” Smaller fish are unable
to swallow the larger organisms available to the
larger squawfish, and as the fish grow larger it
becomes less worth while to spend time catching
the smaller food organisms. .

The smallest squawfish found to have consumed
salmon were 6 inches in total length (figs. 5 and 6).
The length frequency of salmon-eating squawfish
approximates the distribution of the total squaw-
fish sample (fig. 6). The largest squawfish con-
taining salmon was 18 inches in total length.
Fish, including salmon, do not reach dominant
occurrence in the stomachs until the squawfish
are about 10 inches in total length (fig. 5). The
percentage occurrence of fish then remains at
approximately the 20-percent level. Insects de-
crease in occurrence markedly in squawfish of 9
inches total length, but are found in 2 to 10 per-
cent of all larger fish. This evidence indicates
that the most common food of the squawfish
changes from insects to fishes at a total length

of 9 to 10 inches. (Preliminary age-length deter-
minations indicate squawfish of this size to be
approximately 4 years old.)

Ricker (1946) states that the larger fish have
empty stomachs more often than do smaller ones,
with few exceptions. Hynes' (ibid) stickleback
data agree closely with Ricker’s statement, and
Hynes states, “It will be noted that as the fish
grow the percent with empty stomachs increases
steadily.” MHe interpreted this as indicating the
sticklebacks eat more sporadically as they grow
larger. Figures 5 and 7 indicate that for Lower
Columbia River squawfish, the opposite situation
is the general rule. Very few fish below 5 inches’
total length were sampled, but a definite decrease
is shown in the percentage occurrence of empty
stomachs as the squawfish increase in size.

28
24|
201

Number of Fish

----------------------

5 6 7 8 9 10 I 12 13 14 15 16 7 I8 19
Total Length in inches

F1aURrE 6.—Length-frequency distribution
of salmon-eating squawfish.
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The percentage composition of food items in
relation to squawfish size (fig. 7) follows a pattern
not unlike that of the percentage occurrence. In-
sects decrease in importance as the fish get larger
and fishes and crayfish attain dominant import-
ance in large fish. The point of transition in the
importance of these categories also is at the 9- to
10-inch total length size. The lesser food items
occur at about the same level of importance
throughout the range of sizes, rarely comprising
more than 2 percent of the stomach composition.

In comparing the frequency of occurrence (fig.
5) with percentage composition (fig. 7), two
points of difference are readily apparent. The
first is the increase in “emptiness” in the percent-
age composition. This is due to the occurrence
of partially empty stomachs which were not in-
cluded in the “empty” category of figure 5, but
contributed points to that category when empti-
ness was considered as part of the composition
of the stomachs. The second point is the decrease
in comparative importance of the food items. that
are usually small, such as insects and plant mate-
rials. Salmon, other fishes and fish products, and
crayfishes all seem to decrease in importance from
figure 5 to figure 7, but the decrease in the smaller
food items is proportionately much greater.

Variation by sex‘

Figure 8 shows the percentage composition of
the stomach contents for the total sample for the
categories of male, female, and the immature-
unknown group. Slight differences are seen to
occur in the diet of males and females, and, of

-
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Ficure 8—Percentage composition of stomach contents
for females, males, and the immature-unknown group.
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FIaURE 9.—Percentage occurrence of squawfish food items and empty stomachs, by months.

course, the diet of the immature fish is different
due to their smaller size. However, the differ-
ences shown in figure 8 are within the limitations
of the sampling and food evaluation techniques,
mneither of which were designed for detailed pur-
poses. For this study, then, it is assumed that no
differences exist in the feeding habits of male and
female squawfish.

Variation by season

As would be expected in the feeding activity
of coldblooded animals, there were distinct vari-
ations in the seasonal feeding activities and diet
ccomposition of the squawfish. The percentage of
squawfish containing food held at a fairly con-
stant level from A pril to November. A rise in food
occurrence appeared in December, following
which the percentage occurrence of stomachs con-
taining food dropped to its lowest point in Janu-
ary (fig. 9). The percentage composition of the
stomach contents (fig. 10) shows a similar pattern
of seasonal variation.

The components of the diet also showed seasonal
variations in quantity. Salmon were found to oc-
cur in significant amounts only following releases
of young salmon from hatcheries where sampling
occurred during and following releases in April,
July, and February. Since it was not possible to

sample for squawfish at every release of salmon

from all hatcheries in the Lower River, predation
following releases during other months was
missed. The occurrence of salmon in the squaw-
fish diet appears to be dependent on hatchery re-
leases, and is not associated with natural seasonal -
phenomena as are the other food items.

The other foods were found in usual occurrences
and quantities except during the month of De-
cember, when the mean value of food points per
stomach was unusually high (fig. 11). Closer
examination of the December data indicates that
the majority of the points were allotted to foods
found in squawfish from Eagle Creek, Herman
Creek, and the Wind River sites in the Bonne-
ville Pool, and from Umatilla River, the upper-
most tributary in which sampling occurred. The
Bonneville Pool samples contained mostly nonsal-
monoid fishes and a few insects. The Umatilla
River December sample of 21 squawfish, none of
which was empty, received 68 points for fish and
134 points for insects, the majority of the insects
being stone-fly nymphs. The apparent increase
in feéding activity in December is due, then, to
results obtained from 74 stomachs, which were 2
percent of the total sample. These stomachs
gained 507 food points for an average of 6.8 points
per stomach, by far the highest average during
any month.
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The mean monthly food points per stomach are
shown in figure 11. The great variation between
the annual mean and the December value of food
points per stomach is readily apparent. Empty
stomachs were at minimum percentages during
the fall months, the minimum being December,
concurrent with the peak in mean food points per
stomach.

An explanation of the variation shown by the
December samples is not readily available. The
foods found do not differ in kind from those
found during the remainder of the year, but the
quantities do differ, not only from the adjacent
months but from the whole year’s sample.

Perhaps this is further evidence of the “oppor-
tunistic omnivorous” habits of the squawfish.
They seem to feed to the gorging stage when de-
sirable food items are available, but do not ap-
pear to hunt actively for food at all times. They
are, it appears, a sluggish fish not willing to exert
themselves in searching for food, but when an
opportunity occurs, they are stimulated to feed
voraciously and will do so until a point deter-
mined by capacity and availability is reached.

Variation by subarea

To determine whether or not the diet of the
squawfish differed between subareas within the
entire sampling area, the main area from Astoria
to McNary Dam was divided into four smaller
areas. The locations of these subareas and their
boundaries are shown in figure 1 and described
as follows:

Area I. Mouth of Columbia River to the mouth of the
Cowlitz River, including the Cowlitz and its tributaries.

Area II. Mouth of the Cowlitz River to Bonneville
Dam. .

Area III. Bonneville Pool area;
upstream to the site of The Dalles Dam.

Area IV. The Dalles Dam to McNary Dam. Collec-
tions for this study made only in the John Day and
Umatilla Rivers in this subarea.

from the dam

The percentage composition of foods for each
area is shown in figure 12. Although the dif-
ferences in foods between areas seem to be minor,
chi-square tests indicated that differences for all
food categories were significant. The variation
in salmon occurrence and importance from one
area to another is understandable in the light of
the artificial factors contributing to salmon con-
centrations and abundances. The variations in

%
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FIcURE 12.—Percentage composition of squawfish stomach
contents from four subareas.
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composition of other foods cannot easily be
explained.

Since differences in food habits were found to
be due in some measure to differences in size of
squawfish, the length frequencies of the squawfish
captured in each area were compared (fig. 13).
The differences in size of squawfish between the
subareas are difficult to compare because of dif-
ferences in sample sizes. Inspection by eye indi-
cates that the range of sizes was approximately
the same in each area. The size composition of
the samples from the different subareas, then, does
not readily illustrate a reason for the food varia-
tions between areas. (Those fish smaller than
5 inches in area IV were taken with an electrical
fish-shocking device.)

No faunistic samphng was made for the 1tems
of food found in the stomachs. Therefore, an
estimate of the abundance of these food items in
the subareas of the river cannot be made. An
explanation of the area food differences may ac-
tually lie in differences in the abundance in food
items and their availability to the squawfish.



56 FISHERY BULLETIN OF THE FISH AND WILDLIFE SERVICE

140} AREA lll N=2]83

g

el

I
R
[

N
v - N
o AREA IV N=482

o

NUMBER OF FISH
N
(-]

-~

AREA Il N=770
o
40|
-
2!
}

3 4 5 6 78 9 1011213141516 17 18 1920 21 22 23 24 25
TOTAL LENGTH IN INCHES

Fieure 13.—Length-frequency distribution of squawfish
by four subareas.

Further study on food item abundances and
squawfish foods is necessary to attain an under-
standing of these area differences in squawfish
foods.

A fact of importance emerging from the squaw-
fish stomach analyses was the high occurrence of
empty stomachs, particularly during the months
of January, February, and March. Eighty-two
percent of the January sample of 155 squawfish
was completely empty.  Another point of interest
is that only 3 percent of the squawfish containing
food contained more than one kind of food item.

Predation on juvenile salmon from hatcheries

From figure 14 it is readily apparent that every
occurrence of salmon in squawfish stomachs was
preceded by a recent and nearby release of artifi-
cially reared juvenile salmon. The predation
noted in Germany Creek is the only exception.
Most occurrences of salmon in stomachs were
within a day or two following a release. Squaw-
fish sampling was not continuous or intense
enough within a sampling area to show a decrease

in the availability of salmon. The delays at the
Wind River sites in the occurrence of salmon in
squawfish stomachs following releases can be ex-
plained by the fact that the point of release at the
Carson Hatchery is some 12 river-miles upstream
from the sampling sites. There is a lagoon in the
lower reaches of Wind River before it empties
into the main Columbia River. The river dis-
tance would cause some straggling to occur in the
salmon migration. A residual delay in the lJagoon
would also be a factor in the duration of availa-
bility of the young migrant salmon to the squaw-
fish. The stream characteristics of Herman Creek
could also allow some prolongation of availability
of salmon to squawfish. The hatchery is located
about one-half mile upstream, and there is also a
small lagoon at the mouth of the creek.

Table 3 lists the gill-net sampling sites where
squawfish were found which contained salmon
fingerlings and also the nearest point of artifi-
cially reared salmon releases.

TABLE 3.—Sampling sites where salmon were found in
squawfish, and nearest source of hatchery-released
salmon

Site Nearest hatchery and location
Germany Creek_.________ None close by.
Herman Creek_..__._._._ Ox Bow Hatchery (Oregon Fish Commission)

approximately }¢ mile of stream and ¥ mile of
“‘estuary’’ above net site.
Wind River Mouth and | Carson Hatchery (U.S. Fish and Wildlife Serv-
Upper Wind River. ice), about 14 miles above mouth of river and
about 12 miles above U]é)er Wind River site.
Drano Lake....._.._...._ Little White Salmon Fish Cultural Station (U.8.
FWB8), at mouth of Little White Salmon River
where it enters Drano Lake.
Willard Hatchery (U.S, FWS8), about 6 miles
upstream from mouth of Little White Salmon

River,
Drinking Fountain...____ Spring Creek Fish Cultural Station (U.8. FWS)
about 135 miles upstream from gill net site.
Spring Creek ... .__.__.__ Spring Creek Fish Cultural Station (7J.8. FWB8).

One net site was in front of hatchery and
another one about 150 yards downstream.

SUMMARY AND CONCLUSIONS

(1) This study is based on the examination
and evaluation of the stomach contents of 3,546
squawfish collected during the 13-month period
of sampling from April 1955 to April 1956, from
the lower 240 miles of the Columbia River and its
major tributaries within this area.

(2) The evaluation of the foods is presented
numerically for the identifiable fishes, and by per-
centage occurrence and percentage composition
for all foods. The percentage composition is
based' on a modification of a “point” system of
food assessment.
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FIGURE 14— Relation between hatchery releases and the number of squawfish captured and percentage occurrence of
salmon in squawfish stomachs.

(8) Sixty-three percent of the stomachs of the
squawfish examined were completely empty, and
87 percent of the calculated potential volume of
the stomachs was empty.

(4) A total of 1,102 juvenile salmon was found
in 7.5 percent of the squawfish and comprised 3.6
percent of the stomach composition. Other spe-
cies of fishes, insects, and crayfish were the other
important iteras of foods found.

(5) From the results of this study it appears
that squawfish are omnivorous in habit, taking
the opportunity to feed on foods that are avail-
able.

(6) Squawfish less than 8 inches in total length
had fed preponderantly on insects; squawfish 8
to 11 inches in length on insects and fishes.
Squawfish more than 11 inches had fed mostly
on fishes and crayfish.
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(7) Slight differences were found to occur in
the diets of male and female squawfish. How-
ever, these differences were not considered signifi-
cant enough to warrant the separation of the sexes
in the food study, and the results of analysis of
stomach contents of males and females were
grouped.

(8) Some variations in diet due to seasons of
the year were noted, but could not be explained
completely. Most food items were found during
all seasons. Fishes, other than salmon, and cray-
fish had no definite period of scarcity or abun-
dance in the squawfish diet. Insects were at their
minimum in the stomachs during the first calen-
dar quarter. The period of maximum insect oc-
currence was from August to December.

(9) Some differences in diet between subareas
of the main sampling area were evident. Com-
plete understanding of the reasons for this must
await further study aimed at this particular prob-
lem. The food item showing the greatest varia-
tion from one area to another was salmon, the
area distribution of which was considered the re-
sult of artificial propagation and release.

(10) The most striking and obvious result of
this study was the detection of the localization of
predation on hatchery-released salmon to the im-
mediate vicinity of the release points. It is rec-
ommended that future studies be conducted to
measure the absolute effect of such predation;
that is, to determine the total losses of released
salmon to predators within a given distance of
the point of release. Such a program of study
would be far from simple, but should be initiated
soon in consideration of the large financial ex-
penditures necessary to produce these young sal-
mon, justified at present only by the expectation
that they survive to provide a significant contri-
bution to the commercial fishery.
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ABSTRACT

Bare Lake, a 120-acre, unstratified lake on Kodiak Island, Alaska, was
fertilized each year from 1950 to 1956 with inorganic fertilizers to determine
whether fertilization will increase production of red salmon (Oncorhynchus
nerka). Various phases of the life history of the species were studied.

TFrom 1950 through 1956 the annual spawning population of red salmon in
Bare Lake ranged from 52 to 551 fish. Red salmon vary in age at maturity.
The majority of Bare I.ake red salmon remain in the lake slightly longer than a
year, then migrate to the sea to spend 3 years before returning to the lake to
spawn. Females predominated over males in the spawning escapement each
vear., Data are presented on fecundity, egg retention, and the annual egg
deposition.

A relation was found between the growth of young red salmon and the gross
rate of photosynthesis. Fertilization has brought about an increase in size of
the seaward-migrating red salmon smolts. There is good evidence to show that
the larger smolts survive in greater numbers at sea. For the years 1950-53,
fresh-water survival has ranged from 1.0 to 5.1 percent and marine survival
increased from 3.3 to 7.9 percent. Limited information is available on the effect
of fertilization on other fish populations in Bare Lake.
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EFFECTS OF FERTILIZING BARE LAKE, ALASKA, ON GROWTH
AND PRODUCTION OF RED SALMON (O. NERKA)

By PHiLIP R. NELSON, Fishery Research Biologist
BUREAU OF COMMERCIAL FISHERIES

~ Bare Lake, on Kodiak Island, Alaska, was
fertilized each year for 7 years, from 1950 to
1956. The limnological effects of fertilizing the
lake were described by Nelson and Edmondson
(1955). The present paper deals primarily with
the effects of fertilization on the red salmon
population and briefly with the effect on other
fish populations in Bare Lake.

Fertilization experiments were initiated at Bare
Lake on the basis of studies conducted earlier at
Karluk Lake, which is only 15 miles from Bare
Lake. The hypothesis upon which the fertiliza-
tion experiments were based was discussed by
Nelson and Edmondson (1955). Briefly, it was
proposed by these investigators that the decline
in the Karluk River salmon runs may have re-
sulted from a decline in the productivity of the
lake waters. The carcasses of spawned salmon
in the earlier years, when the escapements were
large, contributed a great amount of nutrients
to the lake water. In recent years, with small
escapements, the amount of nutrients furnished
has been considerably less. It was hypothesized
that by the addition of inorganic fertilizer the
earlier productive capacity of Karluk Lake might
be restored. Rounsefell (1958) cites other hypo-
theses as possible reasons for the decline in the
Karluk River red salmon runs in his compre-
hensive report on Karluk Lake. It is recognized
that many other factors, including meteorological
conditions, diseases, and predator and competitor
fishes influence the survival and growth of red
salmon. The effects of these factors on the pro-
duction of red salmon at Bare Lake were con-
sidered.

In this study, Bare Lake was fertilized to de-
termine if this process would bring about an
increase in fish food so as to augment red salmon

Note.—Approved for publication, April 29, 1958. Fishery Bulletin 159.

production. Bare Lake (fig. 1) was selected for
this study because it has a run of red salmon;
it is located close to the major red salmon pro-
ducing lakes in the area; and, because of its small
size (120 acres), the costs of experimentation
would not be excessive and the results of fertiliza-
tion could be more accurately determined.

For fertilization to be a useful management
tool, not only must production of fish he increased
but the costs must be economically justifiable.
At Bare Lake, nitrate and phosphate fertilizers
were added each summer in amounts necessary to
increase the nitraté concentration approximately
0.25 milligram per liter, and the phosphate con-
centration 0.05 milligram per liter. In 1950 and
1951, the lake was fertilized just prior to mid-
July. During the years 1952 to 1956, fertilizer
was added in two lots during the first half of the
months of June and July. The concentration
achieved on each addition was one-half the
amount specified. Choice of the amount was based
on a prognostic experiment conducted during
1949 in which jugs of water were fertilized with
varying concentrations of nitrate and phosphate
and the rates of photosynthesis and of phyto-

Ficure 1.— Aerial photograph of Bare Lake.
59
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plankton growth measured (Nelson and Edmond-
son, 1955).

The fertilizers most. frequently used were
sodium nitrate and ammonium monohydrogen
orthophosphate. The application consisted of
mixing the fertilizers on a raft and subsequently
using brooms to sweep the mixture into the water
as the raft was towed about the lake. Usually the
mixture was applied to the littoral zone, but on
two occasions it was spread over the entire lake.
No significant difference was found between the
two methods in the concentration achieved in the
lake water. The annual cost of fertilizers aver-
aged less than $400.

Numerous lake fertilization studies have been
conducted by other investigators with the objec-
tive of increasing fish growth or survival. The
lakes fertilized have differed widely in their
characteristics and the amount and types of
nutrients introduced have varied considerably.
Lakes are extremely dissimilar in productive
capacity and until more is learned of the extent
to which various factors govern productivity,
fertilization programs will continue to be ex-
ploratory.

Good bibliographies and reviews of fertilization
studies are presented by Mortimer and Hickling
(1954) and Maciolek (1954). Maciolek reports
that “Conclusions drawn from all lake-fertiliza-
tion trials indicate that fish may have benefited
from enrichment in only three experiments.”
Fortunately, much has been learned even from
the unsuccessful attempts to aid workers in future
studies.

Since these reviews, Weatherley and Nicholls
(1955) reported on the results of fertilizing a
small, shallow Tasmanian highland lake. The
added nutrients stimulated growth of aquatic
plankton and epiphytic fauna which created a
marked increase in the growth of trout.

Fertilization experiments had been confined to
rather small lakes until Eguchi and others (1954)
reported the enrichment of Lake Skikotsu in
Hokkaido. This lake has an area of 75 square
kilometers and a mean depth of 265 meters. It
was enriched in May 1953 with the objective of
increasing the size of landlocked red salmon.
Since fertilization of the lake, an increase in
plankton abundance has occurred, but as yet no
report has been given on the effect on fish popu-
lations.

In fertilization studies a constant danger exists
of overfertilizing. In such instances vast amounts
of blue-green algae usually appear and eventually
upon decomposition of the algae an anaerobic
condition develops in stratified lakes or, during
winter, in lakes covered by ice. This happens
not. only in fertilization experiments (Ball 1950;
Ball and Tanner, 1951), but lakes often have
been rendered excessively productive by large in-
troductions of domestic sewage. A recent ex-
ample of the latter is reported by Edmondson,
Anderson, and Peterson (1956) to be taking
place in Lake Washington at Seattle, Washing-
ton. At present we have observed no indications
of overfertilization at Bare L.ake. A winter trip
in February 1955 showed a plentiful supply of
oxygen at all depths except immediately over the
bottom, and other symptoms of overfertilization
have not appeared.

Following the last fertilization of Bare Lake
in 1956, limited studies were planned in subse-
quent years to provide a comparison of conditions
in the lake -and red salmon’ production during
and after fertilization. At the time of this
writing it was too early in the investigation to
ascertain the full effects of fertilization on fresh-
water survival of salmon; nevertheless, some in-
teresting effects have been found in regard to
the fresh-water growth and marine survival of
red salmon.

The primary purpose of this study was to de-
termine whether fertilization will substantially
increase red salmon production. If the method
is successful, it might prove useful for increasing
red salmon production in other red salmon lakes.
It also was necessary to study most phases of the
life history of the Bare Lake red salmon. The
first section of the paper deals with character-
istics of the adult population, while the latter
sections show the effect fertilization has had on
the growth and survival of the species.

Many have contributed to the studies at Bare
Lake. Men of the United Fishermen of Alaska
helped support. the work financially. Field work-
ers who contributed materially to the collection
of data were Carl E. Abegglen, Robert C.
Davison, Charles J. Hunter, Clark S. Thompson,
Carl R. Schroeder, Alfred J. Schroeder, Ralph L.
Swan, Robert T. Heg, Charles W. Huver, Robert
Raleigh, Jerry Larrance, and Paul H. Hatch.
W. T. Edmondson assisted in the limnological
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analysis and reviewed the manuscript. Advice
on statistical analyses was given by members of
the Biometries Unit, Pacific Salmon Investiga-
tions.

ADULT RED SALMON POPULATIONS
OF BARE LAKE, 1950-56

ANNUAL ESCAPEMENT AND RUN

All that is known of the history of the Bare
Lake red salmon population has been obtained
from scattered reports of a few men who visited
the lake before 1949. About the only informa-
tion available was that some red salmon spawned
in the lake; no surveys or counts had been re-
corded of the numbers of fish present.

The present study was commenced in 1949,
when observations on the spawning escapement
into the lake, estimated at 300 fish, were made by
airplane. Because of the many errors involved
in measuring fish populations by aerial observa-
tion, the accuracy of this figure is questionable.
Subsequently, a trap for salmon has been main-
tained each year of the study on Bare Creek,
the outlet stream. The trap was located about
50 feet downstream from the outlet, where the
creek is 615 feet wide. At the lower (down-
stream) end of the trap a picket fence was con-
structed with an upstream lead in it. About
10 feet. farther upstream another picket fence was
placed across the stream to block the passage of
adult salmon. Fish migrating upstream were led
into the trap and were easily captured in the
shallow water.- A section of the trap bottom
was deepened to provide a suitable resting place

I< 71 7||

for the fish. The smolt trap was placed immedi-
ately upstream from the adult trap. This trap
consisted of an 18-gauge, 6-mesh-to-the-inch
screen placed across the stream to block the
downstream movement of smolts. Above this was
a V-shaped lead constructed of mesh of the same
size. A diagram of the weir structures is shown
in figure 2.

Daily, all adult salmon enfering the trap were
removed by dip net. The fish were measured,
a scale sample was taken for age determination
and the sex recorded.. The fish were then released
into Bare Creek above the trapping area. The
annual count of salmon released into Bare Lake
from 1950 to 1956 is shown in table 1; not in-
cluded in these data are a few salmon taken for
fecundity studies. The escapements ranged from
52 to 8551 red salmon with an annual mean of
319 during the 7-year period. The bulk of the
escapement appeared at the weir from mid-June

TaBLe 1.— Weekly escapement of red snlmon into Bure Lake
1950 lo 1956
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Ficukrk 2.—Diagram of smolt and adult salmon traps placed across Bare Creek.
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to mid-July. In 6 of the 7 years, the median of
the escapement occurred during the week ending
June 28, _

There seems to be a tendency for the years with
the largest total escapement, namely 1950, 1952,
and 1955, to have two distinct. peaks of abun-
dance. For these years one peak occurred during
the week ending June 21, and the other peak
appeared 3 weeks later in 1950 and 1952 and
2 weeks later in 1955. The 4 years of small
escapements show one prominent peak of abun-
dance, and 1953 and 1954 each had a low sub-
sidiary peak. Some Bare Lake fish are taken in
the fishery ; however, upon combining the escape-
ment and catch, the peaks of abundance were

unchanged. It is not known at present whether
fish occurring during these two peak periods
represent distinct populations, or if they are
parts of a common population.

To determine the annual Bare Lake run (catch
plus escapement), it was necessary to determine
the number of Bare Lake fish taken in the com-
mercial fishery of the Red River district. Since
Bare Creek is a tributary of the much larger
Red River it is believed the fishery in the district
removes a proportional amount of fish from the
two runs. A map of Kodiak Island (fig. 3) is
presented to show the location of Red River,
Bare Lake, and the fishing district which extends
along the coast from the mouth of Red River

S/

o
CHINIAK
BAY

Kodiak

KODIAK ISLAND

Scalein Miles

10 0 10 20
(0= 0= =n  n = e——————

Ficure 3.—Kodiak Island, Alaska. Shaded areas indicate Red River fishing district. (1) Bare Lake; (2) Red River:
(3) Red Lake; (4) Karluk Lake.
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approximately 30 miles north to Sturgeon Head
and about. 15 miles south to L.ow Cape. All fish
captured in the fishing district are assigned to
the Red River run of which Barve Lake is a part.
Of the total run in the district, the Bare Lake
run comprises less than 1 percent.

Annually a count is made of the number of red
salmon entering Red Lake by means of a weir
situated immediately downstream from the lake
outlet. Tagging of red salmon at the mouth of
Red River by fishery-management biologists in-
dicates the fish spend approximately 1 week en
route from the sea to the weir. Travel time to
Bare Lalke, although not determined, is estimated
to be 1 week also, since the distances involved
are about the same for both runs. To relate the
occurrence of the escapement to the time of the
catch, weekly escapement records were set back
1 week. Thus, escapement figures for Bare and
Red Lakes were standardized to the time the
fish appeared in the fishery. Hence, during
periods of fishing it was possible to calculate for
Red River what percentage the catch was of the
escapement. This percentage was then applied
to weekly escapement figures at Bare Lake to
detéermine the catch of Bare Lake salmon (table
2). It is assumed in this calculation that the
ratio of escapement to catch is the same for Bare
Lake and Red Lake. In table 2, the weekly
escapement and catch were added to show the
weekly -run of fish to Bave Lake. The weekly
runs were then summed to provide the annual
run.

TaBLE 2.—Calculated Bare Creek red salmon run
[Based on catch-escapement ratios of the Red River run)

Red River! Bare Lake
Week ending
Es- Ratio of eatch to | Es- | Caleu-
cupe- | Cateh escapement cape- | lated | Run+
ment 2 meni 3 | eatch
.................................. L 3 R 8
G, (N0 2,000 18 13 31
1,200 | 11,800 A4 145 349
20, 430 14, 800 76 54 130
53,400 | 16,100 - y 90 (1] 154
19,400 | 13, w0 7l percent 150 106 256
200 | 26, 200 2 1 3
57,300 | 25, 700 f 4 10
1. 500 . 10 1 1 2
S 555 488 943
3 5,000 2.300 4 -] 12
______ 17, 500 H, Ut 21 45 (i)
21 ... 3,300 | 37,300 214 pereent 21 45 66
---| L &0O |12 .00 4 9 13
July 5 L) 1,700 3 [ 9
R U PR J T ) I 1
Total. o) . H4 113 167

506415 O -59 -2

TaBLE 2.—Calculated Bare Creek red salmon run—Con.
[Bnsed on catch-escapement ratios of the Red River run]

Red River ! Bare Lake

Week ending

Es- Ratio of catch toj Es- | Caleu-
cape- | Catch eseapement eape- lated Runt
ment 2 ment 3 catch

1958
June 7....__. 8 [ 45
14

July

Aug,
30

8

41

98

108

58

26

4,700 21

ILG600 || eccee e e

3. 800 204 pereent 4o oooooolhol

Aug. 10, 800 1 2 3
[ 3. 900 1 2 3
AT P R P F 350 1R 368

I Red River escapement und eateh figures rounded to nearest 100 salmon.

? The Red Luke eseapement was set back 7 days to coincide with the time
salmon were taken in the cateh.

3 The Bure Luke escapement, including salmon mortalities at the weir
plus fecundity samples, was set back 7 days to eoincide with the time salmon
were taken in the cateh.

1 Catch plus escapement.

% Estimated escapement. % Less than 5.

The calculated catch of Bare Lake red salmon
exceeded the escapement approximately twofold
in 1951, and amounted to about. 60 percent of
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the escapement in 1950 and 30 percent of the
escapement in 1953. For the years 1952, 1954,
1955, and 1956, the catch ranged from less than
1 percent to 15 percent of the escapement. Low
percentages of Bare Lake fish taken in the fishery
those years were brought about by regulations
which prohibited any fishing of the early Red
River run. Since Bare Lake fish appear in great-
est numbers early in the season, the majority
escaped the fishery.

AGE COMPOSITION

Each year of the study, with the exception of
1950, scale samples were taken from all adult
fish that entered Bare Lake. In the 1950 season,
scales were taken from more than half of the fish
in the escapement, and the weekly age composi-
tion was based on the age composition of the
samples taken. Nine age groups® of adult salmon
have been noted at Bare Lake: 34, 4,, 42, 52, 53, 63,
64, T3, and 7,. Of these, only three age groups
are of major importance to the escapement, 5,, 65,
and b,, in decreasing order of importance.

The weekly percentage occurrence of each age
group in the escapement has been calculated for
each year (table 3). During the years 1950
through 1953, the 5, age group predominated,
while fish of the 6, age group were most abundant
in subsequent years. The predominance of one
age group over the other is dependent on the per-
centage age composition of 2- and 8-year-old
smolts 3 years before the escapement. A tendency
exists for fish in the 6, age group to return early
in the season. As shown in table 3, in 5 years
out of 7 high percentages of this age group oc-
curred early in the season and declined as the
season progressed. Gilbert and Rich (1927)
noted a similar characteristic in red salmon of
this age group at Karluk Lake.

1 The method, first used by Gilbert and Rich (1927) to desig-
nate the age of red salmen, is as follows: A fish resulting from
an egg lald in the spawning gravels in 1950 and that migrated
to the ocean in 1932 and returned to the river in 1955 is called
a five-two and designated thus, 53. Such a fish would have
emerged from the gravels of the spawning beds in the spring
of 1951 and would have spent 1 growing season or summer in
fresh water. In referring to its fresh-water history it is called
a two-fresh-water fish because it migrated seaward in its sec-
ond year. It would bave spent 3 full growing seasons, i.e.,
1952, 1952, 1954, and part of a fourth year in the ocean: but
in referring to its ocean history it is called a three-ocean fish,
hecause it returned as an adult in the third year following its
seaward migration. A fish that migrated to the ocean in its
third year and returned in its sixth is called a six-three and is
designated 63.

TasrLe 3—Wcckly percentage occurrence of red salmon,
by age group, in the Bare Lake escapement, 1950 to
1956

¥ Percentage occurrence in age groups—
Year

32 41 42 5; 53 [} 64 7 I

June

July
1

June

Tuly

June 7o ooooi|ecmeen]|mmnna-

July

June

Tuly

June

July

June
July
Aug.
June

July

May 31

Aug.

May

May : 1

I Added to the escapement for this week are a few red salmon which entered

the lake after this date. The number of red sulmon involved are as follows:

1 in 1950, 5in 1952, 1 in 1953, 3 in 1955, and 2 in 1956,

The annual age composition of the Bare Lake
run and the number of salmon in each age group
were determined by calculating the number of
fish in the weekly run (table 2) that fell in the
various age groups (table 3). The weekly totals
for each age group were combined to give the
total number of fish in each group and percentage
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TaBLE 4.—Age composition of the red salmon run at Bare Lake, Alaska
[Percentage in parentheses]

¥ Numb Number and percentage in age group—
i m
32 4 42 52 5 6 64 7 [
................................................ 7 3 SO IS I 16 1 P 10
1950 ®:3 wn| 6o a1
1951 e 167 |ocoeeee- 3 1 15 [ [ 3
@l a8 @y ©o| @.5 (1.8
L TP 420 | 3 13 2 30 ) N I I
©.n| @D @wn @ @3
1958 . e ;= 1. (— 3 4 27 41 h [ J PR NI S
9 w2 .y 0z G«
L SRS 7 1 2 17 92 VX TR N S
ey @B D @3y 6Ly 0o
1055 e 441 b P 12 172 7 186 | ool
(0.5) 2.7 (39.0) (19.7) (37.6) (0.5)
L O C7 3 O I 13 1 L 1 3
@3.5)] (83 4D (52.9) ©.3) ©.8)
age composition of the run each year (table 4). s4r x
In this calculation it is assumed that the age /X\x/ \
composition of the escapement reflects the age 62 X
composition of the run. If it were possible to \
distinguish Bare Lake fish in the catch, it might vy Sy — .
be found that this was not true in 1950 and 1951, 80 3 OcEAN AcE X S
the years of large catches. Since then the cal- %
[+
culated catches have been small and probably  _ ss; ,,R\
have had little influence on the age composition - ’
E
of the escapement. 2 o
. . = . w
With knowledge of the size and age composition -
of the annual runs, the return of salmon from &
known spawning escapements or smolt migrations ~ * %
can be measured. o
szt omemaor” T el
LENGTHS } ..
In the process of taking scales of adult salmon " S~
at the weir, the sex and fork length of each fish - 1950 1851 1952 1953 1954 1955 1936

were recorded. In figure 4, the mean fork
length by sex for fish of each ocean age is pre-
sented for each year. As insufficient numbers of
2-year-old ocean-age fish were present in samples
for 1950, this group has been omitted. It is
quite apparent from the figure that the size of
the adults is dependent on the years spent in the
sea and the sex of the fish. In fact, the criteria
affecting ocean growth apply to both sexes and
to both ocean ages. Indications of this were
recorded by Gilbert (1915) for red salmon in
British Columbia and have been reported since
from other areas. The good relation in size each
year between 2- and 3-year-old ocean-age fish of
both sexes would suggest that environmental fac-
tors in the ocean, probably during the last year,
have the greatest influence in determining size
at maturity.

Figure 4+.—Mean fork length of red salmon in the escape-
ment, by sex and ocean age.

No. significant difference in the size of adults
of the same ocean age but of different fresh-water
ages was found. Over the years, the average per-
centage increase in length of fish spending an
additional year in the ocean was 9.2 for both
sexes. At the same time, males averaged 8.2 per-
cent longer than the females. On the basis of
female red salmon taken for fecundity samples
at the weir (appendix table 1), the average
weight of 2-year-old ocean fish was 3.68 pounds,
while 3-year-old ocean fish averaged 4.78 pounds.
Although the 3-year-old ocean females averaged
9.2 percent longer than the 2-year-old ocean fe-
males, the increase in weight was 23 percent.
Weights of adult males have not been taken, but
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it is probable that a similar weight relation
exists between 2- and 3-year old ocean males.

SEX RATIOS

Sex ratios were established by examining live
fish in a holding box at the weir site. Although
it. was possible to examine the fish rather care-
fully, some errors are made in sexing live fish,
especially when ‘the spawning characteristics of
fish of each sex are only partially developed.
For example, in 1953, spawning-ground recoveries
were made of 901 live red salmon, sexed at the
Karluk River lagoon (Nelson and Abegglen,
1955). The fish were placed.in a holding box
and sexed by superficial examination before being
tagged. Later, on the spawning grounds the
tagged fish were recovered dead and at that time
the sex could be accurately determined by dis-
section. It was found that 5 percent of the live
fish were sexed incorrectly; however, there was
no tendency to sex incorrectly a greater propor-

tion of fish of one sex than the other (Fish and
Wildlife Service, unpublished dat

ildlife Service, unpublished data).
at. Bare Lake, during the 4 years that recoveries
on the spawning grounds exceeded one-third of
the escapement into the lake, the sex ratio was
in close agreement with the ratio established at
the weir.

A predominance of female salmon has occurred
each year in the escapement at Bare Lake (fig.
5). This could be due to a higher percentage of
females in the annual smolt migrations. The
sex ratio of Bare Lake smolts has not been de-
termined, but at Karluk Lake (Barnaby 1944)
and Cultus Lake (Foerster 1954b), the sexes were
found to be equally represented in the seaward
migrations. Nevertheless, a predominance of fe-
male sockeye salmon also occurred in the spawn-
ing migrations to these lakes, and Foerster
concludes that males may suffer a higher mor-
tality at sea. A greater ocean mor ahty of the
males could explain the situation at Bare Lake.
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It could also be argued that the predominance .

of female red salmon at Bare Lake is due to the
selectivity of gill nets in the Red River district
fishery since gill nets account for two-thirds of
the catch, with pursé seines taking the balance.
The selectivity of gill nets in capturing sockeye
salmon of certain size ranges is a well-established
fact. With the 514-inch-stretch mesh nets used
in the fishery, according to findings of the

* influence on the sex raiio of ihe run.

Fisheries Research Institute of Seattle, Wash.
(unpublished data), the larger 3-year-old ocean-
age males would be more available to the nets
than the smaller females of that age. During
the years 1952, 1954, 1955, and 1956, however,
the catch was caleulated to range from less than
1 percent to 15 percent. of the escapement (table
2). Such a small catch could have had little
influence on the sex ratio during those years,
although it may have affected the sex ratio in
the other years. Both Barnaby and Foerster
considered the selectivity of gill nets, but they
did not. believe this factor could account for the
imbalance in sex ratios that they found in the
sockeye.

1t is of interest at Bare Lake that the ratio of
females to males was greater in the 2-year ocean-
‘1ge group than in the 3-year ocean-age group

fig. 5). Thus, it would appear females have a
tendency to return after less time at sea than
males. As 2-year ocean-age fish usually comprise
a small part of the run, they would have little
It mighi be
concluded that the high percentage occurrence of
9-year ocean-age females is due to their small
size which enables them to escape more readily
the 5l4-inch gill net mesh. The fact they were
predominant even in years of very little fishing
would tend to discount this. At Karluk Lake,
Barnaby (1944) found males predominant in the

80
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Freurk H.—P'ercentage of female red salmon in the annual
escapement and in each ocean-age group.
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2.year ocean-age group and females in the 3-
year ocean-age group. He mentioned that, since
males on the average spend less time in the ocean
than females, the mortality of males would be
less than that of the females, which should result
in a preponderance of males. Actually, the re-
verse occurs. As he did not think it probable
that a differential mortality in favor of the fe-
males oceurred during the ocean life he had no
explanation for this phenomenon. The fact that
females predominate in the returns to the three
Inkes strengthens Foerster’s belief that males
suffer a higher mortality at sea. For this to
apply at Karluk Lake, the greater survival of
females would have to exceed the survival ad-
vantage male fish might have from a shorter
ocean life.

SPAWNING

Once the ocean life of the Bare Lake red sal-
mon has been completed, the fish enter Red River
and travel upstream a distance of 16 miles to
the outlet of Bare Lake. Upon entering the Jake
they linger for approximately 2 months before
spawning. Duration of this ripening period
varies considerably in the different river systems.
The period of Ilake residence averages 1 month
in Karluk Lake (unpublished tagging data). In
Lakelse Lake, British Columbia, the period aver-
aged 54 days (Fisheries Research Board of Can-
ada, 1954). Howard (1948) found in Cultus
Lake, B.C., that the period was approximately
1 month. In the Harrison River system of Brit-
ish Columbia, Schaefer (1951) noted the time
was a month or less. It would appear the dis-
tance from salt water to a lake has little if any
bearing on the length of the red salmon ripening
period. Perhaps the length of this ripening
interval is a characteristic of particular runs.

To determine the fecundity of Bare Lake sal-
mon, egg counts were made of a few salmon
captured at the weir during the years 1952
through 1955. The fork length, weight, age, and
egg count by ovary, of the fish sampled is pre-
sented in appendix table 1, page 84. Tt was
found that. the right ovary of Bare Lake salmon
usually containg more eggs than the left ovary.
This is rather unusual as the reverse generally
occurs with salmon in other aveas. Tt was de-
termined that the fecundity of the fish sampled
increased with the age and length of the salmon,

with length accounting for 44 percent of the
variation in egg count. As egg counts were not
taken in all years, it was necessary to calculate
a regression line of egg count on fork length with
the existing data. This common regression line
was used to estimate the fecundity of the fish
each year. It was hypothesized that the regres-
sion of egg count on fork length might be the
same for all years. Covariance analysis failed to
reject this hypothesis at the 5-percent level.

Spawning occurs on certain areas of the littoral
zone avound the lake; the one tributary stream
and several small seepages are not used. During
the spawning period, frequent. surveys were made
of the spawning areas to recover dead fish. All
fish recovered were dissected and the sex and
spawning condition recorded.

Except in 1950, all eggs retained in the body
cavity of partially spawned female salmon were
counted. As only two female salmon were re-
covered in 1951, the sample size was inadequate
to determine the average egg retention that year.
For the years 1952 through 1956, the mean annual
egg retention, which in this calculation included
partially spawned as well as unspawned salmon,
ranged from 66 to 208 eggs per female (table 5).
The mean retention for the 5-year period was
148 eggs per female while the mean retention for
partially spawned fish was only 96 eggs per fish.
The figure of 148 eggs was used to estimate egg
retention in 1951.

Of the female salmon examined on the spawn-
ing grounds in 1950, 26.8 percent were totally
unspawned. Since no count was made of the
eggs retained in the ovaries of spawned fish, the
mean egg retention of 96 eggs per spawned female
for the years 1952 to 1956 was used. Upon cal-
culating egg retention for all female salmon in
1950, the average retention was found to be 970
eggs per female, or a.total egg retention of 28.7
percent. of the eggs available for deposition. This
loss may have heen caused by high water tem-
peratures during the middle of August when the
fish were on the spawning grounds. That year
the mean surface temperature from August 9 to
August 19 averaged 16.9° C., which is higher
than the average temperature recorded in the
same period during fhe following 6 years. Foer-
ster (1938) noted a very low egg retention in
spawned female sockeye examined on the spawn-
ing grounds at Cultus Lake in 1925 and 1935.
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TABLE 5.— Annual egg deposition of red salmon in Bare Lake, Alaska

Dead female spawners examined
. Esecapement (  Mean fork Potential Corrected
Year of females length of Fecundity! egg egg
females (cm.) deposition Number Recovery Egg reten- deposition
(percent) tion per fish

285 57.1 3,374 961, 600 71 24.9 2970 685, 100
30 57.5 3,417 102, 500 2 6.7 3 148 98, 100
235 56. 6 3,319 780, 000 158 67.2 114 758, 200
146 57.0 3,363 491, 000 22 15.1 166 466, 800
134 54.7 3,112 417, 000 64 47.8 208 389, 100
244 5¢.5 3.090 754, 000 104 42.6 66 737, 900
185 54.4 3,079 569, 600 59 319 184 535, 600

! Fecundity based on regression line of fish fork length on egg count for
samples taken during years 1952-55 (9 fish, 1952; 9 fish, 1053; 9 fish, 1954; 18

fish, 1956). Equation for regression line ¥=—2849.18+108.98.X.

2 Egg retention based on the percentage of unspawned female salmon re-
However, unspawned fish were found dead on
the spawning grounds in those years, and if they
are included, a mean egg retention of 6.3 and
of 19.8 percent occurred.

In table 5, the egg deposition is shown in two
ways. The first is based on the escapement, the
mean fork length of the females for the year, and
the mean number of eggs for that size fish, caleu-
lated from the regression formula ¥ = —2849.18
+ 108.98.Y. The second includes a correction ap-
plied to those figures based on the mean egg
retention of the females recovered on the spawn-
ing grounds each year. The largest egg deposi-
tion occurred in 1952, yet the escapement that
year was smaller than in 1950 and 1955. This
indicates that the egg deposition based on the
number and fecundity of female salmon in the
escapement alone can often be in error. A meas-
ure of the egg deposition is important in measur-
ing the survival to later stages in life. Later the
survival from egg deposition to the smolt stage
will be shown.

EFFECTS OF FERTILIZATION ON
YOUNG RED SALMON

FIRST-YEAR GROWTH OF RED SALMON

As previously pointed out, the majority of the
adult red salmon spawn during August. By the
first part of November the lake is generally
covered with ice and remains thus until the fol-
lowing April or May. Seine hauls indicate the
young emerge from the gravels during May and
June. The time of emergence is dependent. upon
the time of spawning and water temperatures
during the incubation period.

If fertilization is augmenting the food supply
of the young red salmon, one of the first indica-
tions probably would be the increased growth of

covered and the mean egg retention of spawned fish for the years 1952-56.
3 Samgle size was inadequate, so mean egg retention for years 1952-56
was used.

the young fish. To determine if such an increase
occurred, seine hauls were taken each growing
season during this investigation. The fish cap-
tured were counted and a sample of juvenile * red
salmon was anesthetized, after which lengths and
weights were recorded and scale samples were
taken. The salmon were held in live boxes to
recover from the anesthetic and were then released
into the lake. The catches included young red
salmon of three age groups with the fish from
the hatch of the year being the most prevalent.
Although the three age groups generally can be
easily separated by lengths, scales were taken
from each fish sampled to validate the age de-
termination.

The growth of red salmon during their first year
of life in the lake is shown in figure 6. As noted
in the figure, a rather progressive increase in
growth occurred during the years 1950 through
1955. It is unfortunate that more seine hauls
were not taken in 1950; however, it is believed
that the length of the fish taken then is repre-
sentative of the growth at that time. The rather
sharp decline in growth rate during 1956 is dis-
cussed in a later section.

AGE COMPOSITION AND SIZE OF SMOLTS

At Bare Lake the majority of the red salmon
smolts migrate to sea at the beginning of their
second or third year of life. Occasionally, a few
fish remain until their fourth year, but only
rarely do the fish leave the lake in their first year
or remain as long as their fifth.

The smolt migration commences the latter part
of May each year, reaches a maximum during

2 Stages of the life history of red salmon used in the text are
defined as follows: Fry—the period following the absorption
of the yvolk sac up to the time of active feeding: juvenile—the

perind commencing with feeding to the time of seaward migra-
tion ; smolt—the period of migration from: fresh to salt water.
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Ficure 68.—Growth curves of red salmon during their first summer in Bare Lake.

June, and is generally over by the end of July.
Unlike in most other areas, smolts in Bare Lake
tend to leave the lake during the day on their sea-
ward migration. The reason for this is not
known, although large migrations have been wit-
nessed occasionally at Karluk Lake during day-
light hours and have also been reported from
other areas.

Each day during the migration, the smolts
were counted, and a sample was taken to deter-
mine the age composition, weight, and length of
fish in the migration. The trap (fig. 2) is of
simple construction. The smolts migrating down-
stream tail first ave led into the trap. They were
captured with a small seine and transferred into
tubs of water; the species were sorted and
counted; the red salmon smolts were placed in a

live box, and other species were released below
the weir. During days of large migrations the
trap was seined frequently and the red salmon
smolts were accumulated in the live box. At the
end of the day a sample of the catch was taken
for processing. The live box has two compart-
ments of equal size separated by a removable par-
tition. To obtain a sample of the catch, the
partition was lowered to divide the catch in half.
One-half was released in the stream below the
weir and the remainder subdivided if necessary
until a sample of 50 to 100 fish was obtained.
Once the sample of fish was separated from the
daily catch, the sample was placed in a tub of
fresh water. From the tub a few fish at a time
were dipped into a bowl] containing a 0.5-percent.
solution  of wrethane. After the fish were
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anesthetized, fork lengths and scale samples were
taken, and each fish was weighed on a beam bal-
ance having a sensitivity of 0.01 gram. Before
the first fish was weighed, the balance pan was
wetted down and the weight of the wet pan set
at zero grams. In standardized manner, a fish
was placed on the pan, weighed, and transferred
to a container of fresh water. Before the next
fish was weighed the pan was given a quick shake
to eliminate the bulk of the water that had
drained from the fish. Periodically the zero set-
ting was checked. By this method, the weight
of the fish as recorded here actually includes a
film of water that amounts to about 3 percent of
the body weight. The smolts were held in the
live box for several hours, or until they appeared
fully recovered, and then were released to con-
tinue their seaward migration. Mortality has
been very slight in this operation, and fish were
held as long as 2 days without showing signs of
distress from the handling and anesthetic.

In appendix table 2, data are presented show-
ing by weekly perlods the migration, age compo-
sition, mean length, and mean weight of smolts
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in each age group during the years, 1950-56.
Also given is the number of smolts sampled each
week from which the measurements were derived.

The weekly age composition of smolts during
the season has followed a rather consistent pat-
tern from year to year. In general, the older
smolts migrate to sea earlier in the season. In
the years of study the 2- and 3-year-old smolts
have accounted for over 99 percent of the annual
migrations while the 1-, 4-, and 5-year-old smolts
make up the balance. Because the minor age
groups make up such a small part of the migra-
tion, they are discussed only briefly.

Figure 7 shows the percentage of 2-year-old
smolts in the weekly migrations during the years
1950-56. Although the 3-year-old smolts are not
shown, it is easy to visualize the complement of
the curves presented. Usually the bulk of the
3-year-old smolts has migrated by early June
while the 2-year-old smolts migrate in their great-
est numbers the latter part of June. In 1950 and
1954, some variations oceurred in the normal
migration. In the former year, over 60 percent
of the July migration was composed of 3-year-

T
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© Firoure 7.—Curves showing the weekly percentage of 2-year-old red salmon in the annual smolt migrations,



EFFECTS OF FERTILIZING BARE LAKE, ALASKA, ON RED SALMON 71

old smolts, while during May 1954, 2-year-old
smolts predominated over the older fish. Very
few fish migrated during these periods; but that
does not account for the unusual age composition,
for which there does not. seem to be a satisfactory
explanation.

The percentage of 2-year-old red salmon in the
annual smolt migration has ranged from a high
of 86 percent in 1954 to a low of 23 percent in
1951 (fig. 8, ¢). A comparison of the annual per-
centage composition of 2-year-old smolts with
the size of the smolt migration (fig. 8, d), shows
that in years of large smolt migrations (1950,
1954, and 1955) the younger smolts predominated.
This no doubt applied also to the smolt migra-
tions of 1947 and 1949. From each of these mi-
grations large numbers and a high percentage of
the 2-year-old smolts returned 3 years later as
adults at age 52 (table 4). For this to occur, the
smolt migrations in those years must have been
large and made up mostly of 2-year-old fish.

To determine the effect that the number of
smolts produced by a brood year might have on
the age at which they migrate to sea, a calcula-
tion was made of the number of smolts produced
by brood years 1948-53 and the percentage of
smolts which migrated to sea from each brood
as 2-year-old fish. It was found that approxi-
mately 60 percent of the variability in the per-
centage of smolts migrating to sea in their second
year was associated with the number of smolts
produced in a brood year. Greater percentages
of smolts migrated to sea at an earlier age from
brood years of high production than from years
of low production. Possibly population pressure
caused the bulk of fish in the big-brood years to
migrate earlier. This could account for the low
populations of 3-year-old smolts, because only in
brood years of low smolt production could they
dominate in numbers over the 2-year-old smolts.
Also, limiting the abundance of the older smolts
would be the additional mortality imposed on
this group by the extra year in fresh water.

There is a general tendency for the slower-
growing fish in the population to migrate later
in the season or remain in the lake another year.
This is apparent. over the years and is shown in
a comparison of the length curves each season of
2-year-old smolts taken in the smolt trap and
2-year-old juvenile red salmon captured in seine

hauls (figz. 9). However, size alone appears to
have little influence on the age composition of the
smolt migration. The increase in size of smolts
since 1950 has not brought about an increase in
the percentage of younger smolts in the annual
migrations.

A considerable increase in the size of smolts has
occurred since 1950. The smolts of 1950 could
receive no benefit from the first fertilization of
Bare Lake, as they migrated before the applica-
tion. The rather progressive increase in length
and weight of smolts, which occurred, built up
to a peak in 1955 and declined somewhat in 1956
(fig. 8, @ and ). The smolts of 1955 in all age
groups were more than 30 percent longer and
more than 150 percent heavier than those of
1950. During the years 1951-55, increase in size
of smolts was rather consistent among all age
groups. Upon comparing figures §, ¢ and 8, b with
figure 8, d, no relation is found between the size
of the migration and the increase in length ov
weight of the smolts during the years of study.
More often, as reported by others, there is a
tendency for smolts to be small in years of large
migrations. Evidently this did not take place at
Bare Lake as the food supply of juvenile red
salmon was adequate even in years when they
were abundant.

Information was obtained on the size of smolts
in the years 1947, 1948, and 1949 through use of
a procedure involving scale radius measurements.
The method involved taking scale-radius measure-
ments from 100 smolts each of 2- and 3-year-old
fish for the years 1950 through 1953. It was de-
termined that a highly significant correlation
(r = 983; P <.01) exists between scale radius
and fork length of smolts when the age groups
are kept separate. When the age groups were
combined for each year, the correlation between
mean annual length and mean. scale radius
weighted by the age composition of the migra-
tions was found to be significant at the 5-percent.
level in which »=0.91.

Since a relation existed between the scale ra-
dius and size of the smolts, it was necessary to
show agreement between the fresh-water scale
radii of the adults and the scale radii of the
smolts that produced the adults. To do this,
scale-radius measurements of the fresh-water
growth were taken from almost all of the adult
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FIcURE 8.—Relation between size of the smolt migration and (1) the age composition and (2) increment in smolt length
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migration, 1950 to 1956. d. Total annual smolt migration, 1950 to 1956.
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F16Uure 9.—Fork length (in millimeters) of 2-year-old migrating and of 2-year-old nonmigrating red salmon juveniles,
Bare Lake, Alaska, 1951-56.

salmon in the escapement produced by the smolt
migrations of 1950 through 1953. In several in-
stances, returns of adult salmon by individual
fresh-water age were (uite small, so the age
groups were combined. The mean scale radius
and length of smolts for the years 1950 through
1953 and the mean fresh-water scale radius of
adults returning from each of these migrations
are shown in table 6. Comparative data for the
4 years show the fresh-water-zone scale radii of
returning adults were larger than or equal to
those of the smolts producing them. The increase
probably is caused by a greater mortality of the
smaller smolts at sea. Measurements of the fresh-
water-zone scale radius were also taken from
scales of adult salmon returning from the smolt
migrations of 1947 through 1949, and data in
table 6 indicate that these radius measurements
were slightly smaller than those of the adult sal-
mon in 1950. This is good evidence that the
smolts of 1947 to 1949 were smaller than those of
1950, although it does not necessarily mean they
were smaller in all age groups.

TaBLE 6.— Weighted mean length and mean scale radius of
2-year-old and 8-year-old smolts combined and mean
fresh-water-zone scale radius of adulls returning from the
smolt migration

Combined 2- and 3-year-
old smolts Mean fresh-water

Year of smolt migration scale radius of

returning adults
Mean length | Mean seale (mm.) !

(em.) radius (mm.,)
............................ 0.29
............................ .8
............................ .30

72.8 0.28 .32
81.8 .34 37
79.1 .32 .32
90.2 .39 .41

1 Combined 2- and 3-year-6ld fresh-water age groups.

RELATION BETWEEN RED SALMON GROWTH AND
RATE OF PHOTOSYNTHESIS

As pointed out previously, the size of the red
salmon increased progressively between 1950 and
1955. A decline in size occurred in 1956 among
the fry ‘and 2- and 4-year-old smolts. Although
the 3-year-old smolts in 1956 were slightly larger
than those of the year before they weighed less
(fig. 8, b) which indicates poor growing condi-
tions. Curves showing the trend in size of fish



74 'FISHERY: BULLETIN. OF THE. FISHIAND- WAIEDLIEE ZSERVICE

in each group for years 1950-56 are presented in
figure 10, «. Juvenile lengths are based on the
length the fish attained on August 27 of each
year, as shown in figure 6. That date was se-
lected since it is the latest date in the season for
which length data were available for all years.
Annual mean smolt length of each age group was
determined by sampling throughout the period
of smolt migration.

The observed progressive increase in fish size
might be expected, because the organisms the .fish
eat are relatively long lived, and some time would
be required for the population to build up in re-
sponse to an increase in food supply brought
about by fertilization. The decline in 1956 was
unexpected, and an effort was made to determine
the cause. Possible explanations for this decline,

particularly temperature and primary food pro-

duction, were examined. Air temperatures taken
at Kodiak, 80 miles northeast of Bare Lake, were
examined for the months from September 1955
to May 1956 and for like periods in the preceding
years. Temperature data were insufficient from
Bare Lake; however, for the months in which
temperatures were recorded, they were closely
correlated with temperatures at Kodiak.

The mean temperature at Bare Lake from
September 1955 to May 1956 was 33.7° F., which
was 2.5° below the mean for like periods of the
preceding 6 years. Furthermore, each monthly
mean temperature was lower than the monthly
mean temperature of the 6 previous years. The
air temperature could hardly influence the water
temperature once the lake was frozen, but a
prolonged period of low air temperatures could
increase considerably the thickness and duration
of the ice cover. Also, because of the severity
of the conditions at time of freezing, the lake
water may have been at a somewhat lower

Ficure 10.—The relation hetween gross rate of photosyn-
thesis and growth of red salmon juveniles. a. Curves
showing the mean length of juvenile red salmon on Au-
gust 27 of their first growing season and of red sal-
mon smolts migrating to sea in the beginning of their
2d, 3d. and 4th year of life for the years 1950-5G6. b.
Curves showing the mean rite of gross photosynthesis
during the years 1049-56 for the 40-day periods after
the June application of fertilizer and for a similar
period after the July application. Alsc presented is a
curve of the average of the two periods fur those years.
Points on the curves marked hy an x denote that. the
values are estimated ov partly estimated. c¢. Scatter
diagrams showing the relation between gross photo-
synthesis and fork length for each age group of fish.,
Regression lines are drawn by inspection.
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temperature than at the time of freezing in other
years. These conditions could have resulted in
reduced growth and increased mortality of fish
food organisms and may have had some effect
on the fish themselves. When all years were
considered, however, no relation was found be-
tween mean temperatures during this period or
during the summer period and fish growth.

The data gathered each year on growth rate
of young salmon and primary productivity as
measured by the rate of photosynthesis of the
phytoplankton were examined to determine if a
relation existed between them. If a relation was
found it would tend to substantiate the proposi-
tion that the salmon population is held in check
hy insufficient food and would provide an ex-
planation for the decline in fish growth during
1956. _

Plotted in figure 10, 5 are the mean rates of
gross photosynthesis, determined by the method
described by Nelson and Edmondson (1955), for
the 40-day period after each June and July ap-
plication of fertilizer and the average rate of the
combined periods. The gross rate of photosyn-
thesis for the period after the July fertilization
increased progressively each year up to 1953, was
considerably lower in 1954 and 1955, and increased
again in 1956. The rates of photosynthesis after
the June fertilization show a different trend dur-
ing the years 1952-56. Unlike in the later period,
a small decline in rate of photosynthesis from
1952 occurred in June 1953, and a progressive
minor increase occurred in subsequent years. As
photosynthetic activity was greatest after the
July fertilization, the curve of the combined
periods followed a similar pattern although the
fluctuations were smaller. No actual measure-
“ments were made in 1949 when the lake was not
fertilized, but on the bhasis of measurements made
just. before fertilizing the lake in July of 1950
and 1951 (Nelson and Edmondson, 1955), it is
believed the mean rate of oxygen production
would not have exceeded (.12 mgm. per liter per
day and may well have been about 0.06. This
figure is plotted as the rate during 1949 and
during the early part of the 1950 and 1951 seasons
when the lake was not fertilized in June. The
causes of the fluctuation in rates of photosyn-
thesis during these years has not yet been an-
alyzed, but the changes are of considerable
magnitude, particularly in July.

A cursory comparison of the curves of seasonal
rate of photosynthesis with the size of young red
salmon reveals a certain correspondence between
them (fig. 10, « and 5). To show the relation
more clearly, correlation diagrams were made
(fig. 10, ¢). In the case of juvenile red salmon
in their first growing season, it was thought three
periods in time would be important in affecting
the population size and growth of the new crop
of insect larvae hatching in early summer and
which would he fed upon by salmon hatehing
that spring. The period after the July fertiliza-
tion of the previous year was considered impor-
tant. to the survival of the brood stock of insect
larvae that was to produce -the new generation
utilized by the recently hatched fry. Periods
after both the June and July fertilizations would
influence the growth and survival of the newly
hatehed larvae. Thus, in figure 10, ¢ for the years
1950-56, the length the juveniles attained on
August 27 of their first growing season is plotted
against the mean rate of photosynthesis after
June and July fertilizations of that year and
after July fertilization of the preceding year.
All three periods were weighted equally in estab-
lishing the mean.

To show the relation between smolt size and
rate of photosynthesis, the mean fork length of
smolts for each age group was plotted against
the mean rate of photosynthests over those periods
mostly responsible for the development of insect
larvae upon which the fish fed during their lake
residence. As the bulk of the smolts usually
migrated prior to the third week in June during
the years of study, the period after the June 10
fertilization in the year of smolt migration would
be of little or no value in providing fish food
organisms for the smolts before they migrated.
However, conditions in the preceding years would
aflect the food supply of these fish, with the
older smolts heing subjected to the environment
for the longer period of time.

The following example shows the procedure
adopted in making the scatter diagrams (fig.
10, ¢) for smolts of various ages: The
mean fork length of the 2-year old smolts migrat-
ing to sea in 1955 was plotted against the mean
rate of photosynthesis in the fall of 1953 and
during 19541 the mean fork length of the 3-year-
old smolts migrating the same year was plotted
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against the mean rate of photosynthesis during
the years 1954 and 1953 and the fall of 1952;
correspondingly, the mean fork length of 4-year-
old smolts in 1955 was plotted against the mean
rate of photosynthesis for the years 1954, 1953,
1952, and the fall of 1951, The rate of photo-
synthesis over each 40-day period was given equal
weight in establishing the mean rate.

A good relation between fork length and rate
of photosynthesis was found in smolts (fig. 10, e).
The relation was weaker in fry. Perhaps sam-
pling in the lake was inadequate to establish with
sufficient accuracy the size of the juveniles on
August 27. Nevertheless, the decline in rate of
photosynthesis during 1954 and 1955 appears to
have had considerable effect on the size the
fish achieved in 1956. The relation between fork
length and photosynthetic rate indicates a much
closer dependence of fish growth on primary
photosynthetic productivity than might have been
expected a priori.

Phytoplankton is immediately or -indirectly
available to zooplankton and to many of the
bottom organisms which are used as food by the
salmon. Since so many steps exist between
the original synthesis of food materials by the
phytoplankton and the growth of the salmon
and since fish are affected by so many environ-
mental factors in addition to food supply, one
might not expect a relation to exist between sal-
mon growth and photosynthetic rates of the
phytoplankton. Since such a relation does exist,
it might be understandable in terms of the food
chain involved. A higher primary production
would result in a better state of nutrition of the
crustaceans, insect larvae, and other animals on
which the fish feed. The food animals would
grow larger and be more nutritious to the fish.
Adult insects produced from well-fed larvae
would presumably be able to lay more eggs, and
this would increase the potential population of
insect larvae in the lake.

It will be interesting to follow this relationship
when fertilization of Bare Lake is discontinued.
Furthermore, it will eventually be possible to
make a rather complete assessment of food con-
ditions at Bare Lake when all the time-consuming
censuses of plankton and hottom fauna are fin-
ished.

EFFECTS OF FERTILIZATION ON
RED SALMON SURVIVAL

FRESH-WATER SURVIVAL

It is hypothesized that fertilization of Bare
Lake increases the fresh-water survival of young
red salmon. To determine this requires many
years of observations. For example, to measure
survival from one brood year to the smolt stage
requires an enumeration of the number of smolts
of that brood migrating seaward 2, 3, 4, and
5 years later. Up to the present time no measure-
ments have been made of the fry hatch from
known egg depositions. In fact, very little has
been done in other areas toward measuring fry
production from a beach spawning area because
of the many difficulties involved in conducting
such work. If this could be done it would be
extremely useful in evaluating the effect of mete-
orological conditions on the eggs over winter.
To some extent, conditions that produce poor
survival to the smolt stage might in part be
created during the period the eggs are in the
gravels rather than during the free-swimming
period in the lake. In such a case any benefits
fertilization might have on survival would be
masked.

Survival to the fry stage has been measured
in several streams in British Columbia. In Scully
Creek, a small tributary of Lakelse Lake, fry
production for 5 years averaged 11.8 percent
(range, 9.3 to 13.7) ; Williams Creek, located in
the same system, had a production of approxi-
mately 7.5 percent in 1954; Six Mile Creek,
Babine Lake, had survivals of 19 percent in 1954
and 12 percent in 1951; Port John survivals were
13.4 percent in 1954, a mean of 9.5 percent for
earlier years, with a range of approximately 1.7
to 255 percent (Fisheries Research Board of
Canada, 1955, p. 81). The range of fry produc-
tion at Seully Creek was small over the 5-year
period, but at Port John the range was large.

Because of lack of information on survival to
the fry stage at Bare Lake, the range in fry
survival is not known. To determine if fertiliza-
tion has increased survival of red salmon from
the egg to the smolt stage, will require that ob-
servations be made both during the years of fer-
tilization and those of no fertilization.

At the present time rates of fresh-water sur-
vival have been measured from the brood years of
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1950 through 1953. During those years an in-
creased survival was indicated which could have
heen caused by a buildup of nutritional benefits.
As shown in table 7, the average annual survival
rate during the period was 2.96 percent. These
survivals are based on egg depositions (table 5),
with the correction applied to unspawned and
partially spawned fish. In many areas, this cor-
rection has not been so readily assessed; hence,
survival rates have been based on the potential
ege deposition, as determined from the number
and fecundity of female salmon in the escape-
ment. When no correction is made to Bare Lake
data, the mean survival rates during the years
average 2.76 percent (range, 0.74to 4.86)—a sur-
vival somewhat greater than has been reported
from other areas. Barnaby (1944) found the
fresh-water survival of Karluk River red salmon
usually to be less than 1 percent. He suggested
that the survival is low because the fish have a
longer residence in fresh water. Measurements
of fresh-water survival at Cultus Lake, British
Columbia, during 1925, 1927, and 1930 were 1.13
percent, 1.05 percent, and 3.16 percent, respec-
tively (Foerster 1936a). The smolts ranged in
length from 2 to 4 inches, which would be com-
parable in size to the smolts of Bare Lake. At
Lakelse Lake, Brett and McConnell (1950) re-
port survivals of 1.1 percent, 0.4 percent, and 1 to
2 percent during the years 1946 through 1948,
At Babine Lake, British Columbia, survivals of
048 percent, 0.77 percent, 1.57 percent, and ap-
proximately 2 percent were found for the years
1949 through 1952, respectively (Fisheries Re-
search Board of Canada, 1955). From Dombroski
(1954), the average lengths of Babine Lake smolts
for years 1950 through 1953 were 83.1 mm.,
£2.5 mm., 80.6 mm., and 86.5 mm., respectively.
During this period these fish averaged slightly
longer than Bare Lake smolts. The lower fresh-
water survival of Babine Lake red salmon may
be compensated by the larger size of smolts
migrating to sea.

The fresh-water survival values of red salmon
at Bare Lake were measured during the years
the Iake was fertilized. Although the fresh-
water survival at Bare Iake averages slightly
higher than reported from other areas, this could
be normal. With a high average fresh-water
surviv:], the marine survival might be expected
to be lower than the normal; otherwise, produc-

TaBLE 7.—Fresh-waler survival of young red salmon in
Bare Lake, Alaska

Downstream smolt produetion !
Brood Egg dep- Survival
year osition (percent)
2 years | 3 years |4-5 years| Total
1950 ______.| 685 100 3, 668 3, 441 51 7,160 1,05
1951 ... 98, 100 1,644 1,692 292 3,628 3.70
1952 ... 753,200 10, 532 4,311 46 14, 889 1.98
1053.. ... 466,800 20,4033 3,808 2 50 23, 841 5.11

t Including mortalities at the trap.

2 Estimated.
tion would be unusually high compared with
other areas. It is possible that a compensating
factor operates, so that if fresh-water survival is
low marine survival is high, and vice versa.

For fertilization to increase survival, it should
indirectly create more food for the young red
salmon. With an increase in food, growth would
be increased before survival would be improved,
as is indicated in the preceding section. To
determine the end product in the food chain
from fertilization of the lake to food of the
young red salmon, the stomach contents of 150
juvenile red salmon were examined, including
51 smolts, 10 juveniles taken during February
1955, and 89 juveniles taken in seine hauls during
the following summer. The diet of the young
fish, including the smolts, taken during May
through September, consisted mostly of bottom
fauna with chironomids comprising the major
part. The fish taken during February 1955 from
under the ice were found to be feeding chiefly
on ostracods and copepods.

OCEAN SURVIVAL

Measurements of the fresh-water survival, as
described in the preceding section, represent only
a portion of the life of the red salmon. Once the
smolts leave the lake for their ocean sojourn,
they are subjected to a new set of environmental
hazards that may be very important in deter-
mining the survival rate. For comparison with
results at Bare Lake, other observations on ocean
survival of red salmon will be briefly reviewed.

The most comprehensive studies of ocean sur-
vival of red salmon have been made by Foerster
(1934, 1936b, 1954a) at Cultus Lake and by
Barnaby (1944) at Karluk Lake. In the former
investigations, all smolts were captured at the
weir and the annual seaward migration was enu-
merated. During each of the 3 years following
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each smolt. migration, the age composition of the
escapement. was determined, and from this the
number of adults in the escapement returning
from the smolt migration was calculated. As
the Cultus run makes up a small portion of the
Fraser River run, and, since the catch usually
exceeds the escapement, it was difficult to assess
the portion of the fish returning to Cultus Lake
that were taken in the fishery. To measure the
total return of smolts as adults, during 1930 and
1931 all the smolts were marked by clipping a
different combination of fins each year. There-
after, fish returning to the weir and taken in
the fishery as adults were examined for marks.
The percentage of marked fish returning from
each year’s marking indicated the ocean survival.
Foerster (1936b) reported recoveries of 3.67 per-
cent and 3.5 percent from the two markings.
Previous marking experiments, however, had in-
dicated that marked fish suffer a 62-percent dif-
ferential mortality over unmarked fish. Upon
correcting for this Joss, he concluded that the
most. nrnhqh]p survival during those years was

apprommately 9.9 percent. For other years at
Cultus Lake, Foerster (1954a) presents a table
of the smolt migrations and the percentage sur-
vival of smolts that returned in the spawning
escapement only. The survival rates ranged from
0.31 to 6.68 percent, with a mean of 2.74. From
recoveries of marked fish in 1930 and 1931 the
cateh accounted for one-half of the recoveries
in the one year and three-fourths of the recoveries
in the other year. If the catch wusually takes
from one-half to three-quarters of the run, the
percentage survival as given by Foerster should
be two to four times greater than indicated, if
they are to account. for the total return of smolts.

During the period in which ocean survival of
salmon was measured at Cultus Lake, the smolts
averaged 58.2 millimeters in length (range, 66
to 107) and 7.47 grams in weight (range, 2.7 to
12.8). In regard to the relation hetween ocean
survival and smolt size Foerster (1954a) con-
cluded—
Analysis of these data Indicated a negative correlation
between size of migration (in number of smolts) and
percentage return of adults which is found (by multi-
ple corvelation treatment) to be related principally to
the size (weight in grams) of the smolts.

In a somewhat different manner, Barnaby meas-
ured the ocean survival of Karluk smolts. Re-

sults of his studies showed a greater survival in
the ocean among the older and larger 4-year-old
smolts than among the smaller 3-year old smolts.
Avenge survivals for 6 years for the two groups
were 25.7 percent and 17.4 percent, respectively.
Average survival for all age groups was 21.4 per-
cent. Barnaby points out that these high sur-
vivals were due to the large size of the smolts.
As shown in the table of smolt sizes which he
presents, the fish averaged approximately 137
millimeters in length and 24 grams in weight
during the years of study.

By using table 4, the number of smolts re-
turning as adults from the Bare Lake smolt
migrations of 1950 through 1953 can be deter-
mined. For example, from the 1950 smolt migra-
tion, 3 adults returned as age-group 4, in 1953,
18 adults as 4. in 1952, 271 adults as 5. in 1953,
30 adults as 5; in 1952, and 16 adults as 6; in
1953. Summing these returns gives a total of
333 adults returning from the 1950 smolt migra-
tion. The number of fish returmng and per

thi 3 v avla
centage return from this nngmuuu anda susseguent

smolt migrations is shown in table 8. This table,
patterned after Foerster's table (1954a, p. 342),
shows the relation between the size and number
of smolts and the return of smolts as adults.
The percentage of smolts returning (ocean sur-
vival) inereased during the 4 years. This corre-
sponds. with an increase in size of smolts during
the period and is in agreement with the work
of Barnaby and Foerster previously mentioned.
The slight discrepancy in the relation between
size and percentage return in 1951 and 1952 prob-
ably is not significant, since size of the smolts and
percentage return are quite similar.

It is of interest that the return of adults from
the smolt migration of 1953 was greater than from
that of 1950 although the migration of 1953 was
less than one-half as large as that of 1950. This re-
sulted from the increased survival at sea of the
large smolts migrating in 1953. Possibly these
smolts, by being larger and more vigorous, were
better equipped to evade predators and withstand
other hazards of their early life at sea. Thus,
fertilization in an indirect manner may have
caused a profound effect on survival. On the
basis of the large smolt migrations of 1954 and
1955 and the large size of the smolts since 1953
(table 8), we might expect good returns of adult
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salmon during the years 1957 and 19582 Adverse
ocean conditions could influence the number re-
turning and in fact, this factor probably accounts
in part for the wide range in returns found by
Foerster at Cultus Lake.

Tasre S.—Annual smoll migration, mean annual lengths
and welghts of smolls, arul number and percentage of smolts
returning as adalt salmon, 19250 through 1956

[A1l age groups combined]

Smolt migration Returning adults

Year Mean Meun Percentage
Number fork weight Number | of smolt
. length {gm.) migration
(mmn.)

10, 199 3.2 3.35

4, 503 82.2 4.83

8, 620 80. 5 4. 59

5,058 o2 8. 51

12, 189 93.7 8.23

24, 100 07.2 8.4

6. 525 7.0 8,23

EFFECTS OF FERTILIZATION ON
OTHER FISHES

In addition to red salmon, Bare Lake supports
populations of six other fish species, coho salmon
(Oncorhynchus kisuteh), king salmon (Oncor-
hynchus tshawytscha), steelhead trout (Salmo
gairdneri), " Dolly Varden charr (Salvelinus
malma), seulpin (Cottus aleuticus), and the three-
spine stickleback (Gasterosteus aculeatus). Of
these species, juvenile king salmon, steelhead
trout, and sculpin are present in small numbers
and probably have little effect on the general
ecology of the lake. The other species are im-
portant as predators or competitors of juvenile
red salmon. Of interest in this study is the
effect fertilization of the Jake may have had on
these species.

Only limited ohservations were made on fish
populations other than red salmon in Bare Lake
during the years 1950 to 1954.

Ohservations on the growth and population
size of Dolly Varden charr were initiated in
1954 and expanded in 1955. These are to be

2Data that have become available since completion of this re-
port show that in 1957 approximately 265 red salmon returned.
From stream surveys of Bare Creek. it iIs estimated that the
stream was impassable to salmon from the period July 1 to July
19. Lack of rainfall created this condition. The blocking of
the migration during this period might at least in part explain
the poor run. The run in 1958 was the largest on record. Al-
though no weir was maintained in Bare Creek this year, 914
red salmon were recovered on the spawning grounds. Upon
eonsidering the number of salmon not recovered on the spawning
grounds and the number taken in the fishery, it is estimated that
the 1958 run was approximately 2,000 red salmon.

reported by C. S. Thompson at a later date. In
addition, some samples of coho smolts have been
obtained since 1954 for determination of age and
size composition. At the smolt trap, records have
been kept of the number of coho and red salmon
smolts, Dolly Varden charrs, and steelhead trout.
migrating to sea (table 9). Included in the coho
count are a few king salmon smolts, which closely
resemble coho smolts; time did not permit the
necessary careful examination for separate counts.

TABLE Q.- Number of coho smolts, Dolly Varden charr, and
steelhead smolts in seaieard migration, Bare Lake, Alaska

Dolly Steel-
Year Coho! Varden head
charr
L34 ||
2,380 2,733 21
1,781 3, 905 48
2,014 77 13
3, 341 1. 058 23
3. 247 2. 360 21
2, 046 2,777 26

! May include some king salmon smolts.

Coho salmon.—As shown In table 9, there is
some indication of an increase in the coho popu-
lIation over the years. As adult coho salmon do
not. enter Bare Lake until after the weir is
removed, we have no measure of the size of the
spawning population. Thus, an increase in num-
bers of smolts may he caused by an increase in
ege depositions rather than by an increase in
survival. Because we do not have adequate data
on spawning populations, it is not possible to
determine the fresh-water survival rates. Also,
length data of coho smolts is insufficient. to de-
termine if fertilization might have brought about
an increase in the growth rate during the years
of study. '

The coho smolts migrate to sea in their second
or third year and are, in general, larger and more
robust than the red salmon smolts. The stomach
contents of a few cohos have heen examined.
During the summer, juvenile cohos feed mostly on
insects or insect. larvae. To some extent the larger
juvenile cohos are predaceous on the juvenile red
salmon hut, in general, their role seems to be that
of competitors for food rather than predators.

Dolly Varden charr—A fairly large Dolly

7arden charr population is present in Bare Lalke.
This is indicated by the numbers captured in the
smolt trap (table 9). Tt is not known if these
counts are indicative of the population which



80 FISHERY BULLETIN OF THE FISH AND WILDLIFE SERVICE

would have migrated to sea had the trap not been
installed. Large charrs cause heavy losses of
salmon smolts when the two are confined together.
To reduce predation, the opening of the trap was
made small enough that large fish could not. enter.
Occasionally large charrs enter the trap during
high water, and seme have been captured above
the trap and released downstream. To some
extent their normal migration has been impeded,
so the counts in the table may not be representa-
tive of the population normally migrating at this
time. To facilitate upstreamn movement of ju-
venile coho salmon and Dolly Varden charrs, seine
hauls periodically are taken below the trap, and
the catch is released in the lake.. The marking
of these fish has indicated that they are migrat-
ing to the lake, as less than 10 percent of those
marked have worked back downstream to the
weir.

As data are not available on the size of the
spawning stock or survival to various stages in
the life history of Dolly Varden, it is not pos-
sible to say whether fertilization increased sur-
vival. Also, satples were inadequate to determine
rate of growth during years 1950-56.

Stomach contents of charrs examined during
the summer show they feed on caddisfly larvae,
winged insects, gastropods, salmonids, and stickle-
backs. To a small extent competition for food
exists between the small charrs and juvenile
red salmon. During the smolt migration, charrs
feed to some extent on the smolts; however, their
predation on red salmon from May to September
does not seem to be important.

Threespine stickleback.—There is a large popu-
lation of sticklebacks in Bare Lake. Beach-seine
catches each year at the north and south ends
of the lake show this species to predominate in
numbers over juvenile red salmon (appendix
table 3). Sticklebacks feed on about the same
items of food as the juvenile red salmon; thus,
they are direct competitors of the salmon for
food. Their abundance is perhaps kept in check
because Dolly Varden charrs and cohos feed on
them to some extent, which may result in less
predation by these species on juvenile red salmon.
From seine-haul catches it would seem the peak
in abundance of sticklebacks occurred during
1953 and of juvenile red salmon during 1954.
Although seine-haul catches probably provide

only a rough index of population size, the fact
that the red salmon smolt migration of 1955 was
the largest observed during these studies strength-
ens the finding of juvenile red salmon being
unusually abundant during the preceding year.

Growth studies of threespine sticklebacks have
been conducted in Bare Lake since 1950. Green-
bank and Nelson (1959) present growth curves
of sticklebacks for year classes 1951 through
1954. An examination of these data indicate no
progressive increase in growth rdate occurred.
Th -, unlike red salmon juveniles, sticklebacks
did not respond to fertilization by increased
growth.

DISCUSSION

To understand the effect on the growth of fish
of fertilizing a lake with inorganic material, it is
necessary to consider the food chain involved. It
has been shown that fertilization increased pri-
mary productivity in Bare Lake manyfold (Nel-
son and Edmondson, 1955), and that a large crop
of phytoplankton resulted and was maintained
during the rest of the summer. This increased
food supply would be expected to benefit directly
many of the invertebrates. Invertebrates that
would be of most direct value to the red salmon
are a variety of benthic insect larvae and the
planktonic copepod Epischura nevadensis. All
of these animals have a long life cycle and even
the copepod appears to produce but one gen-
eration a year. Therefore, an increased food
supply would not express itself immediately in
an increased number of animals, and the in-
vertebrate populations might well take some years
to build up, especially if there is much predation.
In fact, during the period 1950-52 the zooplank-
ton population showed no progressive increase.
It would seem that a population of active preda-
tors with versatile hunting behavior may keep
the prey population at a low level and absorb
extra production, so that a distinet increase in
production may not show up as an increase in
the standing crop of food organisms, but rather
as an increase in the mass of the predator popu-
lation.

There are certain immediate effects that might
result in better growth of the fish. It has been
shown that increases of the food supply for a
natural population of the copepod Calunus fin-
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marchicus were followed shortly by increases in
length, weight, and fat content of the mature
animals (Marshall, Nicholls, and Orr,1934). This
effect is to be expected with most animals, and
it may well be that the food organisms in Bare
Lake have provided much more nourishment for
the fish since 1950 than is suggested by their
numbers alone.

In reviewing the results of fertilization of Bare
Lake to date, the most important. development is
that smolt size has increased. This progressive
increase may have brought about the observed
increase in return of adult salmon, since larger
smolts have been found to survive in greater
numbers at sea (Barnaby 1944, Foerster 1954a).
Data from 4 years’ observations indicate that
ocean survival has increased more than twofold.
If growth .and fresh-water survival rates decline
when fertilization is discontinued, the theory that
observed increases have resulted from fertilization
will be greatly strengthened.

Other factors were examined which might have
brought about the increase in length of Bare Lake
smolts during 1950 to 1956. At nearby Karluk
Lake, the smolt migration was sampled annually
for length and age composition. No increase
in size of smolts ocecurred in this unfertilized
lake over the 7 years of our Bare Lake study.
As stated earlier, no relation could be found
between water temperatures and smolt growth
at Bare Lake. Diseased juvenile red salmon were
uncommon in Bare Lake, which indicated disease
was not a factor influencing growth or survival.
It might be argued that a decline in population
density or intraspecific competition could have
brought about the increased growth of red salmon
juveniles and smolts during the years 1950 to
1956. This was examined on the basis of popula-
tion biomass of all species of fish in the lake dur-
ing those years. From text tables 8 and 9 and
appendix table 3, estimates of the biomass of
fish present in the lake were made from both
seine-haul and weir-count data. No relation could
be found between the biomass of all fish or the
abundance of certain fish species and the size
attained by the young red salmon. On the con-
trary, it appears a slight increase in biomass of
fish occurred while at the same time the size of
red salmon smolts and juveniles increased. Evi-
dently the increment in fish food brought about
by enrichment of the lake was of such magnitude

that the influence of biomass or intraspecific
competition on red salmon growth was of minor
importance.

Although the type and concentration of fer-
tilizers used increased organic production, no
doubt more extensive experimentation would show
that smaller amounts of various elements would
do equally well. For example, during 1955 trace
elements were added to jugs of Bare Lake water
whereupon accelerated photosynthesis resulted
from an extremely minute amount of material.
The possibility exists that productivity might be
increased in lakes by small, inexpensive addi-
tions of material.

SUMMARY

1. Spawning escapements entering Bare Lake,
Alaska, have ranged from 52 to 551 salmon dur-
ing the years 1950-56. During this period, the
commercial catch of Bare Lake fish was smalt,
except in 1950 and 1951.

2. Nine age groups of adult salmen have been
found at Bare Lake. Of these the 5., 5;, and 6,
age groups are the most important.

3. The size at maturity of Bare Lake red sal-
mon appears to be dependent upon sex and en-
vironmental conditions during the last year the
fish spend in the ocean.

4. A predominance of female salmon occurred.
each year in the spawning escapement. It would
seem a differential mortality in favor of the
females exists during the marine period of life.

5. The fecundity of Bare Lake female red
salmon is dependent mostly upon size at maturity.

6. Greater percentages of smolts migrate to
sea at an earlier age from brood years of high
smolt production than from brood years of low
smolt. production. Population pressure may cause
this.

7. An increase in the size of smolts has not
brought about an increase in the percentage of
the younger smolts in the seaward migrations.
Generally the older smolts migrate to sea earlier
in the season than the younger smolts.

8. Fertilization of Bare Lake has been accom-
panied by increased growth of young red salmon
during residence there.

9. A close relation was found between the
growth of red salmon of various fresh-water ages
and the gross rate of photosynthesis during peri-
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ods which would be likely to influence the food
supply.

10. The fresh-water survival rate of red salmon
from the annual egg deposition (corrected for
egg retention of spawners) to the smolt stage has
averaged 2.96 percent (range 1.0 to 5.1 percent)
for years 1950-53.

11. The increase in the size of smolts since
fertilization has been followed by an increase in
their survival at sea.

12. Limited studies were conducted on juvenile
coho salmon, Dolly Varden charr, and the three-
spine sticklebacks. Sticklebacks and cohos com-
pete with young red salmon for a common food
supply. Dolly Varden prey on the red salmon
smolts.

13. Growth studies were conducted only on the
threespine stickleback. It was found that this
species, unlike red salmon, did not respond to
fertilization by increased growth. Data were in-
adequate on juvenile coho salmon, threespine
stickleback, and Dolly Varden charr to determine
the effect of fertilization on survival.

14. Other factors, including population bi-
omass, incidence of diseased red salmon, and
water temperatures, had no influence on the
growth of red salmon juveniles and smolts for
the years 1950 through 1956.
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APPENDIX

APPENDIX TABLE 1.—Egy counts of red salmon sampled al the weir site, Bare Lake, Aloska, 1950 to 1956

Egg count
Date fish collected Fork length Weight Age group
(cm.) (1b.)
Right ovary | Left ovary Total

56.5 1.62 53 1,845 1,480 3,325
58.0 4.00 5 1,961 1,801 3,852
4.5 2.19 53 999 950 1,949
58.6 5.19 |ooooas 1,749 1, 866 3,615
59.1 5.84 N 2,131 2,326 4,457
56.0 4.62 By 1, 696 1,217 2,913
60.8 5.88 52 1,822 1,722 3, 544
51.2 3.25 53 1,370 1,183 2, 553
55.4 4.25 53 1, 607 1,461 3,068
57.3 5,31 63 1,737 1, 580 3,317
56.3 4, 44 ] 1, 600 2,163 3,763
58.7 1.88 52 1,980 1,868 3,848
55.6 4,22 52 1,435 1,220 2, 655
55.9 4.62 52 1,738 1, 802 3,538
57.5 4. 56 53 1,920 2,003 3,923
52.6 3.53 52 1, 506 1,122 2, 628
5.2 4.12 53 1,521 1, 536 3,057
53.5 4,28 53 1,457 1,441 . 508
56.3 4.72 53 2,051 1, 583 3. 644
680.2 4 ... 52 1,962 1,613 3,575
57.3 5.40 & 1,635 1,786 3.421
55.3 4.22 5 1,268 965 2,233
57.1 5.40 59 1, 569 1,685 3,254
57.4 5.29 5 2,014 1,417 3.431
57,5 .55 5 2,195 i, 664 3, 864
59.0 5.40 63 1,945 1,487 3,432
56.0 4.31 6 1,458 1,371 2,829
51.5 3.62 53 1,533 1.074 607
55.0 4,62 6 1,939 1,547 3,486
50.5 3.09 53 948 1,071 2,017
59.0 5.31 63 1,722 1,714 3,436
53.0 3.88 53 1,131 1,317 2,448
52.0 3.82 53 1,642 1.373 3,015
59.0 5.81 Vool 1,334 1,310 , 644
52.0 3.69 53 1,601 1,818 3,419
54.0 4.15 52 1,483 1, 361 2,824
49.0 3.21 5 1,085 1,367 2,432
56.0 5.06 [ 1,749 1,301 3,140
52.0 3.60 |- 1,363 1, 530 2,803
55.0 4.34 63 1,302 1,493 2,795
49.5 3.31 53 1,262 1,150 2,412
55.5 3.88 63 1,607 1.435 3,042
51.0 3.47 53 1,498 1,386 2,884
57.0 4.94 Sg 1,828 1, 562 3,390
51.5 3.88 53 1,603 1,423 3.026
51,0 4,78 53 1,843 1, 586 3,429
55.5 1.4 52 1,922 1,355 3.7
52.0 3.72 43 1,631 1,413 3. 044
51.5 3.62 53 1,411 1, 300 2,711
53.0 3.81 52 1,394 1,122 2, 516
June 57.0 5.25 e mmeeeas 1,642 1, 644 3, 286
July 54.0 4,62 | 1,624 1,622 3, 246
1 L 1 I R (. 1, 632 1, 040 2,672
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AprpPENDIX TABLE 2.—Migration, perce-ntdge age composition, mean fork length, mean weiyht, and sample size of red salmon
smolts, by weeks, Pare Lake, Alaska, 1950 to 1956

2-year-old smolts 3-year-old smolts 4-year-0ld smolts
Week ending Weekly Sample
migra- Mean Mean Mean Mean Mean Mean size
tion! | Percent | length weight | Percent | length weight | Percent | length weight
{mm.) (gm.) | (mm) (gm.) (mm.) (gm.)
707 24.2 70.9 3.26
5, 530 63.1 70.8 2.92
1,936 86.4 70. 4 2.96
1,001 82.3 71.0 3.18
890 82.6 71.0 3.17
181 39.2 75.2 4.24
117 2.2 [ |eeiammaal
LI v A T PRSP DU,
439 [ J R 100. 0 87.2
1, 688 2.5 69,6 3.36 06. 7 86.0
1, 241 6.0 69. 4 3.44 93.2 85.9
174 42.0 71.2 3.19 57.4 87.2
511 83.4 69.2 2.96 16.2 86.2
294 94.6 68.8 2,97 5.4 84.1
142 91.5 69.7 3.15 8.5 80.1
14 100.0 |oeoo oo |- [ | T R
3 [ N VORI (R 100. 0 90.3 6. 42
326 7.0 79.6 4.38 €0.5 88.1 6.12
1, 664 12.0 78.7 4.09 87.4 85.5 545
2,646 13.2 75.2 3.65 83.8 82.0 4.77
1,383 36.0 75.5 3.75 62.1 82.0 4.75
1, 400 80.0 74.3 3.50 19.2 79.7 4.27
636 95.1 75.4 3.79 4.9 81.0 4.72
306 94.9 77.1 4.16 5.1 83,1 5.07
107 94.4 78.7 4,57 5.6 85.8 5.93
50 98.0 81.1 1.99 2.9 97.0 9.15
7 100.0 |- oo mmmeimmee e e e
2 1000 §oomo e [remmemem e[ e e
26 [+ I PO PR ) 100.0 93.9 7.20
1,104 7.5 81.7 4.62 2.3 3.4 7.08
1,377 9.3 81.4 4.76 90.7 94.0 7.27
911 40.8 82.3 4,96 §9.2 9.4 6.99
900 49.8 82.9 5.03 §0.2 93.1 6.99
612 78.9 84.4 5.56 2. 4 94.8 7.81
135 87.4 87.5 6.36 12.6 96.8 8.33
3 66.7 88.5 6.72 33.3 04.0 8.24
36 83.3 60.0 2.77 16.7
135 76.2 70.3 2,86 32.8
202 2.5 79. 4 5.08 90.1
673 9.5 81.9 5.13 87.4
008 56.2 84.5 5.82 2.7
1,225 86.9 88.5 6.902 13.1
3.697 96.5 92.1 7.82 3.5
3,524 97.2 2.8 7.39 2.8
770 99.1 94.0 8,00 .9
134 100.0 94.6 8.07 0
837 95.0 98.6 9.25 4.5
43 93.8 100. 5 9,70 6.2
13 15,4 | oo | 84.6
119 13.4 81.1 4.19 #4.9
6 [) 2 PRI PRI 100.0
307 7.2 88.0 h.16 8.3
6, 169 16.8 80.2 6.65 50. 4
8,131 92.0 %9.3 6.44 7.0
3. 055 97.2 91.9 7.30 2.2
1,498 9.1 99.2 9.54 .9
3,121 93.9 05. 0 1.38 .9
1,637 97.1 07.6 1.98 2.9
52 96.2 - 3.8
2 100.0 0
311 22.5 79.6 4.10 77.5
2, 464 20.8 80.8 4.32 78.9
2, 440 48.6 79.9 4.20 50.1
195 79.0 82,2 4.66 19.5
349 96.8 83.1 4.99 3.2
77 96.1 87.3 6.25 3.9
539 93.9 89.9 6.85 1.1
145 98.6 90.4 6.84 1.4
3 1000 |oooo | emmeeea ]
2 100.0 |- o[ maaa

I Smolt mortalities at the weir are not included.
? Fry: migrating in their first year.
3 Not included in the table are six 5-year-old smolts (1 taken in 1954, length 144 mm., 5 taken in 1955, mean length 157.4 mm.).
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APpENDIX TARLE 3.— Beach seine calches, Bare Lake, Alaska, 1960-56

[Area of catch: 1—South end of lake; 2—North end of lake]

0 e nd e O AR RI TR I O N

Date Areaof catch | Number of | Red salmon | Stickleback | Coho salmon |Dolly Varden
hauls juveniles juveniles charr
Aug. 2 1 130 855 1 2
21 2 1 100 585 3 9
2 1 130 516 1 1
June 2 1 60 423 2 9
2 2 1 21 633 7 8
July 1 1 27 1, 002 1 0
1 2 58 343 5 4
Aug. 1 1 147 146 8 6
1 1 171 406 18 3
Sept. 1 1 176 156 21 L]
May 2 1 103 1, 153 25 7
June 1 4 56 , 008 11 7
July 1 1 23 86 6 4
1 1 103 358 11 0
1 2 7 62 4 2
Aug. 2 1 41 1,752 14 4
2 1 20 768 22 12
Sept. 1 2 88 51 25 5
May 1 1 12 17 35 2
June 1 1 171 1, 688 23 1
1 1 21 2,082 19 0
1 1 60 3, 863 5 0
July 1 2 ] 1, 566 16 0
1 1 46 1, 847 10 0
Aug. 1 1 288 411 8 0
1 1 03 207 19 1
Sept. 1 1 94 27 a 2
2 1 774 1,120 25 6
2 1 148 505 26 20
2 1 175 1,240 22 2
2 2 324 2 30 7
1 1 52 54 7 0
2 1 127 619 24 5
Oct. 1 1 46 0 7 0
May 1 1 122 83 22 1
June 1 1 a0 944 10 2
2 1 218 2, 605 14 72
1 1 &1 291 1 2
1 1 251 802 7 0
2 1 29 4,075 3 30
July 1 1 372 663 35 4
2 1 271 1700 0 0
1 2 114 37 27 8
1 2 321 1100 32 12
2 1 461 1 500 4 1
Aug. 1 1 275 150 8 0
2 1 1% 150 17 9
2 1 90 L, 000 7 7
1 1 970 707 6 2
2 1 2 11, 500 4 17
1 2 34 1 50 1 4
1 1 76 276 8 2
2 1 364 1 504 1 12
2 2 230 187 ] 28
Sept. 5. 2 1 [ 1400 0 0
2 1 Q1 1200 0 0
1 1 36 250 3 ]
May 1 1 128 1,288 49
June 1 1 130 377 0
1 1 74 6807 3
July 1 -1 102 986 8
1 1 190 346 10 1
1 1 172 17 3
Aug. 1 1 132 17 26
1 1 164 86 8
2 1 72 307 1
2 1 92 2,043 9
2 1 24 67: 3
1 1 94 155 27
Sept. 1 1 o 1,370 11
1 1 42 7 4
2 1 2 2 1
May B0 e emman e 1 2 17 533 11 ]
June - 1 2 7 1,007 13 5
July . 1 1 44 304 12 10
. 1 2 62 452 22 1
Aug. - 1 1 185 200 21 11
1 - 1 1 197 o9 6 2
1 1 6o 171 7 0

1 Estimated catch.

O
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ABSTRACT

This study was undertaken to determine the cause of a change in species
dominance in the catch of the Hawailian longline fishery from yellowfin
(Neothunnus macropterus) to bigeyve tuna (Parathunnus sibi) during the
period 194849, The available commercial catch records showed that the
reversal in speecies resulted from a shift by the larger vessels of the fleet from
fishing grounds in the leeward waters of the northern islands to grounds lo-
cated in the windward waters of the southern islands. Bigeye tuna are more
availabla to the fishery in the windward waters than in the leeward, whereas the
yvellowfin tuna are taken in greater numbers in the leeward areas. The bigeye
season extends from October through May. whereas the best yellowfin catches
are made during the summer months, June through August.

A hypothesis is given to explain the distribution and migration of the bigeye
tuna in the central Pacific. Essentially, it postulates spawning in the tropical
waters south of the Hawaiian Islands, a migration of young fish northward,
a seasonal north-south movement of the adult population. and finally a con-
tinued southward movement to the tropical spawning grounds by adults in
imminent spawning condition.

v




CHANGES IN TUNA LANDINGS OF THE HAWAIIAN
LONGLINE FISHERY, 1948-1956

By RICHARD S. SHOMURA, Fishery Research Biologist

BUREAU OF COMMERCIAL FISHERIES

The Pacific Oceanic Fishery Investigations?
(POFI) of the U.S. Fish and Wildlife Service
has studied the hydrography and productivity of
the central Pacific Ocean and has carried out ex-
ploratory fishing cruises to encourage the maxi-
mum development and utilization of the high-seas
fishery resources of this area.

One segment. of POFT's task has been to gain
an understanding of the nature and problems of
the existing commercial fisheries in the cential
Pacific. Although small quantities of tuna are
taken in Hawaiian waters by trolling and hand-
line, the two major fisheries in the islands are
the pole-and-line fishery for skipjack (June 1951,
Yamashita 195%) and the longline (flagline)
fishery (June 1950, Otsu 1954) for the larger
subsurface tunas. In a good year (1951) the
skipjack fishery landed 12,900,000 pounds with a
value of $1,700,000 ( Yamashita 1958). The long-
line fishery in 1952, a good year for that fishery,
landed tunas and marlins totaling 4 million
pounds and valued at $1,200,000 (Otsu 1954).
-Though these fisheries are small in respect to total
landings, their strategic occurrence in midocean
makes them ideal Inboratories for the study of
certain problems concerning midocean tunas.

The present study of the Hawaiian longline
fishery was stimulated by Otsu’s (1954) finding
that from 1946 to 1952 there was a decline in land-
ings of yellowfin (Neothunnus macropterus) and
an increase in landings of bigeye (Parathunnus
#ib?), with the reversal in dominance between

1948 and 1949. The change in the bigeye landings .

is especially noteworthy since it involved au in-
crease from 12,000 pounds in 1946 to 2,200,000
pounds in 1952, without a corresponding increase

1 Redesignated Burean of Commereial Fisherles Lahoratory,
January 1, 1959.

NoTE.—Approved for publication, July 1. 1958. Fishery Bul-
letin 160.

in the overall fishing effort as indicated by the
total number of trips (Otsu 1954). The purpose
of the present study was to describe the seasonal
and long-term trends in the landings of the two
species, and if possible, to determine cause of the
fluctuations.

The basic catch data utilized in this report were
supplied by the Hawaiian Division of Fish and
Game, through the courtesy of Director Vernon
E. Brock. T. Shimizu of the Division’s staff
helped to assemble the data for amalysis. The
longline fishermen provided valuable information
on the fishery and personnel of the auction firms,
Kyodo Fishing Co., United Fishing Agency, and
Hawaii Fishing Co., made auction records avail-
able.

DESCRIPTION OF THE FISHERY

The Hawaiian longline fishery is the only
American commercial fishery utilizing the long-
line method, as developed by the Japanese (Sha-
piro 1950), to capture subsurface tunas.” The
history and recent status of the fishery in Hawaii
have been described by Brock (1949), June
(1950),_and Otsu (1954).

The longline fishery is dependent on vessels lo-
cated at various ports throughout the Hawaiian
Islands chain; however, the two major fleets are
hased at Hilo, Hawaii, about 10 vessels, and at
Honolulu, Oahu, 31 to 33 vessels (Otsu 1954).
These vessels range from 25 to 62 feet in length
and are constructed along lines similar to the
sampans used in the pole-and-line fishery (June
1951). They have a high, narrow bow with the
wheelhouse and sleeping quarters located forward,
leaving a spacious afterdeck of low freeboard.
The latter facilitates the landing of large fish
which, in the case of the marlins, occasionally
exceed 1,000 pounds in weight. The vessels are
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generally powered by high-speed diesel engines,
and since they lack mechanical refrigeration sys-
tems the catch is stored in crushed ice.

The longline is made up of a number of units
of gear called baskets which are joined in a series
and allowed to drift free of the vessel (Jume
1950). Each basket of gear is composed of a cot-
ton mainline section from which are suspended 4
to 6 branch lines each bearing a single hook. The
longline is supported at. the surface by wooden,
glass, or metal floats. The number of baskets
fished per day varies with the individual vessel
but rarely dloes it exceed 40 baskets. By compari-
son, Japanese fishermen operating on a consider-
ably larger scale may use more than 300 baskets
of gear per set (Ego and Otsu; 1952).

The average length of a trip for a Honolulu-
based vessel is § or 9 days and a majority of the
trips are made within sight of land. The gear is
set in the morning and retrieved in the afternoon.
During the intervening period the line is patrolled
and, if the fishermen are able to recognize the
presence of a hooked fish by a submerged buoy,
the fish is landed and the hook reset.

Composition of the longline catch is varied and
consists of a number of species of tunas and spear-
fishes. In addition to bigeye and yellowfin, the
tuna catch includes small numbers of albacore
(Germo alalunga), skipjack (Katsuwonus pela-
mis), and on rare oceasions bluefin tuna (7 hun-
nus orientalis). Among the spearfishes the most
commonly taken species are the striped marlin
(Makaira audaxr) and black marlin (Makaira
ampla),* while lesser numbers of white marlin
(Istiompaxe marlina),? broadbill swordfish (X-
phias gladius), and shortnose spearfish (Zetrap-
turus angustirostris) are taken. Other species
caught on the longline include the dolphin
(Coryphaena hippurus), wahoo (Acanthocybium
golandri), and various species of shark. Because
of the wide variety of species taken and different
periods of seasonal abundance, the fishery is ca-
pable of year-round operation.

MATERIALS AND METHODS
The basic data used in this study were derived
from fish catch reports submitted by members of
the fishing industry to the Hawaiian Division of

fCalled blue marlin by continental Americans,
8 Called black marlin by continental Americans.

Fish and Game. The form of this report used in
the longline fishery has undergone several modifi-
cations; a sample of the present form is shown in
appendix figure 1, page 105. The areas fished were
reported in code numbers indicated on a fisheries
chart (app. fig. 2). The reported data were com-
pared with records kept by the auctioning firms
and some adjustments made, especially for the
early years when individual boat owners filled in
the fish catch reports, for they occasionally com-
bined the catches of several trips and reported
them as a single trip. Also, the yellowfin and
higeye catches often were not separated according
to species, but were combined in one or the other
species category. In recent years the auction
firms have filled out the forms after obtaining the
essential data from the fishermen.

In addition to the sources given, more detailed
information was obtained from 1949 to 1952 by
interviewing vessel captains. These data formed
the basis of Otsu’s (1954) study and have also
been utilized in this report.

Preliminary examination of the data showed
that for an accurate evaluation of the fishery some
selection of data would be necessary. Descrip-
tion of the method used.follows.

SELECTION OF FLEET AND VESSELS

Initially, the study was limited to the Honolulu-
based fleet, because the landings from this fleet
comprised more than 80 percent of the total
Hawaiian longline landings and accessibility of
the Honolulu auctioning records made it possible -
to check doubtful data. Limiting the study to the
Honolulu fleet does not imply that the fishing area
was proportionately restricted, since the larger
vessels at least fished throughout the major
Hawaiian Islands group.

It was also decided to limit the sampling to ves-
sels operating 5 or more of the 9 years under con-
sideration. This eliminated recent additions to
the fleet, which were known to fish for longer pe-
riods and with more units of gear than the older
vessels. Evidence that the bulk of the fleet was
the same throughout the period-1948 to 1956 is
indicated by the operation during 1956 of 23 of
the total of 31 vessels comprising the 1948 fleet.
This stability is in part a reflection of the short
period under study and the fact that most of the
vessels were comparatively new. Of the 39 vessels
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fishing from 1948 to 1956, 21, or more than half
of the total were launched during 1946 or 1947.

SEPARATION OF FLEET BY SIZE OF VESSEL

Otsu (1954) stated that some of the Honolulu-
based longline vessels fished in waters around
Oahu continuously throughout the year while
others roamed the entire area, fishing as far as
the northeastern shore of the island of Hawaii
(fig. 1). The records showed that vessels fishing
exclusively around Oahu were smaller in size (reg-
istered length * of 45 feet or less) and fished fewer
units of gear and fewer days per trip. Aeccord-
ingly the vessels were classed, based on our knowl-
edge of the fishery, as small or large and the
catch data for each class were treated separately.

THE TRIP AS A MEASURE OF EFFORT

Longline catch data have ordinarily been pre-
sented in terms of catch per 100 hooks (Murphy
+The vesgel lengths were obtained from Annual Merchant

Vessels of the United States, compiled hy the U.S. Treasury
Department.

and Shomura, 1953). For the Hawaiian fishery,
some data are available on the number of boat-
days and the number of baskets fished in the eariy
years, 1949 to 1952 (Otsu 1954), and for the years
subsequent to 1955 the revised fish catch report
includes the number of days at sea (app. fig. 1,
p- 105). For the intervening years, 1953 to 1955,
no such measures of effort are available. Even
for the earlier period, 1949 to 1952, the data on
the number of days fished are inadequate for a
comprehensive study.

The only measure of fishing effort available for
the entire period, 1945-56, is the number of trips.
Thus, through necessity, the catch per unit of ef-
fort must be based on the catch per trip. To
justify the trip as a measure of effort it was nee-
essary first to determine whether there had been
any changes in the length of trip during the
period. Before 1952-53 some data were available
on the number of days fished per trip, whereas
for the subsequent years data were available on
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FIeUrE 1.—Chart of the major Hawaiian Islands subdivided into windward and leeward zones for areal studies of catch.
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the number of days at sea. Excluding weather
as a factor, these two measures are essentially the
same for the small vessels. These vessels gener-
ally fish in the immediate vicinity of Oahu and
are thus able to return to port the night of the
last fishing operation. On the other hand, if the
large vessels fish in the windward areas of the

FISHERY BULLETIN OF THE FISH AND WILDLIFE SERVICE

southern islands, they must travel from 120 to 200
miles from the fishing grounds to Honolulu. This
introduces a possible differences of at least 1 day,
depending on the area fished, between the number
of days fished and the number of days at sea.
Table 1 gives the average number of days of fish-
ing per trip for small and large vessels (the latter

TaBLE 1.—Number of days fished per trip, by size of vessel, 1949 to 1956

[Vessels selected]

1949-50 1950-51 1951-52 1052-53 1953-54 195455 1955-56
Small vessels (<45 leet):
Number of trips 41 52 47 10 88 201 183
Average number of days fished per trip. 8.3 8.2 8.4 8.0 7.9 7.7 S. 4
Large vessels (>45 feet):
Number of $riPS ..o oo oo e immm e 125 132 165 165 178 321 316
Average number of days fished per trip. ... ... a7 9.0 R4 8.6 .2 9.4 9.3

adjusted for traveling time). There are no evi-
dent trends in length of trip for either vessel
category. For the small vessels the average trip
ranged from a low of 7.7 days during 195455 to
a high of 8.4 days in both 1951-52 and 1955-56,
with an overall average of 81 days for the entire
period. For the large vessels, the number of days
fished per trip (adjusted) ranged from a low of
8.4 days during 1951-52 to a high of 9.7 days for
1949-50. The overall average length of trip for
the entire period for the large vessels was 9.1 days.

Another factor that should be considered in this
evaluation of fishing effort is the number of bas-
kets fished per day. As mentioned previously,
the amount. of gear fished per day was related to
the size of the vessels, the larger vessels fishing
more haskets of gear than the smaller. This dif-
ference is reduced in importance by the separation
of the fleet. into the two size categories. Some
data are available on the number of baskets fished
per day for the years 1950, 1952, and 1955 (table
2). There is some evidence that 1952 was an

TABLE 2.—Number of baskets of gear fished per day, by
sive of vessel

[Vessels selected]

1950 1952 1855
Small vessels (<45 feet):
Number of vessels__.__.____.._...__._... 8 12 7
Average number of baskets fished per -
day - 26, 24 25
Range (baskets) - 022-30 21-31 20-30
Large vessels (345 fee
Numberof vessels__.. . ceaee- 17 18 15
Average number of baskets fished per
A Y - oo e 30 28 31
Range (baskets) ... 21-36 25-32 24-35

atypical year (Otsu 1954). If this year is omitted
and only 1950 and 1955 considered, it appears that
the number of baskets fished per day did not
change materially for either the smal] or the large
vessels, In bhoth years the small vessels fished an
average of 26 baskets of gear per day, whereas the
large veszels increased the amount of gear fished
per day from 30 baskets in 1950 to 31 baskets in
1955.

A final test of the trip as a measure of fishing
effort is afforded by a comparison of the catch
per trip with the catch per 100 hooks in those
periods for which both kinds of data are avail-
able. Unfortunately, however, the only year with
adequate data was 1952, which has been con-
sidered atypical. Nevertheless, a plot (fig. 2) of
these two units shows that the two variables are

60 T T T T T T
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o L ] | ! ] I
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FI1cURE 2.—Comparison of monthly mean bigeye catch per
100 hooks and per trip in 1952.
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closely correlated and exhibit a linear relation.
We helieve, therefore, that the catch per trip is
the best attainable measure of availability of the
two species of tuna to longline gear.,

ANALYSIS OF THE DATA

The total Hawaiian landings of higeye and
yellowtin, shown in figure 3,® include catches made
by various methods of tuna fishing, e. g., the long-
line, pole-and-line, trolling, and handline fishing.
The yellowfin catch has shown a steady decline
from 1,325,000 pounds in 1946 to 446,000 pounds
in 1953, whereas the bigeye catch increased from a
low of 199,000 pounds during the 194647 season
to a high of 2,710,000 pounds for the 1953-54 sea-
son. Since 99 percent of the higeye and about 85
percent of the yellowfin are caught in the longline
fishery, the longline landings parallel the total
landings.

The trend in yellowfin landings of the Hono-
lulu-based vessels shows some divergence from
the trends in the total catch by all methods and
in the total longline landings (fig. 3). Despite
the steady decline observed in the overall catch,
the yellowfin landings of the Honolulu fleet re-
mained at a relatively stable level, averaging
375,000 pounds annually from 1948 through 1952.
Then in the 3 yeais that followed, 1953 to 1955,
the Honolulu landings dropped 30 percent to an
average annual figure of 275,000 pounds. Even
this drop failed to keep pace with the decline of
the overall catch, with the result that the Hono-
Inlu landings, which in 1948 and 1949 made up
only 36 and 38 percent of the total yellowfin catch
of the longline fishery, averaged 64 percent dur-
ing the next 6 years, 1950 through 1955. This
failure of the trend in the Honolulu yellowfin
landings to parallel that for the Territory as a
whole cannot be fully explained at present; it
appears to be associated with operational aspects
of the fishery to be discussed later in this report.
It should be mentioned, however, that while the
data for the Honolulu fleet have been checked and
corrected by means of various sources, the same
has not been done for the remaining Hawaiian
longline data.

“8inee the bigeye season occurs in the winter and spring
months, the annual period for bigeye extends from July of one
year through June of the following year. For yellowfin the
calendar year is retained, inasmuch as the yellowfin landings
reach a peak during the summer months.
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Ficure 3.—Landings of bigeyve (by fiscal year) and yel-
lowfin (by calendar year), 1946 to 1956. (See appendix
table 1.)

CATCH STATISTICS

Unless otherwise stated, the following discus-
sions on landings and catch rates are in téerms of
numbers of fish rather than weight.

The bigeye catch of the selected large vessels
varied directly with the landings of the entire
Honolulu fleet, with a 300-percent increase be-
tween 1948-49 and 1953-54 and a decline thereafter
(fig. 4). In contrast, the catch of the small
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Ficure 4.—Bigeye catch (by fiscal year) and yellowfin
cateh (by calendar year), by size of vessel.

selected vessels showed a slight rise from 194849
to 1951-52 and a decline thereafter. Thus, it ap-
pears that the tremendous increase in overall pro-
duction was contributed by the large vessels.
The yellowfin landings, likewise, suggest that
changes in the total catch were caused by changes
in the landings of large vessels only. The most
distinctive feature of the yellowfin landings (fig.
4) is the shift in relative proportion of the total
catch obtained by the two classes of vessels, The
proportion of the total yellowfin catch taken by
the larger vessels was much higher before 1953

than it was during the last 3 years of the study,
1953 through 1935. Since this shift was coinci-
dent with the increased bigeye catches of the large
vessels, it is evident that the changes in landings
are related to factors affecting only the large
vessels.

FISHING EFFORT

Examination of the number of baskets fished
per day and the number of days per trip indicated
only slight variations in these measures of effort;
thus, any substantial 'cha.nge.s in the overall effort,
if they did occur within the Honolulu fleet, should
be revealed in the number of trips made each year.
Figure 5 shows that there was a steady increase
in the total number of trips from 194849 to
1953-54 and a decline in the last two seasons
1954-55 and 1955-56. The increase was the result
of more trips being made per boat, as shown by
the higher number of trips per boat-month (fig.
5), and also the result of more vessels being added
than were lost to the fleet. The latter is indicated
in table 3 by the increased number of trips of the
nonselected vessels, which presumably were recent
additions.
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______ NUMBER OF TRIPS
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Fiecure 5.—Trends in fishing effort of Honolulu-based
fleet. 194849 to 1955-56.

In a comparison of the effort expended (fig. 6)
we find that both the small and large selected ves-
sels followed the trend of the entire fleet.
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TABLE 3.—Effort expended by Honolulu-based fleet, 1948—49 to 1955-56

Measure of effort 194849 1949-50 | 1950-51 | 1051-82 | 1952-53 | 1953-54 | 1954-55 | 1956-56
Boat-months:
Selected small vessels.__ 105 119 119 136 141 108 111 100
Selected large vessels._ . 185 195 196 199 213 207 199 194
B ] 7 R 291 314 315 335 354 315 310 204
Nonselected small vessels_ ..ol 4 4 5 1 12 12 12 12
Nonselected large vessels . oo 30 34 27 7 7 43 49 54
0 7 Sy PSR U SRR 34 38 32 8 19 55 61 66
rips:
Selected small vessels. o oo 197 215 2368 263 264 218 219 193
Belected large vesselS. oo mmaeeas 309 327 344 354 374 370 344 323
B ) LSRR 506 542 580 617 638 588 583 518
Nonselected small vessels .. o n 4 [ ] 2 19 24 27 19
Nonselected large vessels. _ -- 47 53 46 12 10 73 81 83
Total e 51 59 54 14 20 97 108 107
Trips per boat-month:
Selected small vessels ___ L mmemeooo 1.88 1.81 1.98 1.93 1.87 2,02 1.97 103
Selected large vessels . oo meees 1.67 168 178 178 1.76 179 173 1.68
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FIGURE 6.—Trends in fishing effort of small and large
vessels, 1948-49 to 1955-56.

CATCH PER UNIT OF EFFORT
The marked seasonal variation in cateh per unit
of effort for the bigeye and yellowfin tuna is

shown in figure 7. The peak catch of yellowfin
occurred during the summer and of bigeye during

the winter and spring months. Of interest is the
ditference in catch rate for the two species in re-
lation to size of vessel. The bigeye catch of the
large vessels was considerably higher than that of
the small vessels, the difference being more evident
during the later years. On the other hand, with
respect to yellowfin, the large and small vessel
catch rates were nearly equal, the large vessels
having only a slightly higher average catch.

The increase in bigeye catches and the difference
in relative fishing success by vessel size for the two
species can bhe better illustrated by the average
annual catch rates (fig. 8). The large vessels ex-
perienced a sharp increase from 6.5 bigeye per
trip during the 1948-49 season to 21.9 during the
1951-52 season, an increase of about 240 percent.
The catch rates in subsequent years were stable at
this high level, with only a slight decrease during
the last two seasons, 195455 and 1955-56. The
small vessels, on the other hand, exhibited minor
fluctuations in the bigeye catch rate during the
eight seasons, but the cateh remained at a rela-
tively low level.

The yellowfin catch rates (fig. 8) varied irregu-
larly. The small vessels had a stable yellowfin
catch rate of three to four fish per trip from 1948
through 1954 and a noticeable decline in 1955.
On the other hand, the large vessels experienced
two levels of fishing success. The first and higher
level during 1948 through 1952, when the catches
ranged from four to five yellowfin per trip, and
the second and lower level persisting through the
last three seasons, 1953 to 1958, with a catch rate
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FIGURE T.—Average catch per trip of bigeye and yellowfin tuna, by month and by vessel size.

of two to three yellowfin per trip. The most sig-
nificant feature of this change in level is that for
the last three seasons the catch rate of the large
vessels was lower than that of the small vessels.
This difference is surprising when it is realized
that the large vessels fished more days per trip
and more units of gear than did the small vessels.

Since the factors contributing to the trip as a
measure of fishing effort have been analyzed and
found to be stable, especially when vessel size has
heen adjusted, the discrepancies observed must be
explained by changes in availability of the species,
either by fluctuations in their actual abundance or
indirectly by inhérent differences in fishing success
in the various areas fished. With regard to abun-
dance, to explain the differences in bigeye catch
by the two size groups of vessels would require
an increase in the bigeye population which did not
distribute itself uniformly throughout the fishing
areas. 'This is possible, but improbable, when one
must explain a simultaneous decrease in yellow-
fin abundance during the last three seasons—a de-
crease which would be confined only to the areas
fished by the large vessels. The most probable
explanation which satisfies all these varying points

a8

F16URE 8.—Average bigeye catch (by fiscal year) and
vellowfin eatch (by calendar year) per unit of effort,
by size of vessel.
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is a difference in availability of the two species
among localities and an increased fishing effort by
the large vessels in areas containing more bigeye.

CHANGES IN FISHING AREAS
AND EFFORT

Because of a limited range, the Honolulu-
based small vessels must confine their fishing to
the immediate vicinity of Oahu. The distribution
of their trips, by season and area, is given in table
4. Aside from a seasonal shift in effort, there
appears to be no general change in fishing area
within the period studied. More than 80 percent
of the trips of these vessels were to the windward
and leeward areas of Qahu, and of these the lee-
ward areas received the greater effort. The small
vessels fished almost exclusively in the leewuard
areas during the summer months, and although
there is a noticeable increase in fishing effort in
the windward areas during the fall, winter, and
spring months, the greatest percentage of the

95

trips were made in the leeward waters at all sea-
sons. The reason that the increase in effort was
not more pronounced in the windward areas dur-
ing the bigeye season may be that the small
vessels prefer the calmer waters to leeward in
spite of the greater availability of bigeye in the
windward areas (Otsu 1954).

The distribution of trips by season and area for
the large vessels is given in-table 5. In general,
these vessels tended to fish in the lee of the north-
ern islands and on the windward side of the
southern islands. During recent years there has
been a pronounced shift in emphasis from the
former to the latter area. With the exception of
the winter of 194849, the majority of the fishing
during the winter season has been in the wind-
ward areas of the southern islands. Also notable
is the small yet consistent fishing effort in the
windward areas of the northern islands, which
could be in response to a greater availability of
bigeye in these waters.

TaBLE 4—Percentage distribution of trips of small vessels, by season and area, 1947 to 1956

Season 1047 1948

1949

1950 1951 1952 1953 1954 1955 1956

Spring:

Northern Islands:
Windward Kauai
Leeward Kauai
Windward Oahu_
Leeward Oahu

Southern Islands:
Windward Maui-Molokai.
Leeward Maui-Molokai-
Windward Hawaii
Leeward Hawaii.
Number of trips..-

Summer:
Northern Islands:
Windward Kauai

Leeward Kauai. o oo ceeaceaea oo 17
Windward Oahu_ el 4
Leeward Oahu_.__........ - 76

Southern Islands:
Windwar@ Maui-Molokai.
Leeward Maui-Molokai.._..
Windward Hawaii
Leeward Hawai
Number of trips

Fall:

Northern Islands:
Windward Kauai. .
Leeward Kauai. .
Windward Oahu_
Leeward Oahu...

Southern Islands:
Windward Maui-Molokai
Leeward Maui-Molokai
Windward Hawaii
Leeward Hawaii
Number of trips

Winter:
Northern Islands:

Windward Kauai. .. -eoummomomoo 3

Leeward Kauai_..... 4 9

Windward Oahu. .. 24 14

Leeward Oahtl . o ceoemome et 44 71
Southern Islands:

Windward Maui-Molokai. ..o —..._..._. 20 3 1--

Leeward Maui-Molokai. 8

Windward Hawaii.
Leeward Hawaii_
Number of trips_.

4 8 PRSI [PRSSPRNFE SR
- O P Wi (AR [,
8 3 12 14
86 76 69 73
- 15
2
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TABLE 5.—Percentage distribution of trips of large vessels, by season and area, 1947 to 1956

Season 1947 1948 1950 1951 1952 1953 1954 1955 1956

Spring:

Windward northern islands. _ ... . |......... 20 3 23 41 2 19 oo 26 5

Leeward northern islands. .. . 23 68 29 49 42 L T 12 11

Windward southern islands. - 43 26 37 6 43 52 97 53 43

Leeward southern islands. __ 14 3 6 4 12 21 3 41

Number of trips... ... R q 68 86 81 81 92 35 34 37
Sumimer:

Windward northern islands 10 18

Leeward northern islands. 61 75

Windward southern islands. 13 4

Leeward southern islands. . . . 18 3

Number of trips_ . ..o et 69 71
Fall:

Windward northern islands. _.....____......__. 18 24

Leeward northern islands. . . .- 55 27

Windward southern islands. 18 48

Leeward southern islands. .- 9 1

Number of trips.- .o .o I 82
Winter:

Windward northern islands_ . _..._........_. 21 24 24

Leeward northern islands. 15 44 17

Windward southern islanc 52 31 59

Lecward southern islands 12 ) N P,

Number of trips......__ 66 68 75

Of the four seasons, the spring distribution of
fishing effort was the most erratic. Even during
this season, however, the effort was concentrated
in the leeward areas of the northern islands and in
the windward arens of the southern islands. In
the earlier years, effort during the summer was
concentrated in the ieeward waters of the norti-
ern islands, but during the last three summers,
1953 through 1954, it noticeably declined.

The annual effort and catch of bigeye and yel-
lowfin by the large vessels in the windward areas
of the southern islands are summarized in figure
9. The effort increased from a low of 22 percent
of the total annual trips made into this area dur-
ing 194549 to a high of 83 percent during the
1953-54 season. The following two seasons showed
a slight decline. Again the significant feature
both of the bigeye and of the yellowfin catch is the
position of each relative to the effort expended.
It is evident that bigeye fishing was more suc-
cessful in this area than elsewhere, judged by the
consistently higher catch percentage, than would
be expected from the amount of effort expended.
On the other hand, the reverse is true for yellow-
fin, with the catch consistently lower than the ef-
fort expended, indicating that the area is not as
good a fishing ground for yellowfin as for bigeye.
From this it can be deduced that yellowfin are
relatively more abundant in the leeward waters of
the northern islands than in the windward waters
of the southern islunds.

The seasonal breakdown of catch and fishing ef-
fort for the windward areas of the southern is-
lands is presented in figure 10. The bigeye and

yellowfin catch and effort by season still follow
the yearly trends. For all four seasons, the big-
eye catchis consistently higher than expected from
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Ficure 9.—Catch of bigeye (by fiscal year) and yellowfin
(by calendar year) in respect to effort of large vessels
in windward waters of the southern islands. (See
appendix table 2.)
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Freure 10.—Bigeye and yellowfin catch and fishing effort of large vessels, by seasons, in the windward waters of the

southern islands.

the amount of effort expended, whereas the reverse
is true of the yellowfin catch. Thus it seems that
the differences in availability of the two species in
these windward areas are real and not due to a
shift in effort among the four seasons.

Firm evidence of areal differences in the avail-
ability of the two species is shown by a compari-
son of the distribution of effort and the resulting
catch in the windward area by the small vessels
(fig. 11). To reduce the variation due to the sea-
sonal shift in effort, this comparison has been con-
fined to the winter and spring seasons, December
through May. Considering the small amount of
data available, the possibility of an error in the
magnitude of the catches cannot be denied; how-
ever, the consistently higher percentage of bigeye
taken from the windward areas for the effort ex-
pended gives evidence that bigeye were more avail-
able in the windward than in the leeward areas.
Unfortunately, a similar areal comparison cannot
be made for yellowfin, since the small vessels

( See appendix tables 3 and 4.)

fished almost exclusively in the leeward waters
during the height of the yellowfin season.
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F1cURE 11.—Comparison of fishing effort and higeye catch
in windward areas by sinall vessels, winter and spring
seasons combined. (See appendix table 5.)
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In summary, the increase in landings of bigeye
and the decline in landings of yellowfin can be
related largely to a shift in fishing area by the
large vessels from the lee of the northern islands
to the windward waters of the southern islands.
However, this does not preclude the existence of
natural fluctuations in availability, since the catch
rates of the small vessels, which did not partici-
pate in this shift, show a peak in bigeye during
the 1951-52 season. Otsu (1954) points out that
on several occasions during this season the catches
were limited to prevent flooding of the fresh-fish
market. The yellowfin, too, show natural fluctua-
tions, as evidenced by the decline in catch rate of
the small vessels during 1955.

SEASONAL DISTRIBUTION OF
BIGEYE AND YELLOWFIN

A composite of the monthly average catch rates
over the entire period is not the best means of
depicting the seasonal distribution of bigeye and
yvellowfin tuna, b
cludes a detailed examination. This method, how-
ever, does show the seasonal trends and for this
purpose the data are presented as such in figure 12.

The bigeye seasou can be considered to occur
from October through May, when the large vessels
made catches of better than 10 bigeye per trip
and the small vessels from 5 to 12 bigeye per trip.
The average monthly catches (fig. 7) for the large
vessels showed considerable variation, which is

- s b dln 1aale A4 ol
nw, but the lack of precise data pre-
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FicuRe 12.—Composite catch per trip of bigeye tuna for
smatll and large vessels, July 1*HS to June 1956,

reflected in the composite catch per trip, with
peaks during December, February, and April and
lows during January and March. On the other
hand, the small vessel category shows only one
depression covering January through March.
This double peaking of the bigeye catches for the
small vessels appears to hold true even for indi-
vidual years; e.g., 1949-50 and 1953-54 (fig. 7).
One possibility which could account for the low
points would be the inability of the vessels to fish
because of bad weather. This would be expected
to affect the catch rates inasmuch as the trip is
used as the unit of effort. A cursory examination
of the days on which small eraft warnings were
issued by the U. S. Weather Bureau (table 6)
shows that there is some correlation of low catches
with bad weather. At the present time, however,
we are unable to make any quantitative estimates
of the effect. of weather on catch and fishing effort.

The yellowfin season extends over the summer
months and nnlike the more gradual entrance of

Y  J Y Py
V1L RLILCLD

ithe bigeye into the fishery, the yellos
abruptly during the month of June (fig. 13).
This is indicated by the high catch rate of nearly

10 yellowfin per trip for both small and large

TABLE 6.—Number of days with small craft warnings

| Oct. I Nov. | Dee. | Jun. | Feh. }.\-Im-. I Apr. | May

S1951-52_ . .. 2 4 1 3 Q 9 1 {]
1952-53. . 0 10 1 n 1 1] (4 0

1953-54 . 1 f 1 3 2 3 1 0

05455 . 1 3 B 1 9 3 6 0
1955 ... 0 9 F I PRI RO FRUIPIEVE FEPIN S

NoTe.~Unpublished data furnished by U.S5. Weather Bureau.
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F1cURE 13.—Composite catch per trip of yellowfin tuna
for small and large vessels, 4K to 19456.
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vessels during June compared with the low of
about. 4 fish per trip during the previous month.
The rapid decline of the catch rates during August
and September, from eight yellowfin per trip to
four, also suggests a rather rapid movement of
‘the yellowfin from the fishing grounds.

The yellowfin catch shows uniform single modes
for both small and large vessels. This absence
of fluctuations could possibly be due to a more
uniform number of days fished per trip, a result
of the genérally good weather which prevails dur-
ing the summer months. As pointed out in the
earlier discussion, there are significant differences
in the relative fishing success for bigeye and yel-
lowfin, related to vessel size. The catch rates for
yellowfin by small and large vessels were approxi-
mately equal throughout the year, whereas for
bigeye the large vessels experienced 2.5 times bet-
ter fishing than the small vessels.

SIZE OF FISH

The Hawaiian longline fishery, by virtue of the
method of fishing, primarily exploits the large

tunas, a majority of the catch being composed of

fish exceeding 100 pounds in weight. The lack
of small fish in the catch is not due to their absence
from the area, for Moore (1951) has reported that
small bigeye and yellowfin are taken in Hawaiian
waters by surface-fishing methods; but more
likely it is due to a differential size segrega-
tion of the species with depth. Bigeye and yellow-
fin appear to spend their early life near the
surface and their adult life in deeper waters, thus
the small fish are not available to the deep-fishing
longline gear (Murphy and Shomura, 1953).

As noted previously and shown in figure 12,
good bigeye catches are made in Hawaiian waters
from October through May and only during the
summer months are the catches considered poor.

In their work on albacore and bigeye (Honma and -

Kamimura, 1955; Suda 1954), the Japanese have
shown that west of the 180° meridian these two
species undergo a latitudinal migration, being
taken farthest to the north during the summer
period and to the south during the winter months.
They also present some evidence that at any given
time small fish are located to the north of the
larger fish, the net result being a gradation in
sizes with progressively larger fish to the south.
Some evidence of such a phenomenon in the Ha-

waiian fishery is indicated by the changes in
average size of the bigeye (fig. 14). Despite the
variability of the averages from month to month,
the catch was composed of consistently smaller
fish during the winter months, as is to be expected
if the larger fish in a population sorted by size
did move to the south during the winter.
Another interesting size variability in the catch

is the consistently lower average size of bigeye

taken by the small vessels as compared with those
taken by the large vessels. This ditference, which
is most noticeable during the winter months (fig.
14), is clearly indicated in a comparison of the
annual average size of bigeye by size of vessel
(fig. 15). Although the magnitude of the dif-
ferences is not important, the consistency of the
relation, i.e., small fish being captured by small
vessels, is striking. This may be confirming evi-
dence of the size gradation with latitude, inas-
much as the small vessels operate in waters farther
north than the large vessels.

The yellowfin also show considerable seasonal
fluctuations in average size, with the larger fish
occurring during the summer months when the
catches are best (fig. 14). Unlike the bigeye,
there are no pronounced ditferences in the annual
average size of yellowfin taken by small and large
vessels (fig. 15).

DISCUSSION

At present, little is known of the life histories
of the various tuna species. Research has been
conducted on various segments of the biology of
the bigeye and yellowfin in Hawaiian waters
(Brock 1949, June 1953, Otsu 1954, Iversen 1956,
and Yuen 1955). TUtilizing all available infor-
mation, we have constructed a hypothesis to ex-
plain the presence of the bigeye in Hawaiian
waters, In brief, this assumes that bigeye tuna
spawn in tropical waters south of the Hawaiian
Islands and that the young fish migrate to the
north of Hawaii. Superimposed on this migra-
tion of the young fish are regular, seasonal
north-south migrations of the adult population.

This explanation is based on the following in-
formation. Yuen (1955) established that the
higeye in Hawaiian waters are not in spawning
condition, and thus their presence in the longline
fishery cannot be attributed to a spawning run,
such as was suggested for the yellowfin by June
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FIGURE 14 —Average size of bigeye and yellowfin, by months, in the catch of small and large vessels.

(1953). Maturation studies show that bigeye
spawn move than once a year and that they have
a widespread spawning area extending from the
waters southeast of the Hawaiian Islands and
wesiward to the Caroline Islands group (Yuen
1955). The presence of small bigeye in Hawaiian
waters has been demonstrated (Moore 1951), but
no studies have been made on the details of their
distribution ot seasonal variability. '
According to our hypothesis, the adult bigeye
population shifts southward during the winter,
bringing the fish within reach of the Hawaiian
fishery. Since the fish remain segregated by size,
an auxiliary effect of this southern migration is
to-reduce the size of the fish taken in Hawaii in
winter -as compared with the size taken during
the summer. Even during the winter it appears
that the peak density of the population lies to the
north of Hawaii, for Japanese vessels, specifically
searching for bigeye, fish from 100 to 200 miles
north of the Hawaiian Islands chain during Janu-

ary and February. Following the winter, the
northward shift of the population leaves the
Hawaiian Islands on the extreme southern fringe
of the distribution and the catch rates of bigeye
drop precipitously, though a few relatively large
individuals are taken. It is during this period of
low bigeye catch that the large yellowfin move into
the Hawaiian Islands area.

SUMMARY

1. A detailed examination of the catch records
of the Honolulu longline fleet, covering the period
1948 to 1956, was made to determine the causes
of a marked increase in landings of bigeye tuna
and a decline in yellowfin.

2, A study of the fishing effort expended in the
fishery showed a substantial increase in the total
number of trips, resulting from an increase in the
number of trips per vessel and from the addition
of new vessels to the fleet. " The magnitude of the
increase in effort was not sufficient, however, to
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account for all of the increase in bigeye landings
and did not explain the decline in yellowfin.

3. When the catch-per-trip data were classified
according to size of vessel, they showed a gener-
ally stable catch rate for both bigeye and yellowfin
by the small vessels during the period under study
but an increase in catch per trip for the bigeye by
the large vessels, accompanied by a decline in yel-
lowfin during the last 3 years (1953-5b). This
divergence was explained on the basis of a shift in
area of fishing by the large vessels. The small
vessels, which concentrated their efforts in waters
surrounding QOahu, experienced uniform bigeye
and yellowfin catches. The large vessels, on the
other hand, shifted from the leeward areas of the
northern islands to the windward areas of the
southern islands. The increase in bigeye catch
rate was due to the greater availability of bigeye

in the windward areas as compared with the lee-
ward areas. The decline in yellowfin catch rates
by the large vessels during the last 3 years of this
study was related to the increased fishing effort
during the summer in the windward areas of the
southern islands, which are areas of reduced yel-
lowfin availability. -

4. Annual variations in availability not due to
areal shifts in the fishery were shown in the catch
rates of the small vessels. The 1951-52 season
was exceptionally good for bigeye, while the yel-
lowfin showed a decline in availability during the
1955 season.

5. The bigeye captured by the small vessels were
consistently smaller than those captured by the
large vessels, and the smallest. bigeye were taken
during the winter months.

6. A hypothesis explaining the seasonal varia-
bility in bigeye distribution has been developed
utilizing the results from various studies on the
life history of the bigeye and on the commercial
fishery. Essentially, it assumes that spawning
takes place in tropical waters followed by a mi-
gration of the small fish northward to a center of
abundance located north of the Hawaiian Islands.
The adult population undertakes a north-south
seasonal migration, spending the winter and
spring months in Hawalian waters, where it sup-
ports a sizable longline fishery.
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APPENDIX

APPENDIX TABLE 1.—A4nnual landings (pounds) of bigeye and yellowfin tuna, 1946 to 1956

Total Hawal- Total land- Total Hawai- Total land-
Year ian landings |Total Jongline| ings Hono- Year fan landings |Total longline| ings Hono-
(all types of landings lulu-based (all types of landings lulu-based
gear) longline fleet gear) longline fleet
Bigeye: Y ellowﬁn
1M4647 e 1946, 1,324, 767
194748 1,314, 34¢
104849 1,158,111 1, 008, 460 365,717
1949-50_ 929, 239 817, 057 307, 201
1950-81. . oo 720, 537 605, 315 383, 918
1951-62. . .. ___ 757,199 681, 314 368, 686
1952-53_ _ .. ... 855, 625 719, 326 454, 819
1953-54 621, 654 459, 196 272, 214
1954-55 525,770 435, 551 322, 237
1955-56_ 2. 241 "8" 2, ..31 468 1 528, 922 1985 e 445, 769 352, 751 229, 191

APPENDIX TABLE 2—Catch of bigeye

southern iglands, 1948 to 1956
1. BIGEYE (FISCAL YEAR)

and yellowfin and fishing effort of large vessels in windiward waters of the

10458-49 1949-50 ° 1950-51 1951-52 1952-53 1953-54 1954-55 1955-56
Windward waters of southern islands:
Effort (trips). . ____________ 62 131 110 149 133 138 101 106
Catch (number) 740 3.053 . 2,019 4,922 3,540 4,170 3,179 2,786
All areas: .
Effort (trips). ... o .. 282 319 319 314 241 157 135 150
Catch (number)_ ... 1,823 4, 528 5,360 6, 999 4, 695 4,332 3,539 3,528
II. YELLOWFIN (CALENDAR YEAR)
1948 1949 1950 1951 1952 1953 1954 1955
Windward waters of southern islands:
Effort (trips) 76 99 138 129 150 129 110 112
Catch (number) 367 191 335 188 325 283 260 161
All areas:
Effort (trips). .o . 280 288 34) 208 328 161 134 144
Cateh (number). ..o 1, 400 1,260 1,383 1,267 1,810 351 468 243
APPENDIX TABLE 8.—Bigeye catch and fishing effort by seasons, of large vessels, 1948 to 1955
1048 1049 1950 1951 1952 1953 1954 1955
Spring:
Windward waters of southern islands:
Eflort (trips) 30 18 32 5 35 22 34 18
n Catch (number)......... 328 337 605 76 1,180 806 1,166 379
areus:
Effort (trips) - . .ot 70 68 86 81 81 42 35 34
Cateh (number). ... 545 693 1,437 1,670 2,198 1,164 1,181 643
Summer:
Windward waters of soythern islands:
Effort (trips) . ... 9 3 24 12 14 34 14 24
N Catch (mumbker). - .. 30 19 417 1§ 243 555 216 288
Eﬁort (471 o= PP 69 ! 84 67 89 39 32 36
Catch (number). ... . iiaen- 149 172 | 638 501 496 573 273 385
Windward waters of southern islands:
Effort (trips). ... 14 39 34 57 50 41 33 39
Catch (number). ... oo 101 735 838 1, 541 1,001 1,251 1,249 1,048 -
All areas: .
Effort (4rips) .« .o 71 82 33 85 77 43 34 40
w Catch (number)._ ... 347 856 1,247 1,726 1,322 1,264 1,258 1,052
inter:
Windward waters of southern islands:
Effort (trlps). .o 21 44 56 48 40 36 32 29
A Catch (umber). . _ ..o iciiiciiaaaa 260 1,358 1,643 1,993 1,380 1,320 1,339 1,007
11 ar
Eﬂ'ort (€337 ) 68 75 76 72 53 42 32 37
Catch (number). ... ... oo 611 1,824 1,850 2, 564 1, 602 1,423 1,339 1,196
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APPENDIX TaBLE 4.—Yellowfin catch and fishing effort, by seasons, of large vcssels, 1948 to 1955

1948 1949 1950 1951 1952 1953 1954 1955
Spring: !
Windward waters of southern islands:
Effort (brips) o oo e - 30 18 32 5 35 22 34 18
Cateh (humber) .- .- - oo 100 10 28 6 45 22 50 8
All areas:
Effort (tripsy_ .. . 70 68 86 81 81 42 34 34
Catch tnumber)_ ... ... 162 153 82 339 n1 34 53 19
Summer:
Windward waters of southern islands:
Effort (trips) oo .o o 9 3 24 12 14 31 14 24
~Cateh (umber) .. . iiciaas 111 40 177 33 81 158 75 101
All areas:
Effort (trips).__ ... 69 71 84 67 89 39 2 36
Cateh (number) ... _ ... 7! 803 881 608 1. 260 1908 269 158
I:
Windward waters of southern islands:
Effort (brips) . oo 14 39 34 57 80 41 33 3¢
Catch (number) ... e o) 71 76 2 100 46 61 32
All areas:
Effort (brips) - - - e 77 32 83 85 77 43 34 40
Cateh (number) ... .o 341 181 307 233 176 16 87 34
Winter:
Windwurd waters of southern islands:
Effort (brips). . el 21 44 86 48 40 36 32 29
Coteh (number).. ... ... 61 33 117 57 R 100 24 %
All areas: .
Effort (brips) . oo oo 68 75 T 72 ] 42 32 7
Cateh thumbery - . 134 o7 153 83 116 i1 24 2
APPENDIX TABLE 5.—Bigeye catch and effort by small vessels in all windward areas, 1947 to 1956
[Winter and spring seasons combined]
194748 164849 1949-50 1950-51 1951-52 1452-53 1953-54 1954-55 1955-56
Windward areas:
Effort (trips) - ool 29 13 13 19 9 15 L] 22 12
Cateh (number) .. .. ____ 231 83 191 279 272 221 63 255 2
Allareas:
Effort (0rips) ..o oo os 72 87 105 114 46 73 47 48 33
Cateh (number) oo 407 405 1,077 aT7 656 766 535 447 678
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Day of No. of Area Porl ot AHI {Yellowhn) 003 BiG EYE (Blushay 006 AHIPALAHA (Albacore Tombo) D04 STRIPED MARLIN 009 BLACK MARLIN 0190 SHORT-NDSE MAALIN 107
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ABSTRACT

Information is given on the vertical distribution of 46 kinds of fish larvae
and 8 kinds of fish eggs, as determined from 22 series of hauls made at 15
stations off southern California and central Baja California. Each series con-
sisted of 6 to 11 hauls taken with a closing net at successively deeper levels.

Most fish eggs and larvae were found to occur in the upper mixed layer and
in the upper part of the thermocline between the surface and approximately
125 meters deep. All of the more common kinds of larvae showed marked
differences in vertical distribution from series to series.

Replicate vertical distribution series were taken at seven stations, one in
daylight, the other during darkness. Larvae of sardine, anchovy, and Leuro-
glossus stilbius were four to five times as abundant in night series as in day.
The night-to-day ratio for all larvae was 2 to 3.

Supplementary information on vertical distribution of larvae was ohtained
on Norpac, where two levels (131-0 meters and 262-131 meters) were fished
at most stations.
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VERTICAL DISTRIBUTION OF PELAGIC FISH EGGS AND LARVAE OFF
CALIFORNIA AND BAJA CALIFORNIA

By ELBERT H. AHLSTROM, Fishery Research Biologist

BUREAU OF COMMERCIAL FISHERIES

A prerequisite to any program of quantitative
sampling of plankton organisms, such as the
pelagic eggs and larvae of fishes, is a knowledge
of their depth distributions. We have been inter-
ested primarily in quantitative sampling of sar-
dine eggs and larvae, and a number of studies
have been made to determine their vertical dis-
tributions (Silliman 1943, Ahlstrom 1948, Ahl-
strom et al. 1958). Simultaneously, information
has been obtained on the vertical distributions of
various other fish eggs and larvae. For some spe-
cies the information is limited to one or a few
observations, for others it is complete enough to
fairly well delimit their vertical ranges.

METHODS AND MATERIALS

Twenty-two series of hauls were made at 15
stations to study the vertical distribution of fish

eggs and larvae (fig. 1). Each series consisted
of 6 to 11 hauls taken with a closing net at sue-
cessively deeper levels. In the nine series made
in 1941, each haul covered a limited depth stra-
tum, such as 0— meters, 10-15 meters, and 25-30
meters. In the 13 series made in 1952 through
1955, horizontal hauls were taken at a number of
depths. Despite these minor differences in ob-
taining hauls, the series taken during the two
periods are roughly comparable. A record of
haul data for the 206 hauls that comprise the 22
vertical series is contained in the appendix and
the average depths of hauls are summarized in
table 1.

Replicate series were made at seven stations,
one during the night, the other during daylight,
in order to study diurnal changes in vertieal
T NoTE—Apy July 28, 1958.

NoTeE.—Approved for publication, Fishery

Bulletin 161,

TaBLE 1.—Average depths of hauls in 22 series of closing-nel tows made to study vertical distribution of fish eggs and larvae

Average depth (m.) of haul No. —
Station scries
1 2 3 4 & 6 7 8 9 10 11

41049154 . ieeoee. 3 8 18 24 37 54 T RN SRS S
4105-89.38 R 3 8 18 25 36 56 £ J [ ——
4105-92.39. _ 3 10 20 28 40 58 76 -
4106-94.37N R 3 9 20 27 f 58 69 -
4106-94 37D - 3 9 19 30 41 58 73 ——--
4106-94.47N __ 3 10 21 27 44 50 76 -
4106-94.47D __ 3 9 21 28 42 60 76
4106-97.43N __ 3 10 21 27 43 57 79 .-
4106-97.43D . 3 10 20 28 > 60 77 | 1 | 138 .-
5206-90.28N __ 2 7 17 27 2 57 73
5206-90.23D 2 7 18 29 44 56 7
5208-120.35_ 3 10 18 27 36 3 B P e Ton
5303-91.38N 2 7 18 29 41 54 68
5303-91.38D 2 7 18 23 42 56 72
5305-93.50N 2 ] i 29 43 7 70
5305-93.50D 2 7 18 25 33 46 63
5403-04 80N __ 2 7 17 27 42 &2 o4
5403-94.80D __ 2 7 1R 28 41 53 68
5504-107.80___ 2 8 20 31 45 &7 *70
5504-110.60___ 2 7 18 29 44 58 *B | 106 |eemoiafeieeaeaaas
5504-120.50. __ .- 2 7 18 7 44 60 *74
5504~130.60___ ... 2 8 17 28 42 56 *72

Average__.___. ... 2 8 19 28 41 56 72 -

Standard deviation..._____.___.___ 0.5 1.3 1.5 1.6 3.1 3.4 4.0 3

Meters of depth re d by .

haul .ol 5 8 10 11 14 16 24 33 55 3 70

*Hauls taken at approximately 88 meters depth on cruise 5504 are omitted from this tabulation,
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distribution and abundance of larvae. Night se- Coverage was most intensive in the upper 100-
ries at these stations are designated with an “N,”  meter stratum: Five hauls were taken above 50
day series with a “D.” The differences between  meters with average depths of 2, 8, 19, 28, and 41
night and day series will be discussed in a latter ~ meters; two hauls were made between 50 and 100

section of the paper. meters. with average depths of 56 and 72 meters.
T | I I l I I |
120° Is®
3 VERTICAL DISTRIBUTION SERIES 7]
POINT CONCEPTION : o STATIONS OCCUPIED

[]
94.80

.. _

-]
10780

A
| 12035

‘ UNTA EUGENIA

o
120.50

o
130860

—25° 25—

120° 1s°
= | ] I | I | | I | |

F1eure 1.—Location of stations at which vertical distribution series were made.
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From two to four hauls were usually made below
100 meters with average depths of 105, 138, 215,
and 285 meters.

Each of the hauls in a series is assumed to be
representative of the distribution within a depth
zone. Since the spacing of hauls in depth was
not uniform, the widths of zones are narrower for
hauls taken near the surface and become progres-
sively greater for deeper hauls.

All hauls were made with closing nets and gear
patterned after that described by Leavitt (1935,
1938). Two sizes of closmg nets were employed,
one measuring 0.5 meter in diameter at the mouth,
the other 1.0 meter in diameter at the mouth. A
0.5-meter net was used in 1941 at stations 4104
91.54 and 4105-89.38. It was constructed of No.
40xxx grit gauze with mesh openings of approxi-
mately 045 millimeter when new, shrinking to
approximately 0.30 millimeter after use. The
1.0-meter closing net used in 1941 (series 4105-
92.39, 4106-94.37N and 1), 4106-94.47 N and D, and
4106-97.43N and D) was constructed of cotton
serim, with mesh openings ranging in width from
0.8 to 1.0 millimeter. The 1.0-meter nets used in
taking all subsequent series were constructed of
No. 30xxx grit gauze, with mesh openings of
approximately 0.55 millimeter width after
shrinkage.

All series are numbered according to present
usage. The series made in 1941 have been
reported in literature under different station num-
bers (Silliman 1943). To avoid confusion, the
equivalents are given below:

Position

Station No. (present (Equivalent Date of
usage)

in 1041 occupancy
system N. w.
latitude | longitude
4104-91.54 ______...____ 2046, .. 32029 119°26' | IV-30-41
20 32050/ 118°18’ | V-2-41

32°23’ 117°52' | VI-17, 18-41
2017 117°52' | VI-18-41
32°12 118°3%’ | VI-18, 19-41
32°10" 118°39' | VI-19-41

We have tried to collect successive hauls of a
given series in a comparable manner as regards
length of haul and speed of hauling. No attempt
has been made, however, to make the several se-
ries entirely comparable. Because of the uncer-
tainty of performance of current meters when
used with closing nets, they were not employed.
Consequently, it has not been possible to determine
the volume of water strained in taking hauls. The

series taken during 1941 averaged 15 to 18 minutes
per haul; those taken subsequently averaged 10
minutes, occasionally 5 minutes per haul. At sta-
tion 5305-93.50, towing time was reduced to 5
minutes per haul for a number of the hauls be-
cause of the large quantity of plankton material
being collected. To adjust for this, counts of
larvae for 5-minute hauls were doubled, hence
numbers reported for 5305-93.50N and D are com-
parable for all depths

In the four series made off central Baja Cali-
fornia in 1955, a haul was taken at approximately
88 meters deep (125 meters of wire out)—a level
not sampled in previous series. This level was
added in order to obtain additional information
on distribution of larvae within the thermocline,
which was quite deep at these stations. Thelarvae
taken at this level are included in table 2 and in
depth-distribution tables for individual species.
Inasmuch as this depth was not occupied in
takmg other series; the data have not been used
in obta.mmg average depth distribution values for
most species. Several species occurred almost ex-
clusively in the series made on cruise 5504, espe-
cially Vinciguerria lucetia and Diogenichthys
laternatus, and in these instances this level was
used.

Vertical distribution series were usually made
at localities where eggs and larvae were fairly
abundant. Often a large area was scouted before
such a rich spot was located. More than 40 lo-
calities were sampled on cruise 5504, for example,
in. order to locate the 4 sites at which vertical se-
ries were taken.

The least number of larvae taken in any of the
99 vertical series was 23 in 4106-97.43D, the most
was 5,862 in 5504-120.50. Less than 100 larvae
were taken in 3 series, between 101 and 500 larvae
were obtained in 10 series, between 501 and 1,000
larvae in 3 series, and over 1,000 larvae in 6 se-
ries. The combined total for the 22 series was
18,045 larvae.

At least 60 kinds of fish larvae were taken in
the vertical series. A summary tabulation of the
abundance of 46 kinds of larvae in the 22 series
is given in table 2. All other kinds of fish larvae
are placed in a category labeled “others.” In-
cluded as others are gobies, paralepedids, cottids,
trichiurids, sciaenids, most blennies, zoarcids, and
eel leptocephalids—most of which were identified
only to family—and a few larvae that could not
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TABLE 2.—Abundance of fish larvae in vertical distribution series taken off California and Baja California, by station

) zlA|lZz|QAlzlAa|l z |||zl z|Q) Z2 |& zlgl g l|g
31818 |58 5 5/9|2)8 8|88 %= 8 5 78 82

(28335 (3|5(5¢(8(F7)15(5(18(8|3|3|3F|3|%(3|=

322 |&|E]E(2(d(E|2 |8 : i3

< E =1 =1 =1 a § % s S 1=}

=+ - = FIF | F|S| S P o wn w B e
Sardinops caerulea. .. . ....._.._.. 734 134 676140 6|82 )24} 1 0 5) 314, 0 0) O) O 1) 4 35 ) 59 71 1] 1,842
Engraulis mordar____._.___ 342 (189 | 577 | 27| 4217 (10| 12| O | A12 (151 |125 ;12| O 10| 20 01 0 543 { 15 |5,144 147901
Trachurus symmetricus. .. 4( 0 21( 0 1} 7 o0of Of Of 26| 2| of 0of 0] 4 2( 52|210 72 (297 8| 01 784
Pneumatophorus diego.. ._ el 0 621 0 of 8 0] 0] O ol 0l Ol 07 0] O] O 0| 0 o 0 147 0 217
Merluccius productus. . . 362 2 3]0 8]0 1] 0 o] 0l 020 5 0] 01,753 (707 | 204 | 2| 100 0 2,892
Sebastodes spp - . ... _.... 97 | 39 67 |20 |46 |41 (65 O 1 48 | 33| 0 (225 | 46 |124 1144 0] 0 15|40 2161 0] 1,267
Citharichthys spp..._..--. 7] 2 81 0] 21 3] 3 1 0 1 0110217 ) 6] 4| 4 0| 0 [ 211 0 181
Lyopsetta evilis____.__..___._ 0| 0 0] 0 0] O] O] O] O Dy 0] 0] 010 0|0 n|] o [} W| 0 10
Paralichthys californicus.____ ol 0 0ol 0f O0f Of Yp 07 0 ol 0 101 0 O] 0 0] 0 o 0 0| 0 2
Pleuronichthys decurrens._. 0f 0 ol 0| D] ojo|l O] O o] 07 0f 4] 4 0] 0 o 0 of 0 0f 0 8
Symphurus atricouda....___ 0l 0 ol 0l 0l o} O O O o 03| 0 Q0| 0} O ol 0 0ol 0 [N ] 39
Lampanyctus leucopsarus 35| 18 25| of 4] 6| 7| 1 O] 158 ] 4| 0|119 | 60 | 51 |112 10 9 DREY 0l o 619
Lampanyclus mexicanus._ 0 1 151 & 1119 212714 3 0)0f 0F 0 20 51 0 88 | 36 22|33 273
Lampanyctus ritteri__.___ 51 2 19 1 2 1] 0t 4] 6 1 2( o0 9} 5(10( 4 19 21 381 130 173
Tarletonbeania crenularis. 0] 0 of0)o0of 0] o0]0O] D 13|34 0 1| 1]|11] 6 01 0 [ 0] 0 [
Diogenichthys laternatus._._. 0] 0 o] 0l O0(.0f 0f 0] 0 o]0 0] 0]l 0O O0] 0 0| 0 111 0 {108 110
Diogenichthys atlanticus. . .. nl o 0] 0 061 1| 0] O] O 0 ¢y 0t 0] 0 O] O 41 0 0| ¢ 0 0 5
Electrona SPP-— .- -_...._. 1| 0 o 20| 5] 0] 0] 0 1{ofo0of 1] 0]0] 0O 41 1 3(0 2|10 20
Lampanyctus regalis_ ____ 0l 0 o 0l ol of 0] 1 0 of 0]l 0] O Ol O} 0O ol 0 0] 0 o 0 1
Loweinarara ___.___.._. [N ] 007 0] 0| 0| 0} 0 o0l 0l O O0Of 0 0O 01 0 0f 0 01 3 3
Myctophum celiforniense._ al ¢ 20 ¢ L 21 0t 21 0 ay ol at el ol 0} 0 1l 0 91 0 i{ 0 18
Muyctophum margaritatum of 0 o[l 0] 0] O 0y @] O ol 0l 0Ol O[O O] O o 0 21 0 ol 0 2
Leuroglossus stilbius.__... 181 0 70(1.21 1]122] 1 1 0 60 (30| 0140 | 74| 25| T 0 1 nl 5 61| 0 838
Bathylagus wesethi 0ol 0 ol 0] o] 0 Q] 0] O o0l o] 0y 0f 0 1 2| 5 66| 4 6 0 84
Argentina sialis . _ al 0 ol o]Jo|]oflo]o] o 110 0f 0] Of O O 0o 0 ol 0 3l 0 4
Bathylagus alascanu. nl o nlf o}l o] of o] 0] O ol ¢ 0] 0 0O O] O 11 0 nflo 0ol 0 1
Bathylagus sp- ... 5 0 14 2 1 Al 2| 1 0 31 010 8| 1 0] 2 0| 0 1 0 1 0 47
Microstomasp._.________.._ 0] 0 0] ) 0] 0 0] 0] © 1 1] 0] 0] G) 0] 0 31 0 LU 01 9 5
Nansenia sp___________.___ 0] 0 ol 0] Gf o0l O O] O 01 0] 000G} O] O 01 0 2|1 0 010 2
Vinciguerrie lucetin. . _...__ 0 0 ol 0] 0]l o0]O0]1]0 of n| o] o] ofn| o0 0ol n 16 | 25 51112 159
Argyropelecus spp.......... 0| 0 0] 0] 0 1] 0] 0] 0 ol ol o | 0] O] 0 0| 0 1 0 11 2 6
~Aristostomias scintillans._ 0| 0 nfojo|lojojQ|o0 o 0) o[ O] 0o 0] 0 0] 0 110 o 0 1
Chauliodus macouni...... 0] 0 0] 0] 0) 0] 0| O} O ol 0l 0] 0] 0 O] 1 1 0 0] 0 nl o 2
Cyclothone spp_._...._.... n n nl ol 0 1 [ n 1 ] G| 6, O ] 0y @0 U] v 7 7 3n 30
Ichthyococcus Sp._.. ... ... 0| 0 0! 0] 0O}J 0|-0] D] O O 0 0] 0| 0} 0] 0 0] 0 nqg 0 0] 3 3
Idiacanthus antrostomus.____ 0f 0 ol 0oy 0!l o) 0of O O 60} 0] 0) 0] 0} 0] 0 2( 0 [ (] [ 2
Stomias alriventer___.____ ol 0 of o] 0y 0] 0f 0} 0 0 0] 0) 0] 0] 0] O 0 0 0] 0 1 1 2
Brosmophycis marginata.__ o 0 o] 0] 0] 0] 0] OGf 0 o[ 2] 0] 0} 0] 0] 1 0o o0 0 0 (U] 3
Chromis punctipinnis____ o] 0 0] 0] 0] 0] 5] 0|1 5|1 0] 0] 0} 0] 0] 0 0] 0 [ )] al 0 11
Cololabis saira_ . ._______. ol 0 ol ol 0l O0f 0] O 1] ol ol oo 0] O] O 0 0 1 0 [ 2 3
Icichthys lockingtoni____ __ 0| 0 o ol ol of Ol O D 1 1 ol 0| 0 1 1 0] 1 ol 0 0| 0 5
Melamphaes spp.. ... 110 1] o0 1] 01 0] 0] 0 ol ol o] o] 0| 0} 0 3| 6 20 0 ol o 14
Palometa simillima..__._... 0| 3 of o) of o] ojofo0 o0 5[ 0] 0f 0O) O 0| 0 0] O 5| 0 13
Sphyraena argentea____....... 0o 3 ol oj ol ojof 0] o0 410/ 0|l 0] O] O] O 0} 0 0] ¢ ol 0 17
Trachypterus rexsalmonorum. of o of o)l of 00|00 nf o)l of 0} 0f 0 0 111 o o nf o0 2
Labrids......__.._... ... n| 4 gl 0] 0 2|11 0] @ 57 1 0 1 0] 0] 4 ol 0 0|l 0 1( 0 89
Others... ... ... 3 i 50 1) 0| 5 1 0.0 23| 7|38|50) 6| 3|14 410 71 0 6| 5 179
Total - 1.288 (207 [1,592 (108 | 70 [444 [132 | 53 | 23 [1,023 |281 (424 [928 (208 |245 |323 |1,875 (966 |1,124 (502 (5, 862 |282 |18, 045

be identified with certainty. A total of 179 larvae
are included in this category, slightly less than 1
percent of the total.

It is interesting to note that despite the fact that
most vertical series were taken off southern Cali-
fornia in areas where sardine spawning might be
taking place, the series do reflect fairly well the
abundance of fish larvae in the California Coop-
erative QOceanic Fisheries Investigations
(CCOFT) survey area. The relative abundance
of the 15 most common kinds of larvae taken in
vertical series is compared with their relative
abundance in the CCOFI area during 1955 and
1956 in table 3. Fourteen of these ranked among
the 15 most common kinds of larvae taken during
the 1955 survey cruises, and 12 ranked among the
15 most common kinds of larvae taken in 1956.

Anchovy larvae ranked first in abundance, hake
larvae second in the three tabulations. The con-

scious selection for sardine larvae when taking
vertical series raised them to third place in abund-
ance in the vertical series, but sardine larvae
ranked sixth in abundance in yearly totals for
both 1955 and 1956. For the same reason, jack
mackerel and Pacific mackerel have a somewhat
higher rank in vertical series than in yearly totals.
The relative abundance of Sebastodes spp., Leu-
roglossus stilbius, Lampanyctus lewcopsarus, and
Lampanyctus mexicanus ave strikingly similar in
all three tabulations.

Detailed information on depth distribution is
given for 46 kinds of larvae taken in vertical dis-
tribution series. The data for each of the 15 most
common kinds of larvae are summarized in indi-
vidual tables (tables 5-11, 14-18, 20, 21, 23) ; the
data for the remaining 31 categories are sum-
marized in 4 tables, as follows: 4 kinds of other
flatfish (table 12), 6 kinds of other myctophids
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TaBLE 3.—Comparison of relative abundance of fish larvae in vertical distribution series with their abundance in survey cruises
of the California Cnoperative Oceanic Fisheries Investigations in 1955 and 1956

Spec Fish larvee taken in vertical series Total fish larvae taken in 1955 Total fish larvae taken in 1956
pecies
Number Percent Rank Number Percent Rank Number Percent Rank
taken of total taken ! of total taken ! of total

Engraulis mordaz . 7,991 44,28 1 140, 183 30.03 1 134, 631 33.06 1
Merluccius producius. 2, 802 16.03 2 60, 090 16.73 2 04, 277 23.10 2
Sardinops cacrulea 1,842 10.21 3 14,121 3.93 6 15, 523 3.80 [)
Seb spp. 1,267 7.02 4 20, 344 8.17 3 29, 144 7.14 3
Leuroglossus stilbius. 838 4.64 5 15,111 £21 5 18, 620 4.56 5
Trachurus symmetricus 784 4.34 8 13, 246 3.69 7 8,027 1.97 10
Lampanyctus leucop 619 3.43 7 7,454 2.08 10 15,125 3.71 7
Lempanyclus mezi 273 1.51 8 13, 165 3.67 8 10, 802 2.65 8
Pneumalophorus diego____ ooeeoeoooeena . .. 217 1.20 9 1, 950 .54 14 1, 520 .87 20
Citharichthys SPP--- - oo oo 181 1.00 10 20, 411 5.68 4 23,635 5.79 4
Lampanyctus rilleri__ oo e 173 .96 11 1,988 .55 13 1,924 AT 18
Vinciguerria lucelia. 159 .88 12 12, 654 3.52 9 9, 832 2.41 9
Diogenichthys laternafus... .cev-ceememeaun. o 110 .61 13 4,771 1.33 11 3,158 .7 13
Bathylagus wesethi 84 .47 14 3,245 .90 12 2,146 .53 17
Tarletonbeania crenularis. oo 66 .37 15 999 .28 22 , 352 .82 12
All others - - 549 3.04 |ooeans 20, 423 5.69 |eacuuacns 36,124 8.85 |ocecioeas

Total. —-- 18, 045 99,99 |-aoeoeees 359, 155 100.00 |.ocovcaans 408, 140 100.00 [-oocomneee

1 Standard haul totals,

(table 19), 5 kinds of other deep-sea smelts (table
22), and 16 kinds of other fish larvae (table 24).
Of the 46 kinds of larvae dealt with in the tables,
38 represent individual species, 7 represent genera,
and 1 grouping is by family (Labridae).
Illustrations of depth distributions are of two
kinds: those based on the average distribution of
a category in all the series in which it occurs (figs.
2, 3, and 12), and those based on the distribution
of eggs or larvae of a species (or genus) at indi-
vidual stations (figs. 4-11, 13). In the latter a
temperature profile is superimposed over each
depth diagram. '
Average vertical distributions, illustrated in
figures 2, 8, and 12, are not based on a summation
of the numbers taken in individual series. If this
were done, undue weight would be given to a series
in which a category was unusually abundant—
such as series 5504-120.50 for Engraulis mordaz,
or series 5403-94.80N for Merluccius productus.
Instead, equal weight has been given to each series
in which a category was common to abundant (50
or more larvae per series) by changing numbers
into percentages; thus, each of the larger series
has an equal weight of 100. All series in which a
category was rare to rather common (1 to 49)
were combined and the composite was given a
weight of 100. As an example, Trachurus sym-
metricus larvae occurred in 13 series. In 5 series
more than 50 larvae were taken per series, and
each of these was weighted to 100. The compos-
ite of the other 8 series (which totaled only 67
individuals) was given a group weight of 100.
The 6 weighted series (5 individual and 1 com-
507201—59——2

posite) were then combined and used to determine
the percentage occurrence at each level. Illustra-
tions of depth distributions at individual stations
also are based on percentage occurrence at each
level rather than on actual number (figs. 4-11 and
13).

Depth distributions of eggs are given for 8 of
the 15 common kinds of fishes. Of the other
seven common categories, Sebastodes is ovovivip-
arous, the eggs of myctophids are unknown, and
Citharvichthys eggs were uncommon. Sardine
and anchovy eggs were identified from all collec-
tions; the eggs of other fishes were identified from
only eight series (5308-91.38N and D, 5403-
94.80N and D, and the four series taken on cruise
5504).

Less complete data on the vertical distribution
of eggs and larvae are available from two other
sources. High-speed samplers have been towed
simultaneously at four depths during special
studies made with these instruments, usually at
approximately 10, 20, 30, and 40 meters deep. The
results are presented in a separate report (Ahl-
strom et al. 1958). These samplers have been
shown to be exceedingly useful instruments in
studying variations in the depth distribution of
eggs and larvae within the upper 40-meter level.
They are of less use in studying the complete
depth ranges of eggs and larvae since present
models can be hauled only at shallow depths (to
perhaps 50 meters), hence cannot be used for
encompassing the depth distributions of most fish
eggs and larvae.
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On some regular survey cruises a 1.0-meter
closing net has been used to sample a depth zone
below that sampled in taking the standard 1.0-
meter net haul. This procedure was followed
during the 1939 and 1940 cruises, for example, and
the information thus obtained on the depth dis-
tribution of sardine eggs and larvae was sum-
marized by Ahlstrom (1948). Two hauls were
taken simultaneously at most stations during
Norpac, the upper standard net haul sampling a
depth zone from approximately 131 meters deep
to the surface, the closing net sampling the level
between approximately 262 and 131 meters deep.
A brief comparison of the kinds and numbers of
larvae taken in the two levels during Norpac is
given in a latter section of this report.

The vertical distribution series were taken from
five research vessels: £. W. Scripps, C'rest, Hori-
2on, and Spencer F. Baird, operated by the
Scripps Institution of Oceanography, and the
Black Douglas, operated by the U.S. Fish and
Wildlife Service. Personnel of the Scripps In-
stitution of Oceanography cooperated in the coi-
lection of material at sea. Many persons pres-
ently or formerly employed by the La Jolla
Biological Laboratory aided in taking the series,
ineluding Ralph Silliman, John C. Marr, Oscar
E. Sette, James R. Thrailkill, Robert C. Counts,
David Kramer, Robert Livingstone, and Bruce
Taft. The figures were prepared by Andrew M.
Vrooman., I wish to thank David Kramer for
helpful suggestions during preparation of the
manuscript.
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SOME GENERAL OBSERVATIONS ON
DEPTH DISTRIBUTION

Before discussing the vertical distributions of
individual species, some general observations will
be given on depth distribution. The average
weighted depth distributions of the 15 most com-
mon kinds of larvae taken in vertical distribution
series are summarized in table 4. In these deter-
minations, the depth of the zone represented by
each level in the series is taken into account.

Larvae may be divided into two principal
groups with respect to depth distribution: (1)
Those species occurring almost entirely within the
upper mixed layer and in the upper part of the
thermocline; (2) those species occurring mostly
within or below the thermocline.

Of the 15 kinds of larvae summarized in table
4, 12 fall into the first category and 3 into the
second.

Many of the differences in the depth distribu-
tion of larvae of the same species in the various
series are due to differences in the position of the
thermocline. The extremes in thermocline depth
were found at stations 5206-90.28N and 5504—
110.60. In the former, only the two shallowest
tows at average depths of 2 and 7 meters were
taken in the layer above the thermocline, the hauls
taken at approximately 17 and 27 meters deep
were within the zone of rapid temperature de-
cline, and the haul averaging 42 meters deep was
definitely below the thermocline. At station
5504-110.60, on the other hand, there was a dif-

TABLE 4.—Average weighled depth distributions of the 15 most common kinds of larvae taken in vertical distribulion series

Percentage occurrence of larvae at—
Species Total
0-23 24-48 49-64 65-88 89-122 Below
meters meters meters meters meters 122 meters
Group I !
Pneumatophorus diego. _ . 79.4 10.9 0.7 0 0 1] 100.0
Sardinops caerulea.._.. 47.1 32.3 5.8 14.8 0 0 100.0
Trachurus syMmelricus .- .o 40.9 38.1 7.4 10.0 3.6 0 100.0
Engraulis Morader. ... - 38.9 46.0 11.7 3.3 .1 0 100.0
Vinciguerria lucetio. .. . oo 16.2 46.8 7.8 20.6 8.7 0 100.1
Sebnatodes SPP .- - - - e 14.5 41.2 4.7 16.1 3.5 0 100.0
Cithariehthys SPP . o e 12.6 70.6 14.4 2.4 0 0 100.0
Lampanyctus leucopsarus.. . 4.4 55.8 32.3 5.7 1.7 0 99.9
Lampanycius mexicanus. .. 5.9 45.6 29.6 15.2 2.2 1.5 100.0
Lampanyctus ritteri......... 3.8 43.6 27.8 20.5 4.4 0 100. 1
Tarletonbeania crenularis.... - 0 31.7 42.3 8.8 12.1 5.0 99.9
Diogenichthys Talernati8 ... .. . ..o 0 2.2 1.8 73.0 23.0 0 100.0
Group II: 2
Merluccing productus . .. oo 1.5 3.5 14.0 47.5 10.6 22.9 100.0
Bathylagus wesethi_. .. _ ..o .3 .8 7.4 25.6 50.0 16.0 100. 1
Leuroglosaus 8tilbiud_ ... iieeiiaian .4 5.1 13.2 18.0 18.9 44.4 100.0

1 Distribution confined to upper mixed layer.
¢ Distribution mostly within or below thermocline.
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ference of only 0.3° C. between the temperature
at the surface and that at 83 meters deep (the
average depth of the horizontal haul taken with
125 meters of towing cable payed out). The ther-
mocline began at a depth of approximately 90
meters at this station. Since the vertical dis-
tributions of most larvae are confined to the upper
mixed layer and the upper portion of the thermo-
cline, their depth distributions are shallow in sit-
uations such as that sampled at 5206-90.28N, and
deeper and more varied at stations having a deep
thermockine.

Some differences in depth distribution are due
to diurnal changes in level associated with pho-
totropic response of larvae to light (usually neg-
ative).. Vertical movements of larvae are appar-
ently limited in extent, being confined for most
kinds to movements within the upper mixed layer.
There is no evidence that fish larvae move through
the thermocline while making diurnal vertical
movements.

Most kinds of fish larvae are confined in their
vertical distribution to the upper mixed layer and
the upper portion of the thermocline. However,
within the upper mixed layer the various kinds of
larvae have different but characteristic depth dis-
tributions. Several species occurred in greatest
abundance in the upper 23 meters of depth at most
stations. Included in this group are Pneumato-
phorus diego (fig. 3, b), Sardinops caerulea (fig.
2, a), and Trachurus symmetricus (fig. 3,¢). The
anchovy, Engraulis mordaz, although it occurred
mostly in the upper 23-meter level at some sta-
tions, was found on the average to be somewhat
more abundant in the level between 24 and 48
meters (fig. 2,b). Sebastodes larvae were uncom-

* mon in the upper level (023 meters) at most sta-

tions (fig. 3, d), but they occurred in greatest
abundance in this level in one night series.
Larvae of Vinciguerria lucetia (fig. 2, ¢) and
Citharichthys spp. (fig. 3, a) had their largest
concentrations in the 24- to 48-meter level.

SARDINOPS ENGRAULIS  VINCIGUERRIA LEUROGLOSSUS BATHYLAGUS
CAERULEA MORDAX LUCETIA STILBIUS WESETHI
501 .
1000 -
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ut - .
[
w
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VERTICAL DISTRIBUTION OF LARVAE

Fieure 2.—Weighted average vertical distribution of larvae of (a) Sardinops cacrulea, (b) Engraulis wmordar, (c¢)
Fincignerria Tneetia, (AY Lewroglossus stilhing, and (e) Bathylagus wcescthi.
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Myctophid larvae were not taken in any numbers
in the 0-23 meter level, but usually had their cen-
ters of abundance between 24 and 64 meters (fig.
12). Larvae of Diogenichthys laternatus had a
somewhat deeper distribution (fig. 12, e), but they
still were confined to the upper mixed layer (the
thermocline was deep at each station where this
species was collected ).

The larvae of three species occurred in greatest
abundance within and below the thermocline:
Merluccius productus (fig. 8, e), Leuroglossus stil-
bius (fig. 2, d), and Bathylagus wesethi (fig. 2,e).
All of these species occurred at somewhat lower
temperatures than larvae confined to the upper
mixed layer. It is likely that temperature is a
more important, factor than pressure in the depth
distribution of these species.

If these series are representative samplings of
the depth distributions of fish larvae, it follows
that the complete depth range of the larvae of
most species could be completely encompassed by

CITHARICHTHYS
SPP

PNELMATOPHORUS

DIEGO

hauls averaging approximately 125 meters deep.
In making plankton hauls on CCOFT cruises, the
net is hauled obliquely from approximately 140
meters deep to the surface (depth of water per-
mitting), hence the depth distribution of most
kinds of fish larvae would be encompassed by
these hauls.

DEPTH DISTRIBUTIONS OF
INDIVIDUAL SPECIES

Pacific Sardine (Sardinops caerulea)

Larvae of the sardine were taken in 17 series,
eggs in only 7 (table 5). The vertical distribu-
tions of sardine eggs and larvae have been dis-
cussed by Silliman (1943) and Ahlstrom (1948).
Silliman included several series in his account that
are not included here (series taken in 1939 that do
not conform to spacing in subsequent series). All
series taken subsequent to 1941 have not been re-
ported upon previously.

MERLUCCIUS
PRODUCTUS

50|

100

1501

DEPTH IN METERS

200

2501

VERTICAL DISTRIBUTION OF LARVAE

FIeURE 3.—Weighted average vertical distributions of larvae of (a) Citharichthys spp., (b) Pnewmatophorus diego,
(¢) Trachurus symametricus, (d) Scbastodes spp.. and (e) Merlucciug productus.
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TaBLE 5.—Depth distribulions of larvae and eggs of Pacific sardine, Sardinops caerulea

. Number per haul at average depth (m.) of—
Station series Total
2 8 19 28 41 56 72 88 105 138 215 285
Larvae
90 179 195 121 117 31 1 0 734
0 0 0 32 2 0 0 0 34
410 248 10 7 1 0 0 0| 876
21 3 12 1 3 0 0 0 40
0 0 0 1 2 2 1]. 0 6
14 13 23 35 4 -0 0]. 0 89
5 0 6 9 2 2 0 0 24
1 0 0 0 0 0 0 0 1
3 2 0 0 0 0 [}] 0 5
0 3 0 0 0 0 0 0 3
10 65 15 17 7 [1 20 (RORRRUPRS SR I, 114
0 0 1 L) 2 2 0 0 10
0 0 0 0 1 1 2 0 4
1 0 19 6 5 0 1 0 35
0 0 0 0 23 10 24 0 59
2 1 0 2 2 0 0 0 7
1 0 L1} 0 0 0 0 0 1
558 514 281 236 171 48 29 0 0 0 0 1,842
E
B8 20 16 1 1 0 o ¢ o 131 P IR R 108
4 (1] 2 0 0 0 0 0 0 0 0 6
2 0 1 0 0 0 0 0 0 0 0 3
22 17 a3 35 40 [ TS N FEPURRR N FPRI R [ 152
37 29 46 50 65 33 11 0 0 [ I (R 271
59 51 29 20. 21 11 7 3 0 [1 ) PR 201
0 2 0 0 0 0 0 0 0 L1 1 PR 2
214 115 112 106 126 49 18 0 3 0 (U 0 743

The depth range of sardine larvae in vertical
distribution series is from 0 to approximately 96
meters, and the eggs range from 0 to approxi-
mately 121 meters. I wish to clarify a usage in
defining the limits of depth ranges in this and
subsequent. discussions of other species. When
indicating the depth range of sardine larvae,
I have given the deeper limits of the level, whose
average depth is 88 meters. Similarly, sardine
eggs were taken in a haul having an average depth

4105-92.39 5208-120.35
T T

of 105 meters; the deeper limit of this stratum is
approximately 121 meters. ,
The depth distributions of sardine larvae in

-individual series are illustrated in figure 4. In

two series, the larvae were concentrated into a
rather narrow zone. Thus, at station 4105-92.39
(fig. 4, a), most larvae occurred in the upper two
hauls of the series, and at station 5208-120.35

' (fig. 4, b), a marked concentration occurred at

the 10-meter level. At station 4104-91.54 (fig.

4104 -9154 4106-94 47N 5504-110 60

i [ ]

o}

Ut e e T T T

201

a0l

1o ] 0

IN METERS

DEPTH

[P P R T

N
=

15 WC 10 20°C 10 15

VERTICAL DISTRIBUTION - SARDINE LARVAE

FIGURE 4.—Vertical distributions of sardine (Sardinops caerulea) larvae in five separate series, with superimposed
temperature profiles.
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4, ¢), however, the larvae were rather similar in
numbers at four levels between 8 and 37 meters
in average depth. In 4 of the 5 series illustrated
in figure 4 the larvae were found almost. entirely
above 50 meters deep. Three of these were night
series, the fourth (4104-91.54) was started in the
afternoon and completed after dark. In the
single day series illustrated, 5504-110.60 (fig. 4,
e), the larvae occurred mostly below 50 meters,
in the lower half of the upper mixed layer. The
thermocline was deeper at this station than at
most other stations at which depth distribution
studies were made. Differences in depth distri-
butions of sardine larvae in day and night series
are discussed in a following section.

The average weighted depth distribution of
sardine larvae, based on vertical distribution
series, had the following percentages in different
depth strata:

Percentage
Strata : of total
0-23 meters_____________________ 47.1
2448 meters_____________________ 32.3
4064 ineters o 0.8
65—-88 meters____________________ 14. 8
89 metersand below______________ 0

A somewhat shallower distribution was indi-
cated in studies reported by Ahlstrom (1948).
Two to three closing nets were used in series at
most. stations in 1939; the upper net fished from

approximately 42 meters to the surface, the inter-

mediate net. from 81 to 38 meters, and the bottom
net from 120 to 72 meters. The exact depth
fished by each net varied from haul to haul.
About 93 percent of the sardine larvae were taken
in the upper level, 7 percent in the intermediate
level, and none in the lowest level. A closing net
was used below the upper net at 133 stations
occupied in 1940. It sampled the zone between
approximately 130 and 57 meters. Less than 1
percent of sardine eggs and larvae were taken in
the deeper stratum. Inasmuch as the 1939 and
1940 studies represent a larger number of observa-
tions than the vertical distribution series, they
may reflect the average depth distribution of sar-
dine larvae more adequately than the weighted
distributions given above.

Water temperatures at the levels where sardine
larvae were collected ranged from 10.9° to 19.7°
C. Only 17 larvae were taken at temperatures
lower than 18.0° C. The only series in which wa-
ter temperatures were above 17.0° C. was at sta-

tion 5208, taken during August in Sebastian Vis-
caino Bay, central Baja California. This series
represents offseason sardine spawning, which cen-
ters in the Sebastian Viscaino Bay area. This
spawning occurs at considerably higher tempera-
tures than during the regular spawning season,
and there is a possibility that the offseason spawn-
ers may belong to a separate subpopulation of
sardines.

Two contrasting distributions are illustrated for
sardine eggs. At station 4105-92.39 (fig. 5, a)
most of the eggs were taken in the surface haul.
The depth distribution of sardine eggs at this sta-
tion is fairly similar to the distribution of sardine
larvae (fig. 4,a). A higher percentage of sardine
eggs than larvae occurred in the surface haul, but
both categories have a very shallow depth distri-
bution. Sardine eggs occurred over a fairly wide
depth zone at station 5403-94.80N (fig. 5, b) : from
the surface to approximately 82 meters, with the
largest concentration (23 percent of the total) at
42 meters. The few sardine larvae obtained in
this series occurred at depths between 14 and 64
meters.

Northern Anchovy (Engraulis mordax)

Anchovy larvae were the most abundant kind
taken in depth distribution studies: they were
present in 18 of the 22 series, and were very com-
mon to very abundant (125 to 5,144 per series) in
half of these (table 6). The weighted average
vertical distribution of anchovy larvae is illus-
trated in figure 2, b.

The depth distributions of anchovy larvae in
five series are illustrated in figure 6. Three of
these series were made at night, two during day-
time. The two daytime series have contrasting
distributions. At station 4105-89.38 (fig. 6, d),
most larvae were taken at one level (25 meters),
while at station 5504-107.80 (fig. 6, e), the larvae
were deeper and more dispersed. The thermocline
was shallow at station 4105-89.38; there was a
temperature drop of 3.3° C. between the 25- and
56-meter level. The thermocline was deep at sta-
tion 5504-107.80; there was only 1.7° C. difference
between the temperature at the surface and that at
70 meters.

Anchovy larvae were unusually abundant at
station 5504-120,50; in fact the 5,144 anchovy
larvae taken at this station constitute about 28
percent of all larvae taken in vertical distribution
series. Anchovy larvae had a wide depth range
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FIcURE 5.—Vertical distributions of the eggs of four species of fish at individual stations. Species and station numbers
are listed above each diagram and a temperature profile is superimposed.

at. this station, from 0 to approximately 125 me-
ters. The largest concentrations were in the two
shallowest hauls, but larvae were abundant to ap-
proximately 66 meters.

Additional information on depth distribution
of anchovy larvae is available from the 1940 sur-
vey, when a closing net fishing from approxi-

TaBLE 6.—Depth distributions

mately 130 to 57 meters was used at most stations
below the upper net. The number of anchovy
larvae obtained from 133 closing-net hauls was
148, as compared to 5,940 larvae in the upper net
hauls at the same stations. Thus, only about 215
percent of the larvae were distributed as deeply
as 57 meters. It is interesting to note that only

of larvae and eggs of northern anchovy (Engraulis mordax)

Number per haul at average depth (m.) of—
Station series pe ge er Total
2 8 19 28 41 5 72 88 105 138 215 285
Larvae:

41049154 ... 3 4 4 62 248 21 0 342
41058038 - oo 0 1 7 4R 9 4 0 169
4105-02.39_ oo 231 247 36 53 10 0 0 577
4106-94.3TN . . oo ooeemaaes 4 8 [ 5 4 0 0. 7
4106-94.37D . o ooooo.o- Q [\ 0 1 1 2 0 4
4106-94.47N . ..., 7 5 61 nd| ° 3 0 0 a7
4106-94.47D . 1 2 0 0 4 2 1 10
4106-07.43N __ 1 1 4 [ 0 0 0. 12
5206-090.28N 198 205 114 97 0 0 0 612
5208-90.28D 5 136 9 0 1 0 0l 151
5208-120.35 4 30 19 19 48 3 125
5303-91.38N 1 1 4 5 0 0 0| 12
5305-93.50N_ .. _.__.._.. 3 0 2 0 0 0 0 lo
5305-93.50D . ... ... 0 0 2 & 4 [ 0 20
5504-107.80. . _..._.-.- 4 0 0 19 159 271 7 M3
5504-110.60. ... .... 14 0 0 0 0 1 0 18
550412050 ... ... 1.370 | 1,405 837 270 697 488 72 5,144
5504-130.60_ 0 0 0 i 0 0 0 1
1,849 | 2,045 | 1,105 809 [ 1,213 802 146 7,991
246 30 0 9 0 2 0 287
o 1 0 0 0 1 3
43 4 1 0 0 1 1 69
289 34 2 9 0 3 2l 4 2 9 5 359
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Ficureg 6.—Vertical distributions of anchovy

(Engraulis mordar) larvae in five separate series, with superimposed

temperature profiles.

11 larvae were taken in closing net hauls made at
night, while 137 were taken in day hauls. A
deeper distribution in day hauls was also found
in replicate vertical series, discussed in a latter
section.

Anchovy larvae were taken over a wide tem-
perature range, 10.0° to 19.7° C. Most larvae oc-
curred within a 3.5°-temperature range, 14.0° to
17.4° C., however; approximately 95 percent of
the total number of anchovy larvae were obtained
within ‘this temperature range. Only nine larvae
were taken at temperatures below 12.0° C., and
occurrences above 17.5° C. were mostly from sta-
tion 5208-120.85 in Sebastian Viscaino Bay.

Anchovy and sardine larvae had fairly similar
depth distributions at most stations where they
both occurred. Their depth distributions at sta-
-tions 4105-92.39 and 4106-94.47TN are shown in
figure 4, a and d, for sardine larvae, and figure
6, a and b, for anchovy larvae. In both series the
two species have similar depth ranges, but a some-
what larger portion of the sardine larvae was
taken in the shallower hauls. There is a more

marked contrast in the depth distributions of the
two species at station 4104-91.54. In this series
nearly three-fourths of the anchovy larvae were
taken in the fifth haul of the series, a,veraging 36

vl n mnme b oy J
meters {not illustrated), while the center of

abunda.nce of sardine larvae was much shallower
(fig. 4, ¢).

There is limited information on the depth dis-
tribution of anchovy eggs, which were taken in
only three of the regular series. In these series
(table 6), 90 percent of the eggs were taken in the
two shallowest hauls of each series, but some eggs
were obtained throughout the depth range sam-
pled. The presence of eggs in the deeper hauls
made at station 5206-90.28 is difficult to explain,
since anchovy larvae were not taken at these depths
either at this station.or in any other series.

Silliman (1943) made use of five vertical series
(F8A, F8B, F9A, F9B taken in 1939, and 1832
taken in 1941) that are not included in the pres-
ent report. Inasmuch as anchovy eggs were taken
in three of these series, the information is given
below :

Series FSA

Series FOA

Serles 4104-00.37 (1832)

Number

Middepth of haul of eggs

Middepth of haul

Number
of eggs

Teroper-
ature
(¢ Cy

Numbher

of eggs Middepth of hal_xl

-
woo—okaB
— —
— on
© 'S

%35&38;’

.o~
HP~ |
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As in the series discussed above, the largest con-
centrations of eggs occurred in the upper haul of
each series. The distribution in series 4104-90.37
(1832) is illustrated in figure 5c.

Information on the depth distribution of an-
chovy eggs within the upper 40-meter level based
on material from high-speed sampler hauls is
available for six sets of hauls (Ahlstrom et al.
1958). In the three sets containing the largest
number of eggs, the majority were taken below 20
meters. Hence there is more variation in depth
distribution of eggs than was indicated in the
vertical distribution series.

It is interesting to note the differences in depth
distribution of anchovy eggs and larvae at station
4105-89.38. Nearly 86 percent of the anchovy
eggs were taken in the surface haul, while as large
a percentage of the larvae was taken in the haul
averaging 25 meters deep (fig. 6, d). Most of the
larvae were under 4 millimeters in length, hence
too small to participate in any marked vertical
movement. The only fins developed on 4-milli-
meter anchovy larvae are larval pectorals.

Jack Mackerel (Trachurus symmeftricus)

The majority of vertical distribution series were
not taken in areas where jack mackerel larvae
commonly occur. The center of abundance of jack
mackerel larvae is usually between 80 and 240
miles offshore (Ahlstrom and Ball, 1954: 227),

119

while most vertical series were taken within 80
miles of the coast. Jack mackerel larvae were
taken in 13 series (table 7), but occurred in small
numbers (1 to 7 larvae per series) in nearly half
of the series, and commonly (50 or more per se-

ries) in only five series.

The larvae were taken between the surface and
approximately 122 meters, although approxi-
mately four-fiftlss of the larvae occurred within
the upper 50 meters (fig. 3, c). Considerable
variation was found from series to ‘series, as is
shown in figure 7. Jack mackerel larvae decreased
in abundance with depth at station 5504-120.50
(fig. 7, b), were mostly concentrated within the
upper 10 meters at station 5403-94.80D (fig. 7,
a), had a marked center of abundance at 44 me-
ters at station 5504-110.60 (fig. 7, ¢), and had a
wide depth range at station 5504-107.80 (fig. 7,d).

The depth distributions of jack mackerel eggs
are illustrated in figure 8. The same.series are
shown for eggs as for larvae, with the addition of
station 5403-94.80N. The secondary concentra-
tion of eggs, which occurred at a depth of 42 me-
ters at the latter station (fig. 8, ¢) resulted from
eggs spawned during the night of collection. Of
the 346 jack mackerel eggs taken in this haul, 338
were recently spawned. Most of the newly
spawned eggs (321) had not yet initiated cleavage,
hence spawning may have occurred within the
hour. This haul was taken at about 11 p.m.

TaBLE 7.—Depth distributions of larvae and eggs of jack mackerel (Trachutus symmetricus)

Number per haul at average depth (m.) of—
Station series Total
2 8 19 28 41 56 72 88 105 138 215 285
Larvae
2 0 1 1 0 (1 2 A T PSR FURRyit] FPRPRIRIP P PP 4
10 9 1 1 0 0 {11 DRI (R, (R 21
0 Q 0 Q 1 0 [1] [+ I PO (R 1
] 0 4 3 0 0 1] [ 11 (R P 7
12 13 0 [ 1 [\] 0 0 0 1} 26
0 2 0 0 0 0 [\ 0 0 0 2
0 4 [} 0 0 0 0 0 n 0 4
0 0 0 0 2 0 0 0 [ . 2
26 0 L) 7 ] 8 0 0 [) 1 (. 52
92 86 24 2 2 2 0 0 {11 P, 210
4 0 14 24 6 4 4 [ ] AR NS 72
6 0 3 25 209 13 )R PR R PO 297
34 21 15 9 3 1 0 0 {178 PR %6
Total..coeooeoeceemae 186 138 67 2 230 28 44 14 -5 0 0 784
Eggs: .
2 51 32 54 316 25 [ J P, 0 1,117
1,017 8§22 265 33 30 1 [ T [ 7 2,196
36 19 11 30 10 4 11 0 0 121
54 11 27 4 7 6 21 3 1 134
29 38 24 1 0 0 0 0 0 92
1,738 941 350 127 393 48 4 3 8 1 [/ (R, 3,660

507201—59——3
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F1eure T7.—Vertical distributions of jack mackerel (Trachurus symmetricug) larvae in four separate series, with
superimposed temperature profiles.

depth at which spawning took place, then in this
instance, at least, spawning occurred below the
level of abundance of the older eggs. Two possible

The distribution of recently spawned eggs at this
station is shown in the following tabulation:

Nutaber o jack mackerel eves explanations of this difference in distribution are
Average depth of haul Recently |Middle snd]  Total that the older eggs had changed their depth distri-
spawnerd | late stage bution since spawning by floating upward, or that
o meters. 0 2 | ez  Spawning had occurred at shallower depths on the
- - 2 5 3% preceding several nights. I consider the latter
- B sis  explanation to be the more likely.
8 18 = There are interesting similarities and differ-
¢ ‘ °  ences in the. depth distributions of eggs and

Some ne\‘rly spa.wned eggs were t.a_kell at otl‘ler 121-1‘\"21 N Th.e diStI‘ibutiOlls Of eggs a.nd. la.l‘Vae ill
depths, especially in the haul averaging 27  series 5403-94.80D are quite similar; their distri-
butions in series 5504-110.60 are markedly dif-

meters in depth. If the depth of occurrence of
newly spawned eggs can be assumed to reflect the  ferent. In the latter series, only about 3 percent

5504 -12050 5403-94.800 5403-9480N 5504-107.80 5504-110.60
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VERTICAL DISTRIBUTION - JACK MACKEREL EGGS

Fieure 8—Vertical distributions of jack mackerel (Trachurus symmetricus) eggs in five separate series, with
superimposed temperature profiles.
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of the larvae were taken in the upper three hauls,
while nearly 69 percent of the eggs were taken in
these hauls. In the two other series that are illus-
trated, the eggs also have a somewhat shallower
distribution than the larvae. At station 5504-
107.80, about 45 percent of the eggs were taken in
the two shallowest hauls and only 6 percent of the
larvae.

Jack mackerel larvae were taken within a 4°-
temperature range, 13.0°-16.9° C., except for one
occurrence at 10.1° C. The great majority of
larvae occurred within a 2° range, 14.0°-15.9° C.
The eggs had an even more restricted range: 99.6
percent of the eggs occurred at temperatures
between 14.0° and 15.7° C. These observations
agree well with those given in table 10 of Ahl-
strom and Ball (1954), who found that over 70
percent of the larger collections of larvae (50 or
more per standard haul) occurred within the 2°-
temperature range noted above (14°-16° C.).
The authors were dealing with a much larger
mass of data—T780 collections of larvae made in
1950 to 1952—hence it is not surprising that they
found a wider temperature range, 10.0°-19.5° C.,
for the larvae in these collections.

Pacific Mackerel (Pneumatophorus diego)

Pacific mackerel larvae were obtained in only
three series (table 8). None of the larvae
occurred below approximately 66 meters deep,
and nearly 80 percent of them occurred in the
0- to 23-meter level. This is the shallowest depth
distribution found for any of the more common
kinds of larvae. The temperature range at

“which larvae occurred was between 14.1° and
17.1° C. The weighted average depth distribu-
tion of larvae is shown in figure 3, b, the distribu-
tions at individual stations are shown in figure 9,
aandb.
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Inasmuch as Pacific mackere]l larvae were not
taken in any vertical series where the upper mixed
layer was deep, it is probable that a somewhat
deeper distribution would be found in these sit-
uations. Pacific mackerel larvae are taken in such
situations on regular survey cruises.

Pacific mackerel eggs, which occurred in
abundance at station 5504-120.50, had a less re-
stricted depth distribution than the larvae (fig.
% ©)- Hake (Merluccius productus)’

Hake larvae rank second in abundance to an-
chovy, both in yearly summaries of larvae in the
CCOFTI survey area and in the vertical distribu-
tion series. Hake larvae were taken in 13 series,
commonly in 4 ; hake eggs in 6 series, commonly in
2 (table 9). Some of the data on vertical dis-
tribution of hake larvae have already been given
in Ahlstrom and Counts (1955 : 315).

Hake larvae were taken mostly within or below
the thermocline. Only 5 percent of the larvae
were obtained between the surface and 48 meters
(table 4). In three of the four series in which
hake larvae were common, the center of abun-
dance occurred in the haul at an average of 72
meters deep (fig. 10, a, b, and d), and very few
larvae were taken below 122 meters.

A deeper distribution of larvae was obtained
at station 5504-107.80. Unfortunately, this is an
incomplete series, with the deepest haul averaging
142 meters in depth. Hake larvae were taken in
the six hauls made between 45 and 142 meters,
with an increase in abundance with depth. Nearly
38 percent of the larvae were taken in the bottom
haul of this series. Depth distribution at this
station is so different from the others, that it
points up the incompleteness of our depth dis-
tribution data for this species and the need for
additional series.

TasLE 8.—Depth distributions of larvae and eggs of Pacific mackerel (Pneumatophorus diego)

Number per haul at average depth (m.) of—
Station series Total
2 8 19 23 41 56 72 88 105 128 215 285

Larvae:
4105-92,39. . ... 52 5 1 4 0 0 1 20 P {120 S FER I P, 62
410604, 47N___ .. ... 1 0 6 1 0 0 [/ I 0 [/ 1 PR (R, 8
5504-320.50__. .. ... 56 48 15 13 14 1 0 0 (] 0 [+ I A, 147
Total .. ... . 109 53 22 18 14 1 1] 0 0 0 | U PR, 217
Eggs: 5504-120.50_ ... 544 721 450 221 164 51 35 13 13 9 0 ... 2,221
Total .. ... 544 721 450 221 164 51 35 13 13 9 0. ... 2,221
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FicUurRe 9.—Vertical distributions of Pacific mackerel (Pneumatophorus diego) larvae and eggs in separate series, with
superimposed temperature profiles.

In vertical series, hake larvae were taken at
temperatures between 8.7° and 15.7° C., with most
occurring between 10.6° and 15.0° C. Interest-
ingly, Ahlstrom and Counts (1955:328) found
that larger concentrations of hake larvae (1,001
or more per standard haul) taken on survey

cruises occurred within this identical 414° tem-
perature range.

Hake eggs were common only in the two se-
ries (N and D) taken at station 5403-94.80. The
distribution of hake eggs in the series taken at
night (fig. 10, ¢) is strikingly similar to the dis-

TABLE 9.—Depth distributions of larvae and eggs of hake (Merluecius productus)

Number per haul at average depth (m.) of—
Station series Total
2 ] 19 % 41 56 72 88 105 138 215 285
Larvae:
41049154 ... 0 0 0 0 3 20 36
4105-89.38_ 0 0 0 0 o 14 21
4105-92.39_ . - 0 0 0 3 5 9 22
4106-94.37TN - 0 0 0 0 2 0 3
4106-94 47N __ _ [} 0 0 1 3 4 8
4108-97.43N _ . 0 0 0 [ 0 0 1
1,38 0 0 0 0 0 8 20
5303-91.33D . _ . 0 0 0 0 3 2 5
£403-94.80N _ . 15 8 5 1 2 a3 1,753
5403-94.80D . _ - 69 86 2 14 49 156 707
5504-107.80 . [\ ] 0 0 1 4 214
5504~110.60 _ 0 0 0 0 0 0 2
5504-120.50 _ 0 0 0 0 4 23 100
Total. ..o oo .. 84 92 29 19 72 333 2,892
Eggs
5303-91.38N_ .. ___.._...._... 2 0 0 2 1 0 0 0 0 0 5
3-01.38D . _ ... .. ... 0 0 0 1 0 [\ 1] 0 Q [ 1
5403-94.80N _ - 1 2 3 0 0 5 3 1 [ . 102
5403-94.80D___ . _.._..___.. 2 0 0 2 7 2 0 0 b 101
5504-107.50_ _ 0 0 0 0 ] 2 0 [0 [ 18
A504-120.50 .. ... ... _.. 0 0 0 0 0 0 1 2 [ P 3
Total. oo 5 2 3 5 16 29 154 4 4 3 2 227
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FIGURE 10.—Vertical distributions of Hake (Merlucciug productus) larvae and eggs in separate series, with superim-
posed temperature profiles.

tribution of larvae in the same series (fig. 10, b).
Almost identical numbers of eggs were taken in
these day and night series, although there was
not as marked a concentration of the eggs at one
depth in the day series as in the night. A few
(15) hake eggs were taken at station 5504-107.80;
they were taken in the four contiguous hauls
made between 41 and 88 meters, but no eggs were
‘taken in the two lower hauls of this series; hence,
the depth distribution of eggs at this station was
shallower than the distribution of larvae.

Rockfish Larvae (Sebastodes spp.)

The category of rockfish larvae is restricted to
a single genus, Sebastodes, containing a number
of species. Larvae of Sebastodes can be identified
to genus without difficulty, but no attempt has
been made to extend identification to the specific
level. According to Phillips (1957), 49 species of
Sebastodes occur off California, and 34 of them
are definitely known to occur off Baja California,
as well.

Rockfish larvae usually are taken in a larger
number of plankton hauls on CCOFI cruises than
any other kind of larva. This wide distribution

is also reflected in their frequency of occurrence
in vertical distribution series. Rockfish larvae
were taken in 17 series, and in all but 1 of these,
15 or more larvae were taken per series (table 10).

Rockfish larvae were seldlom common in the
upper 23 meters (figs. 3, d, and 11, a to d).
Usually the largest numbers were taken in hauls
averaging 28, 41, and 56 meters deep. However,
at station 5305-93.50N (fig. 11, a) the largest num-
ber was taken in the surface haul, and at station
5504-120.50 (fig. 11, d) there were two levels of
concentration, one near the surface, the other at
72 meters deep. Only nine rockfish larvae were
taken below 100 meters, all of these occurring in
hauls averaging 105 meters deep. Thus, rockfish
larvae belong to the large group of fish larvae that
occurs in the upper mixed layer or within the
thermocline, but. not. below it.

Sebastodes larvae were taken at temperatures
between 9.0° and 17.2° C., with the larger concen-
trations occurring at temperatures between 10.2°
and 16.1° C. At individual stations, the temper-
ature ranges over which larvae were taken was as
great as 5.7° C. (series 4105-89.38 and 4105—
92.39). In about half of the series the largest
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TABLE 10.—Depth distributions of larvae of rockfishes (Sebastodes spp.)

Number of larvae per haul at average depth (m.) of—
Station series
Total
2 8 19 28 41 56 72 88 105 138 215 285
3 13 5 26 41 9t O 97
. 2 0 0 25 1 10 0 39
.39 3 9 0 16 21 18 0 67
. 0 0 0 0 5 6 1 20
: 0 0 0 0 6 25 0 46
: 0 0 0 2 28 10 0 41
X Q 0 0 0 15 27 7 85
K 0 Q Q 0 0 1 0 1
A 0 0 23 22 3 0 0 43
. 0 0 1 30 2 0 0 33
. 1 0 9 71 62 76 1 225
k 0 9 7 16 T 7 0 46
.50 60 24 12 2 6 0 0 124
.. [1] 2 48 24 52 18 0 144
. 0 0 5 b 4 1 0 15
X 2 0 2 1 32 3 0 40
.. 33 21 9 2 12 41 0 216
Total ... o oeeiaao. 104 78 121 262 207 252 [} [1} 1,267

numbers of larvae were taken within the zone of
rapid temperature change (i.e., within the thermo-
cline). In some series, however, the larvae
occurred within a zone of uniform or nearly uni-
form temperature (series 5504-110.60 and 5303
91.38N). In series 5504-120.50, there were two
levels of conceniration of larvae, the upper occur-
ring at 15.3° C., the lower at 12.2° C. There may
have been two_(or more) species of rockfish with
different. temperature requirements present in this
series.

Rockfish are ovoviviparous; the eggs are car-
ried by the female until embryonic development
is completed. Hence, only the larvae are taken
in plankton collections.

Sand Dabs (Citharichthys spp.)

Four species-of Citharichthys occur off Cali-
fornia and Baja California: C. sordidus, C. stig-
maeus, C', exanthostigma, and C. fragilis. Larvae
of all four species were taken in vertical distribu-

_tion series. (. sordidus was taken in the series
made off California, €. wanthostigma and C.
fragilis in two series made off central Baja Cali-
fornia, and (. stigmaeus in both areas. The
larvae of these species will be described in a sub-
sequent. publication.

Citharichthys larvae were common in only 1
series, although they were taken in 14 (table 11).
They occurred between the surface and approxi-
‘mately 88 meters (fig. 3, a). In Sebastian
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Firaure 11.—Vertical distributions of Sebastodes larvae in four separate series, with superimposed temperature profiles.
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TaBLE 11.—Depth distributions of the larvae of sand dabs (Citharichthys spp.)

Station series

Number per haul at average depth (m.) of—

Total

19 28 41

56

2

105

4104-91.54 . __
4105-80.38
4105-92.39 .
4106-94.37D .
4106-9447TN s
4106-94.47D_ .. .-
4106-97.43N .
5206-90.28N _
5208-120.35. -
5303-91.38N ...
53013-91.38D .. .-
530°-93.50N __. -
5305-93,50D . .
5504-120.50_ ...
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Viscaino Bay (5208-120.35), where the depth of
the series was limited by the shallowness of the
bay, most of the larvae were taken in the two
deeper hauls.

Other Flatfish Larvae

Limited information on depth distributions of
the larvae of four other species of flatfish is given
in table 12. The distribution of Symphurus atri-
cauda larvae at station 5208-120.35 is in contrast
to the distribution of Citharichthys larvae at the
same station. Most of the Symphurus larvae were
taken in the upper haul of the series, and none
was taken at the levels where most of the
Citharichthys larvae occurred.

Lyopsetta ewilis is close to the southern limit of
its distribution in the series made off Point San
Eugenio, Baja California (5504-120.50), hence it
is not surprising that the larvae occurred only in
the deeper hauls between 72 and 138 meters. In
contrast to the relation noted between Symphurus

larvae and Citharichthys larvae in Sebastian Vis-
caino Bay, Lyopsetta larvae occurred almost com-
pletely below the level of occurrence of Citharich-
thys larvae at station 5504-120.50.

Lanternfish (Myctophid) Larvae

There is some information on the vertical dis-
tribution of 11 kinds of lanternfish (myctophid)
larvae, although 3 species occurred in but a single
series each. Four kinds were taken only in se-
ries made off southern California, three in series
made off central Baja California, and four oc-
curred in both areas. These distributions are
consonant with the mora detailed distributions ob-
tained from the CCOFI cruises.

Larvae of Diogenichthys laternatus and Low-
eina rara have seldom been taken north of central
Baja California; larvae of Lampanyctus leucop-
sarus and Tarletonbeania crenularis are uncom-
mon south of California. Lampanyctus mevicanus
and L. ritteri are taken both off southern

TaBLE 12.—Depth disiributions of the larvae of other flaifish

Number per haul at average depth (m.) of—
Station serles Total
2 8 19 28 41 56 72 88 105 138 215 285
Lyopsetta erilis: 5504-120.50____._ 0 0 0 [\] 0 0 3 3 2 2 )] [ 10
Paralichthys californicus:
106-94.47D__ . ... 0 [1] (] 0 1 0 [+ N R, ot {1 8 PRSP R 1
5208-120.35  n e 0 0 0 0 1 [ USRI PRI (PP PR epp EPEEEEEE 1
Total ool 0 0 0 0 2 0 [ (R 0 (1 1 R (R 2
Pleuronichthys decurrens:
138N e 0 1 2 0 1 0 [ - 0 0 0 0 4
5303-91.38D. - oo 0 3 0 1 0 0 {1 1 [ 0 0 0 0 4
Total... oo 0 4 2 1 1 0 {1 (. (i} [ 0 0 8
Symphurus  olricauda: 5208
120,35, oo - 30 6 1 2 0 [ 2N SRR DS FAIRIIN FSIPIIPRI IR S PP 39
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TABLE 13.—Summary of depth distribulions of lanternfish larvae, and their relalion to temperature

Lampanyctus leuenPpSarus. - - . e i immam—————
Lompanycius mericanus._ __
Lampanyctus rilteri .______
Lampanictus regalig____._.

Diogenichthys atlanticus____ ..
Diogenichthys laternatus___..
Eleetrone SPP - - eeeee .-
Loweina rara_. ...._....__..
Myctophum californiense. . .
Muyctophum margarilatum. . - S -
Tarletonbeania crenvlaria_ .. oo el

Number |[Total num- Depth of Weighted
of series ber of in- |Depth range !| gieatest | Temperature] mean tem-
in which | dividuals (m.) abundanece | range (° C.) perature
species taken (m.) °Ch
occurred
15 619 &-105 2 9.7-16. 1 13.2
15 273 2-138 41 13.3-16. 1 15.2
19 173 2-105 41 11.2-16. 1 14.5
1 1 56 [ N R
2 5 872 72 14, 1-16. 5 14.6
3 110 28105 72 13.2-16.5 |. ...
4 20) 8-138 105 9.1-15.3 11.0
1 3 41-56 56 18.5 16.5
7 18 28-105 88 9.7-15. 4 4.0
1 2 88 B’ 14.3 14.3
6 66 28-138 56 9.0-13.4 10.7

I Based on average depth (in meters) of the shallowest and deepest haul in which specimens oecurred.

California and off central Baja California. How-
ever, L. mexicanus is near the northern limit of its
distribution off southern California, while L. »it-
teri is near the southern limit of its distribution oft
central Baja California.

A summary tabulation of the depth distribu-
tions of lanternfish larvae is given in table 13. The
temperature range over which each species was
taken also is included, along with the weighted
mean temperature of occurrence for each species.
The occurrences in separate hauls are given for
the larvae of Lampanyctus leucopsarus in table
14, of L. mewxicanus in table 15, of L. »itteri in
table 16, of Tarletonbeania crenularis in table 17,
of Diogenichthys laternatus in table 18, and of the
remaining kinds of lanternfish in table 19. The
weighted average depth distributions of the five
most. common kinds of lanternfish larvae are il-
lustrated in figure 12.

Only three species, all belonging to the genus
Lampanyctus, were common in the vertical series.

Lampanyctus vitteri had the most widespread dis-
tribution of any kind of fish larvae, being taken
in 19 of the 22 series. L. leucopsarus and L.
meaxicanus each occurred in 15 series.

A notable feature of the depth distributions of
lanternfish larvae is their paucity above 23 me-
ters. Six of the species were not taken in this
stratum; E'lectrona spp. and Diogenichthys at-
lanticus each had one occurrence, and only about
5 percent (4-6 percent) of the larvae of Lam-
panyctus leucopsarus, L. mexicanus, and L. »it-
teri were taken in this layer.

Lanternfish larvae occurred mostly in the up-
per mixed layer above the thermocline or in the
upper part of the thermocline, The three common
species of Zampanyctus appear to have the shal-
lowest. distributions: L. lewcopsarus occurred in
greatest abundance in the hauls averaging 28 me-
ters deep, L. mexicanus and L. ritteri in the hauls
averaging 41 meters deep. Less than 2 percent of
the larvae of L. leucopsarus were found to occur

TaBLE 14,.—Depth distributions of the larvae of Lampanyctus leucopsarus

Number per haul at average depth (m.) of—
Station series Total
2 8 19 28 41 56 72 88 105 138 215 285
0 0 0 0 19 16 0 35
0 0 0 2 2 11 3 18
0 0 5 ] 10 2 0 ¢ 25
0 0 0 3 0 0 1 0 0. 4
1] 0 0 0 3 3 0 0 0. (]
0 0 [ b 0 2 0 [(] (L 7
0 0 V] 0 0 0 1 0 {17 1
0 0 4 148 & 1 0 1] 0 0 158
0 0 0 2 1 1 0 0 0 0 4
0 V] O i) 18 32 3 1 0 0 118
0 3 5 & 4 38 0| 2 0 0 60
0 0 2 26 12 1 0| 0 0 0 - Bl
0 [ 14 30 48 20 0 |- 0 0 0 112
[ 0 0 0 0 1 9| 0 0 0 10
0 1 0 Q 0 3 6 Q 0 0 9
¢ 3 30 297 122 141 23 [ 3 0 0 0 619
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TaBLE 15.—Depth distributions of the larvae of Lampanyctus mexicanus
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Number per haul at average depth (m.) of—

Station serles Total
2 19 28 41 56 72 ] 105 138 215 285
4105-80.38 . - o oo 0 0 0 0 1 0 0 0 1
4105-92.39___ . 0 0 1 14 0 0 0 0 15
4106-94.37N . . 0 0 1 3 1 0 0 0 5
4106-94.37D__ _ - 0 0 0 0 1 0 0 0 1
4106-94 47N __ _ R 0 0 8 11 0 0 0 0 19
4106-94.47D_ - 0 0 0 0 2 0 0 0 2
4106-97.43N . . 0 0 3 20 3 1 0 0 27
4106-97.43D . - 0 ] 0 5 7 2 0 0 14
5207—00.28N _ - 0 0 3 Q 0 1] 0 0 3
5305-93.50N - 0 0 0 2 0 0 0 0 2
5403-94.80N . - 0 0 0 0 0 5 0 0 5
5504-107.80_. - 0 0 0 0 21 38 21 0 88
5504-110.60__ . 3 0 0 0 22 4 6 0 36
5504-120.50. . . 2 3 2 3 5 7 0 0 22
5504-130.60. oo 0 0 0 1 15 14 3 0 33
Total. .o ae 5 3 18 59 78 69 30 10 0 1 0 0 273
TaBLE 16.—Depth distributions of the larvae of Lampanyetus ritteri
Number per haul at average depth (m.) of—
Station series Total
2 8 19 28 41 56 72 88 105 188 215 285
4104-91.54_ . ... [ 0 0 0 5 0 [ (R 0 5
4105-89.38_ - 0 0 0 2 0 0 0 |- 0 2
4105-92.39. . - 0 0 2 15 2 0 0 |- 0 19
4106-04.37TN . - 0 0 [ [} 1 0 0. Q 1
4106-94.37D. . 0 0 0 0 2 0 0} 0 2
4106-94 47N _ . 0 0 0 0 1 0 0. 0 1
4106-97.43N . . 0 0 0 1 1 2 0 0 4
4106-97.43D. . 0 [ 0 0 5 1 0 0 8
5206-90.28N . . 0 0 1 0 0 0 0 |- 0 1
5206-90.28D . 0 0 1 1 0 ] 01 0 2
53n3-91.38N _ - 0 0 0 5 0 4 0 0 []
5303-91.38D_ - 1] 0 1 0 2 2 01 0 5
5305-93.50N _ - 0 ] 0 10 0 0 0| 0 10
5305-93.50D _ . - 0 ] 0 0 4 0 0 0 4
5403-94.80N . _ - 0 1 0 0 [ 9 9 0 19
5403-94.80D__ -- 0 0 2 3 5 10 [ P 0 21
5504-107.80, -- 0 1 0 3 9 [ 8 1 38
5504-110.60. - 0 0 0 0 6 0 3 0 11
5504=120.50.. - - oo 1 1 0 ] 1 5 5 0 13
Total oo 1 2 7 40 44 42 26 10 1 0 ] 173
TaBLE 17.—Depth distributions of the larvae of Tarletonbeania erenularis
Number per haul at average depth (m.) of—
Station series . Total
2 19 28 41 56 72 88 105 138 215 25
5206-80.28N _ o 0 0 0 10 3 0 0 0 0 0 13
5206-00.28D _ - [(] Q 0 1 8 23 [\] 0 0 0 34
5303-01.38N _ . 0 0 0 0 0 0 0 0 0 0 1
5303-91.38D . . 0 0 0 0 0 1 0 0 0 0 1
6§305-93.50N . - 0 .0 0 4 2 3 1 1 0 Q 11
5305-93.50D . ____.__._______ ] 0 0 0 0 2 3 0 [\ P [
Total. oo 0 0 0 15 13 29 [/ (R 4 1 0 0 66
TaBLE 18.—Depth distributions of the larvae of Diogenichthys laternatus
. . Number per haul at average depth (m.) of—
Station series Total
2 19 28 41 66 72 88 105 138 215 285
504-107.80. _ . . o .oooooooo 0 0 0 0 0 0 0 0 1 1
5504-11060_ . _________.__._____ 0 0 0 0 0 0 0 0 1 1
5504-180.60_ . ..o 0 0 0 1 2 2 64 36 3 108
Total.. ... 0 0 0 1 2 2 64 36 [ 0 130 P 110
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TABLE 19.—Depth distributions of the larvae of other myclophids

. Number per haul at an average depth (m.) of—
Station series : Total
2 8 19 28 41 56 72 88 105 138 215 285

Diaaemchthya atlanticus:

4106-94.37N 1] 1 0 ] 0 0 {1 P 0 [ 2 AR I 1

5403-94.80N 0 U] 0 0 0 1 F I O — 0 0 {1 ) P, 4

0 1 0 0 0 1 : 2 [ 0 0 [ I F— 5

0 0 0 0 0 0 1]. 1

] [ 0 0 0 0 1 - 2

0 0 (1} 0 0 1 2 [+ N (R, (U 5

0 0 0 0 0 1 0 0 0 0 1

0 0 0 0 0 0 0 0 0 0 1

[1] Q 0 Q Q 0 3 1 [ J 4

0 [ 0 0 0 0 1 0 [ F, 1

0 0 (] 0 0 0 0 3 3

[ 1 0 0 0 0 0 0 0 L1 P 2

(i 1 0 0 0 2 4 1 8 4 0 0 20

Lampanyctus regalis: 4106-97.43N_ 0 0 0 0 0 1 1 P 0 {1 SN A, 1

Loweina rara: 5504-130.60..___.__ 0 1] Q 0 1 2 (] 1] 0 Q [ P 3
Myctophum califomumt

4105-92.3! 0 0 0 2 0 ] {1 1 I [ I IO 2

0 0 0 0 0 1] [1 ) 1 0 1

0 0 0 0 2 0 [ I 0 0 2

0 0 0 0 0 2 [ 1 P 0 0 2

0 0 0 0 0 1 [ 3 I 0 0 1

0 0 0 0 0 0 2 1] 2 [ 9

0 0 0 0 0 1 Q Q 0 ] [ P 1

0 0 0 2 2 4 2 5 3 0 [ I P 18

Myctophum margaritatum: 5504— !
BT B0 e e oo 0 0 0 0 0 0 0 2 0 0 l 2

below 88 meters. About 4 percent of the larvae of
L. mewicanus and L. ritteri occurred below 88
meters.

Information on depth distributions of the eight
other-kinds of lanternfish larvae is suggestive,
although fragmentary. Larvae of Diogenichthys
laternatus were mostly taken in one series (108
larvae at 5504-130.60), hence our information on
the depth distribution of this species is almost
wholly confined to the distribution at a given
place at a given time. In this situation, D. later-
natus occurred at the bottom of the upper mixed
layer. Although larvae of Tarletonbeania crenu-
laris, Myctophum californiense, and Electrona
spp. occurred in 6 or more series, the largest num-
ber of individuals of each that were taken in any
one series was 34, 9, and 5, respectively. Despite
the limited material, it is evident that the larvae
of all three species have somewhat deeper vertical
distributions than the larvae of Lampanyctus.
Electrona spp. have the deepest distribution of
any of the lanternfish larvae: about 60 percent of
the larvae were taken at depths of 105 meters or
below.

The temperatures at which the three common
species of myctophid larvae were-taken in the

vertical distribution studies reflect their geograph-
ical distribution. Larvae of the more northerly
distributed Zampanyctus leucopsarus occurred at
a mean temperature of 13.2° C., larvae of the in-
termediately distributed L. ritteri at a mean tem-
perature of 14.5° C., and larvae of the more south-
erly L. mexicanus at a mean temperature of 15.2°
C.

The mean temperatures of occurrence of larvae
of Tarletonbeania and Electrona spp. were several
degrees below that for the other lanternfish larvae;
Tarletonbeania larvae occurred at a mean tem-
perature of 10.7° C., Electrona larvae at 11.0° C.
These temperatures are quite similar, yet the
larvae of Electrona are taken considerably farther
south than those of T'arletonbeania. Thisis made
possible by the greater depth at which Electrona
larvae occur.

There are not many stations at which it is pos-
sible to compare the depth distributions of dif-
ferent kinds of myctophid larvae. At most sta-
tions where species of Lampanyctus occurred to-
gether, their depth distributions were fairly simi-
lar. The distributions of L. leucopsarus and T'ar-
letonbeania crenularis were similar in 5206-
90.28N but Z'arletonbeania larvae had a wider
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F1euRE 12.—Weighted average vertical distributions of the larvae of five species of myctophids.

depth range at station 5305-93.50N. There was
a more marked contrast in the distributions of the
larvae of L. mericanus and Diogenichthys later-
natus at station 5504-130.60: 29 of the 33 larvae
of the former species occurred in the hauls aver-
aging 41 and 56 meters deep, while 100 of the 108
larvae of D. laternatus were taken in the hauls
averaging 72 and 88 meters. Hence, at this local-
ity the larvae of these two species were fairly well
separated in their depth distributions.

Leuroglossus stilbius

Larvae of Leuroglossus stilbius have the deep-
est distribution of any of the species studied.
They have been taken in the bottom haul of a
number of series, hence must occur at still deeper
levels than those sampled in taking vertical dis-

tribution series. This is the only common species -

taken in vertical series for which it was found that
the larger proportion of the larvae occurred be-
low a depth of 100 meters.

Leuroglossus larvae were taken in 16 series, eggs
in 5 (table 20).
distribution of larvae is shown in figure 2,d. The
depth of occurrence of larvae appears to be in-
fluenced by the depth of the thermocline. The

The weighted average vertical

shallowest thermocline encountered while taking
vertical series was at station 5206-90.28 N, and
here the larvae occurred nearer to the surface than
in other series. At several stations where both
day and night series were taken, the larvae had a
somewhat shallower distribution in the night
series.

The vertical distributions of eggs and larvae
of Leuroglossus are illustrated in figure 13. The
depth range of eggs and larvae is fairly similar
at station 5504-120.50 (fig. 13, b and e). Except
for a few larvae at the surface, no eggs or larvae
were taken in the upper six hauls, and both eggs
and larvae were taken in the five lower hauls.
Abundance within the zone of occurrence differed
for the two categories: the largest number of eggs
occurred in the haul averaging 110 meters deep;
the largest number of larvae was obtained in the
haul averaging 137 meters deep.

Both eggs and larvae were exceedingly abun-
dant at station 5303-91.38. Over three times as
many eggs were taken in the night series as in the
day, possibly indicating a difference in the water
mass being sampled during the two periods. In
the night series most eggs were taken between the
surface and 88 meters (fig. 13, ¢), with a marked
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TABLE 20.—Depth distributions of the larvae and eggs of Leuroglossus stilbius

Number per haul at average depth (m.) of—
Station series Taotal
2 8 19 2 41 56 72 88 105 138 215 285
1] 0 0 0 0 '3 U 2N (SRR R AU MR M 18
0 0 0 0 3 59 3| 70
0 0 0 0 1 0 | S . 2
0 0 0 0 0 0 0 0 1
0 0 0 1 4 9 1 2 22
0 0 0 0 0 0 0 0 1
0 0 0 0 0 0 0 0 1
3 0 0 2 10 4 5 5 60
0 0 0 0 1 . 8 4 1 30
0 0 1 0 0 104 11 6 460
0 0 0 0 6 0 32 23 74
0 0 0 2 0 11 10 [} 25
0 0 ] 0 0 0 4 0 7
[ 0 0 0 0 0 0 1 1
3 0 0 0 0 0 b2 I 5
4 0 0 0 0 0 12 19 61
10 0 1 25 25 204 85 57 72 24 838
102 . n 270 1,160 981 7,428 2,878 |- 46 0 13,028
305 311 271 516 640 606 232§ .. 1,175 8 ?, 158
Q 0 0 0 0 1 5 .. [} 1 7
] 0 0 0 o 0 b ] 115 160 54 362
413 402 541 1,676 1,621 8,125 3,136 115 1,381 63 43 39 17, 556

concentration at approximately 54 meters (7,428
eggs in this one haul). The eggs in the day
series were mostly talen hetween the surface and

S ARLT LAl

122 meters (fig. 13, d), with the largest concen-
tration at 92 meters. Larvae were about six times
as abundant in the night series as in the day. In
the night series most larvae occeurred in the hauls
made between 54 and 291 meters, with the largest
concentration at approximately 68 meters (fig.
13, a). Most larvae in the day series occurred in
contiguous hauls with average depths of 92 and
139 meters.

The lower limit of the temperature of occur-
rence of Leuroglossus larvae in vertical series is
not known, since temperature observations were
not available for some of the deeper hauls.

Larvae were taken at temperatures at least as low
as 8.6° C. Nearly half of the occurrences were
at a fnnrfh

wu iaa Laa

of the occurrences were at temperatures above 12°
C. The overall temperature range for larvae was
8.6° to 16.6° C. The temperature range for eggs
was from 8.6° to 15.3° C.; with more occurrences
at temperatures above 12° C. than below.
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Bathylagus wesethi

Originally described from off Monterey, the
type locality has since proved to be near the north-
ern limit of the range of this species. The larvae
are widely distributed off southern California
and Baja California. The larvae of this species
were taken in six series, the eggs in six (table 21).

TaBLE 21.—Depth distributions of the larvae and eggs of Bathylagus wesethi

Number per haul at average depth (m.) of—
Station series Thotal
2 8 19 28 41 56 72 88 105 138 215 285
0 0 0 0 0 0 0. 1
0 0 0 0 0 0 2 2
0 0 0 0 0 5 0 5
1 0 0 [ 0 0 2 86
0 0 [} 0 [ 2 0 4
0 0 0 0 1 1 4 6
1 0 0 0 1 ] 8 84
0 1 0 0 ] 12 45 681
0 0 0 0 4 8 8 20
1 1 0 0 1] 1 2 26
1 0 1 0 1 5 12 - 92
1 2 2 0 o 0 2 0 8
0 0 0 0 0 1 2 0 3
3 4 3 0 5 27 71 40 54 2 ) O P, 210
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VERTICAL DISTRIBUTION

- LEUROGLOSSUS STILBIUS EGGS AND LARVAE

F1eURE 13.—Vertical distributions of Leuroglossus stilbius larvae and eggs in separate series, with superimposed tem-
perature profiles.

The only series in which larvae were at all com-
mon was 5504-107.80. Except for one larva in
the surface haul, all larvae occurred in the four
lower hauls, having average depths of 70, 88, 111,
and 142 meters, and the greatest numbers of
larvae were taken in the two middle hauls of this
group.

Of the 84 larvae collected in all series, only 2
were taken in the upper 50 meters (table 4). A
smaller proportion of the larvae of Bathylagus
wesethi than of Leuroglossus stilbius were taken
in the deeper hauls, and there is no clear-cut evi-
dence that larvae of B. wesethi occurred helow
the levels sampled.

Eggs of B. wesethi were rather common in two
series (5403-94.80N and 5504-110.60). In the
former series, most eggs occurred between 50 and
100 meters deep (fig. 5, e), in the latter series,
which extended only to approximately 105 meters
the largest numbers were taken in the bottom haul.

Other Deep-Sea Smelts

Larvae of five additional species of deep-sea
smelts were taken in the vertical series (table 22),
but only one species occurred in even moderate
abundance. Most occurrences were within or be-
low the. thermocline.

An undescribed species of Bathylagus was taken
in 13 series, mostly less than 5 individuals per
series. Most of these larvae were obtained
between 50 and 100 meters deep. This species is
more northerly in its distribution than Bathy-
lagus wesethi, and the occurrences off central Baja
California are near the southern limit of its
distribution.

"The Nansenia sp. is also probably undescribed.
There are two or three species of this genus in
the eastern North Pacific, none of which has been
previously reported.
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TABLE 22.—Depth distributions of the larvae of other deep-sea smelts

Number per haul at average depth (m.) of—
Station series Total
2 8 19 28 41 56 72 88 105 138 215 285
Argentina sialis:
5206-90.28N . _ ... ... 0 [ 0 1 0 0 | 1 P 0 0 0 0 1
5804-120.50_ . . .._._... 0 0 0 0 0 0 0 0 1 2 0 0 3
Total ..o 0 0 0 1 0 0 0 0 1 2 0 0 4
Bathylagus alascan us: 5403-94.80N. 0 0 0 0 0 1 {1 P 0 0 O .. 1
Bathylagus sp.:
4104-91.54 0 0 0 0 0 - 2N I N OO 5
0 0 0 Q 0 14 0 14
0 0 0 0 0 0 1 2
0 0 0 0 0 0 1 1
0 0 2 1 [} 2 0 6
0 0 0 )] 0 0 0 2
0 0 0 0 0 1 0 1
1 0 0 1 0 0 0 3
0 0 0 2 0 0 0 8
0 0 0 [} 1 0 0 1
0 0 0 0 0 2 0 2
0 0 0 0 0 0 0 1
0 0 0 0 0 0 0 0 1
Total-.._. .- 1 0 2 4 1 22 13 0 2 1 0 1 47
Microstoma sp.:
5206-90.28N __ __.____._..___. 0 0 0 0 0 1 0 0 [4] 0 0 1
5206-90.28D__ __ - [ 0 ] 0 (] 0 1. 0 0 0 [V 1
5403-94.80N __ oo . Q 0 0 ] 0 0 0 3 0 {11 PR, 3
0 ] 0 0 0 1 ) U 3 0 0 0 5
0 0 0 0 0 0 0 0 0 b 2N [N I 2
Vinciguerria lucetia Eggs occurred in all hauls of the shallow series,

The eggs and larvae of this species are not as
well represented in vertical series as would be an-
ticipated from their abundance in the CCOFI
area (table 23). The weighted average vertical
distribution of larvae is shown in figure 2, ¢. The
only series in which the larvae were common was
5504-130.60. The thermocline was deep at this
station, as was evident from bathythermograms
made at the station. These records were subse-
quently lost. The larvae were distributed in the
upper mixed layer (0-80 meters). Vinciguerria
eggs had a wider depth distribution at this station
than the larvae (5 to 121 meters; fig. 5, d).

5504-110.60, the deepest haul of which averaged
105 meters.

Other Larvae

Limited information on the vertical distribu-
tion of 16 kinds of larvae is given in table 24.
Larvae of C'hromis punctipinnis (blacksmith) and
of Sphyraena argentex (barracuda), each taken
in three series, occurred only in the two shallow-
est hauls. The larvae of another commercially
important species, Palometa sémillima (pom-
pano), occurred between the surface and 48 meters
deep.

TaBLE 23.—Depth distributions of the larvae and eggs of Vinciguerria lucetia

Number per haul at average depth (m.) of—
Station series Total
2 s 19 28 41 56 72 88 105 138 215 285
Lar
1 0 0 0 0 0 [ 2 [ 1
0 0 0 0 2 2 8 1 168
0 0 0 0 0 2 11 9 25
4 1 0 0 0 0 0 0 5
2 0 29 33 41 6 1 0 112
7 1 29 33 43 10 20 13 159
0 0 0 0 0 0 1 0 4 2 P I )
3 9 12 1 13 8 4 11 ) U O I . 75
0 4 4 12 15 15 13 10 1 0 [ 0 P 74
3 13 16 13 28 23 17 21 19 2 [ J R, 155
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TABLE 24.—Depth distributions of olher larvae taken in verlical disiribulion series
Number per haul at average depth (m.) of—
Statlon serles Total
2 19 28 41 56 72 88 105 138 215 285
-lrgyropelecua spp
41 0(‘)-9 7 0 0 0 0 0 0 ) U I 0 1
0 0 0 0 0 0 L) 2 (R 0 1
0 0 0 [ 0 0 0 0 0 1
0 0 0 [} 0 0 0 0 0 1
0 [ 0 0 0 0 0 0 ] 2
0 0 0 0 0 0 1 0 0 3 2 0 6
0 0 0 0 0 0 1 0 0 [+ SRR R 1
Chauliodus macouni’ N
5305-93.50D 0 0 (] 0 0 0 [ LI S —— 1 0 0 1
5403-94. 80\' ................. 0 0 0 0 0 0 (1] I 1 ) 0 1
Total. .o 0 0 0 0 (115 (R — 2 0 [ [ 2
Cyclothone spp.:
410694 47N _ ... 0 0 0 [ 1 0 [ 10 PR (] 1
4106-97.43D_ - 0 0 0 1 0 ] [ L DR 0 1
5504-107.80. . 0 0 (1] 0 1 1 2 3 [1} 7
5504-110.60__ [} 0 0 [j] 1 2 1 3 0 7
5504-120.50. . 1 0 0 1 0 1] 1 ] 0 3
5504-130.80_ ... oo 0 0 0 0 2 6 3 0 0 11
Total oo omme e 0 0 2 5 9 7 6 0 30
Ichthyococcus sp.: 5504-130.60. ... 0 0 0 0 [} 0 2 1 0 3
Idmcanthua anfrostomus: 5403~
94.80N o eiiameens 0 0 0 0 0 0 [V ] PR 1 1 [ P 2
Stomias atriventer: : .
5504-120.50_ - . .o 0 [ 0 0 1 0 0 0 0 0 [+ 2 [ 1
5504-130.60_ . ..ol 0 0 0 0 0 0 1 0 0 1} [ LN . 1
Total .. oot 0 0 0 0 1 0 1 0 0 0 [V 2
Brosmophym margmata
................. 0 0 2 0 0 0 0 1} [1} 0 0 2
5305—93 50D ................. 0 [ 1 0 0 (1} 01 0 0 [ (R 1
Total oo oo 0 0 0 0 0 3
Chromis punctipinnis:
4108-94.47D. ... - 3 2 0 0 0 0 [ 0 [ 0 R DR 5
4106-97.43D_. . 1 0 0 0 0 0 0 0 [ R 1
5206-90.28N . _ 5 0 0 0 0 0 0 0 0 0 0 5
Total. oo e - 9 2 0 0 0 0 1] 0 [i] 0 0 1
Cololabis saira:
5604-107.80_ . .. ... 1 0 0 0 0 0 0 0 0 [ SR 1
5504-130.60 - . ooooiiaeaa 2 0 0 0 0 0 0 0 0 [V 3 P S, 2
Total .o 3 0 0 0 0 0 0 [} R B 3
chchthys locl\mqlom
206-00.28N __ .- 0 1] 1 [ 0 0 1] 0 0 0 0 1
5206—90 28D 0 0 0 0 1 0 0 0 0 0 0 1
5305-93.50N . . 0 0 0 0 1 0 0 (1] 0 0 0 1
5305-93.50D _ 0 0 0 0 0 1 0 0 0 [V} P 1
5403-904.80D___.__. R 1 0 0 0 0 0 0 0 0 (1 0 1
Total. oo 1 0 1 0 2 1 [ 1) P 0 0 0 0 5
I\Ielam I)haes spp.:
___________________ i} a 0 0 0 0 110 1
4105—92.39 ___________________ 0 0 0 0 0 1 0 |- 1
4106-M.37D_ ... 0 n 0 0 0 0 1| 1
5408-94.80N ... 0 0 0 0 0 0 2. 3
5403-94.80D_ . ... 0 0 0 [} 0 1 2 6
5504-107.80. . .oo.ooo... 0 0 0 0 0 0 0 2
Total. oo e 0 0 0 0 0 2 6 0 5 1 {1 P 14
0 3 0 0 0 0 3
1 0 0 2 2 0 5
o 4 0 0 1 0 5
1 7 0 2 3 0 13
0 3 0 0 0 0 3
1 3 0 0 0 0 4
0 10 0 0 0 0 10
1 16 0 0 0 0 17
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TABLE 24.—Depth distributions of other larvae taken in vertical distribution series—Continued

Number per haul at average depth (m.) of— :
Station series Total
2 8 19 28 41 56 72 83 105 138 215 285
ezsalmonorum:
Trackypres rN ¥ 0 0 0 0 0 1 0 0 [1 3 (R 1
1 0 0 0 0 0 0 0 [V 2 R 1
0 0 0 0 1 1} 0 L1 20 I 2
0 2 0 2 0 0 0 4
6 2 0 0 0 0 0 - 8
0 1 0 1 0 0 0 - 2
7 3 1 0 0 0 0 11
26 25 6 0 0 0 0 1] 57
1 0 0 0 (] 0 0 0 1
0 0 1 0 0 0 0 0 1
0 0 2 0 2 0 0 0 4
0 0 0 0 0 1 0 0 1
40 33 10 3 2 1 0 0 ] 0 0 89

Two species have been included under labrids:
Halichoeres semicinctus and Ozyjulis californica.
There is such a marked difference in the abun-
dance of labrid larvae in the replicate series taken
at station 5206-90.28 (57 in night series, 1 in day -
series) that this must reflect rather marked hori-
zontal clumping of the larvae associated with a
change in the water mass between the night and
day series. More than 90 percent of the labrid
larvae occurred above 23 meters.

The few larvae of Chauliodus macouni and
[diacanthus antrostomus were taken in hauls be-
low 100 meters. A comparison based on closing
and upper net hauls on Norpac confirms the deep
distribution of the larvae of these two species.
The few larvae of Argyropelecus spp. taken in
these vertical series confirm the deep distribution
of this category that is so strikingly shown in
Norpac material (discussed in a following
section).

Larvae of C'yclothone spp. appear to have a dis-
tribution similar to that of Vinciguerria lucetia.
Larvae of Melamphaes spp. (mostly M. lugubris
and M. bispinosus) appear to occur mostly within
or below the thermocline.

a

Discussion

The two most striking facts brought out by the
present studies on vertical distribution of fish
eggs and larvae are the following:

1. Most fish eggs and larvae occur within the
upper mixed layer or in the upper portion of the
thermocline—between the surface and approxi-
mately 125 meters. Of the 15 most. common kinds

of larvae taken in vertical distribution studies, 12
were so distributed.

9. Within this zone of occurrence, all of the
more common kinds of fish eggs and larvae showed
marked differences in vertical distribution from
series to series.

In the light of these findings on vertical dis-
tribution of fish eggs and larvae, it appears to me
that the best method for quantitatively sampling
this parameter is by oblique net hauls taken be-
tween the surface and at least 125 meters. It is
impossible to obtain a representative sampling of
fish eggs and larvae by sampling at any one level,
such as a horizontal surface tow. In the four se-
ries where sardine eggs were common, from 15 to
85 percent. of the total number were taken in sur-
face hauls. Similarly, from 0 to 60 percent of
sardine larvae were taken in surface hauls, 0 to 35
percent of anchovy larvae, 2 to 50 percent of jack
mackerel larvae, 0 to 50 percent. of rockfish larvae,
and so on.

VERTICAL DISTRIBUTION DATA FROM
NORPAC SAMPLES

Norpac is the name given to the most extensive
simultaneons coverage of an oceanic area that
has yet been made. In July to September 1955,
a systematic coverage of the North Pacific Ocean,
north of 20° N. latitude, was carried out co-
operatively by research groups in the United
States, Canada, and Japan. The section of Nor-
pac that was occupied by agencies participating
in the California Cooperative Oceanic Fisheries
Investigations extended from Cape San Lucas,
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Baja California, to the Straits of Juan de Fuca,
and offshore to 150° W. longitude. The follow-
ing discussion is based solely on material collected
in the CCOF1 section of Norpac.

Two net hauls were taken simultaneously at
the majority of stations occupied on Norpac (139
stations). A closing net was fastened to the tow-
ing cable 200 meters below a standard open plank-
ton net. The closing net was opened immediately
before attachment of the upper net and closed
immediately after retrieving the upper net at
the completion of a tow. The upper net was
lowered on 200 additional meters of cable and
then hauled obliquely upward. The actual
stratum fished by the upper net differed from
station to station, depending on variations in ves-
sel speed, state of the sea, et cetera, but averaged
131 meters to the surface. The range in depths

fished by the upper net at different stations was

from 88 to 146 meters. The closing net fished
from depths of approximately 262 meters to 131
meters on the average, but on occasion was as shal-
low as 88 meters.

A comparison of the larvae taken in the two
hauls on stations where both nets were used is
given in table 25. Only those categories are in-

TABLE 25.—Comparison of number of larvae taken in
upper net and closing net hauls at stations occupied
on Norpac, August—September, 1955

Percentage
Upper Closing Total of total
ne net both taken in
hauls ! hauls 2 levels closing-
net hauls

Total (139 hauls)__..._ 6, 368 706 7,063 10
Sardinops caerulea_.........- 8 0 8 0
Engraulis mordez_ __ - 99 1 100 1
Trachurus symmetric - 22 0 22 0
Sebastodes spp......- - 35 1 36 3
Citharichthys Spp._ - - ... 68 0 68 0
Lampanyctus leucopsarus.____ 78 1 79 1
Lampanyctus mezicanus..... 483 1 484 1
Lampanyctus ritteri .________ 72 6 78 8
Lampanyctus regalis__.. ... 18 0 18 0
Tarletonbeania crenularis____ 42 1 53 21
Diogenichthys allanticus__.__. 140 24 164 15
Diogenichthys lafernatus. . __ .. 203 6 209 3
Loweinarara. . ___...... 10 7 17 41
Myctophum californiense_ _ . . 76 8 84 10
Muyctophum margaritefum.___ 25 2 27 7
Electrona spp- ... .- 51 47 8 38
Argentinils3__ 53 32 85 39
Vinciguerria s 1, 605 30 1,635 2
Cyclothone spp- - .- - 615 3 618 1
Amyropelecua [ 0] 21 352 373 04
Idiacanthus antrostomus. .. .. 58 25 83 .32
Chauliodus macouni......-. 5 13 18 72
Melamphaes spp. .. 91 15 106 14
Icichthys lockingtoni 5 2 7 29
Trachypterus spp.... 8 1 9 11
Chromis punctipinnis..__.... .10 0 10 0
Allothers..........__.____.. 2,457 117 2,574 5

1 Depth of upper-net hauls approximately 131-0 meters.

3 Depth of closing-net hauls approximately 262-131 meters.

3 Includes Leuroglossus stilbius, Bathylagus wesethi and all other deep-sea
smelts taken on Norpac.

cluded which are discussed in the preceding sec-
tions. About one-ninth as many larvae were
taken in the closing net hauls as in the upper net
hauls.

The information from these closing-net hauls
is an interesting supplement to that given in the
earlier portion of the paper. Actually both strata
sampled on Norpac, 0 to 131 meters and 131 to
262 meters, were also covered in taking many of
the vertical distribution series. The data from
Norpac were much more extensive, however;
hauls were taken at 139 stations on Norpac, as
compared to the 22 vertical distribution series.
The number of larvae per station was markedly
fewer on Norpac: only 7,063 larvae were obtained
in the combined haul data on Norpac, while 18,045
larvae were taken in vertical distribution series.
Numbers are greater in the vertical distribution
series, both because larval-rich areas were selected
and considerably larger volumes of water were
strained at each station. In fact, as much water
was strained in taking each haul in a vertical
series as was strained in a single net haul on
Norpac.

Many of the categories discussed in the earlier
sections of the paper are poorly represented in
Norpac material. This is especially true of the
categories that are routinely reported in the series,
Sardine Eggs and Larvae and Other Fish Larvae,
Pacific Coast (Ahlstrom and Kramer, 1957,
Ahlstrom, 1958). Larvae of hake and Pacific
mackerel were not taken at all, larvae of sardine,
jack mackerel, and Sebastodes spp. were rare, and
only anchovy larvae occurred in even moderate
abundance (100 individuals). The vertical dis-
tributions of these larvae in Norpac material, how-
ever, were similar to their distributions in the
vertical series—only 0 to 3 percent were taken in |
the deeper closing-net hauls.

The most abundant category in the Norpac ma-
terial was Vinciguerria spp. Three species are
grouped in this category: V. lucetia, V. nimbaria,
and V. powerice, listed in order of their abun-
dance. The presence of only 2 percent of the speci-
mens in the deeper net supports the depth distri-
bution of Vinciguerria larvae as determined from
the less extensive material obtained in vertical
distribution series. :

Half of the larvae taken in closing-net hauls
on Norpac belonged to a single genus, Argyro- -
pelecus. Larvae of this genus are seldom taken
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in regular survey net tows, and the reason for this
is apparent from Norpac results. Only 21 larvae
were taken in upper-net hauls, while 352 occurred
in hauls taken with the deeper-fishing closing net.

Seven other categories of larvae had 20 per-
cent or more of their numbers in the closing-net
hauls: argentinids, Idiacanthus antrostomus,
Chawliodus macouni, Icichthys lockingtoni,
Tarletonbeania crenularis, Loweina rara, and
Electrone spp. So few specimens of Leuroglos-
sus stilbius and Bathylagus wesethi were taken
on Norpac that all larvae of deep-sea smelfs are
grouped together as argentinids; about 40 percent
of the specimens of argentinids were taken in the
deep closing-net hauls. Information on depth dis-
tribution of /déiacanthus antrostomus is more com-
plete from Norpac samples than from the vertical
distribution series; about one-third of the speci-
mens were taken in the deeper net on Norpac.
Infornmiation on depth distribution of Zcichthys
lockingtoni is meager in both sets of data; the
presence of two specimens out of seven in the clos-
ing-net hauls on Norpac indicates a somewhat
deeper distribution than was noted from vertical
distribution series. Larvae of Chauliodus were
more common in the closing-net hauls on Norpac
than in the upper net hauls: 13 of the 18 larvae
were from the deeper samples.

All 11 categories of myctophid larvae that were
taken in vertical distribution series were also ob-
tained in Norpac material. It is interesting to
compare the depth distributions of the more com-
mon kinds, as determined from the two sets of
data (table 26).

Larvae of Lampanyctus leucopsarus and L.
mexicanus were almost entirely confined to upper
net hauls on Norpac. These two species had the
shallowest depth distributions of any lanternfish

TaBLi 26.—Comparison of depth distributions of lanternfish

larvae taken in vertical distribution series. Some-
what more larvae of L. ritteri were taken in clos-
ing net hauls on Norpac (8 percent of the total)
than was indicated for these levels in vertical se-
ries. It will be recalled that the distribution of
Diogenichthys laternatus in vertical series was
based mostly on a single series. Larvae of this
species were taken at a number of stations on Nor-
pac. Only about 3 percent of the total occurred
in the level fished by the closing net. Larvae of
E'lectrona spp., which had the deepest distribution
of any lanternfish in vertical series, also had the
highest. percentage occurrence in closing-net hauls
on Norpac. A larger percentage of larvae of
T'arletonbeania crenularis was taken in closing-net
hauls on Norpac than in deeper levels in vertical
distribution series.

UNDERSAMPLING OF FISH LARVAE
DURING DAYTIME

Silliman (1948) called attention to undersam-
pling of sardine larvae during daylight hours,

n - > .
based on data from the replicate vertical series

taken at station 4106-94.37 and 4106-94.47. Ahl-
strom (1954) gave data on the extent of under-
sampling of sardine larvae of different sizes in
daylight hauls, based on 626 collections of sardine
larvae. The statistics of a linear regression line
fitted to the data show an increase in the ratio
of larvae in night hauls to day hauls of 0.7 for
each millimeter increase in size above 4.75 milli-
meters (s,:=0.96). Thus, the number of 9.75-
millimeter larvae in night hauls was five times
as many as in day hauls, and the numper of 15.75-
millimeter larvae was nearly nine times as many.

A similar analysis has been made for catches of
anchovy larvae. The night/day (N/D) ratio was
found to increase 0.64 for each millimeter increase

larvae in Norpac material and vertical distribution series

Norpac Vertical distribution series

Number of larvae taken by— Percentage Number of | Percentage

in deeper Total larvae of total

haul larvae taken taken

Upper net { Closing net | Both nets [(262-131 m.)| obtained below helow

(131-0 m.) |(262-131 m,) 100 m. 100 m.
Lampanyctus lEUCODIATUS .. . - - oo eeeee eeeeeeemmmaa e 78 1 79 1 619 3 1
Lampanyctus mMeriCcanUs. . ... acae e e 483 1 184 0.2 273 1 1
Lampanyctus ritteri ... .ol R, 72 6 78 8 173 1 1
Diogenichthys laternatus. .. 203 6 200 3 110 5 5
Tarletonbeania crenularis. 42 11 53 21 3] 5 8
Myuctophum californiense. . - 76 8 84 10 18 3 17
oy T o) oY 51 47 98 48 20 12 60
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TasLe 27.—Diurnal differences in number of larvae taken in 63 replicale hauls at station 70.130, Dctober 1950
Day hauls! Night hauls
Total all Ratio
hauls N/D
Occurrences | Average per | Occurrences | Average per
haul haul

Total 1arvae . . oo mmmemmmmmmmeemmmmmmmme oo (0572 N I 49.6 |- 177.8 3.6
Vinciguerria IUetia . . . oo oo oo oo B850 14 2.35 31 18.30 7.8
Cyclothone spp. .. - e 850 14 2.10 32 24. 52 1.7
Bathylagus wesethi___ .- ..___ - - 2,139 31 23.10 32 44. 58 1.9
Ceratoscopelus townendi. . - o oo e 955 18 2,60 32 27.30 10.5
Diaphus theta._ . —oceeun 338 T .80 31 9.75 10.8
Diogenichthys atlanticus. 183 .72 22 4.95 6.9
Electrona spp- . - -oaeue 252 10 1.28 28 6.68 5.2
Lampanyctus ritteri___.__- 173 3 .35 25 5.05 14.4
Myctophum californiense__ 379 13 2.18 28 9.70 4.4
Idiacanthus antrostomus - 605 16 3.32 31 15.62 4.7
Afelamphaes spp. . - 146 11 1.68 19 2.90 1.7
Broma brama.__ ... 136 12 1.20 19 3.05 2.5

1 Based on 31 samples.

in size above 3.5 millimeters. Thus, undersam-

pling of larger larvae of anchovies during day-

time is in the same order of magnitude as under-
sampling of sardine larvae.

Surprisingly enough, no consistent difference
was found between the numbers of jack mackerel
larvae in night and day hauls. The night/day
ratio is close to 1. The analysis was based on
nearly 1,000 samples containing jack mackerel
larvae.

When data of larvae of other fishes are analyzed
for night and day differences, most kinds are
found to occur in markedly lower numbers in day-
time hauls than in night hauls. The problem may
be illustrated from data obtained on a special
cruise made during October 1950. Three vessels
participated in this cruise (cruise 5010), each
holding a fixed geographical position on line 70
{off Monterey) while taking observations at 3-
hour intervals over an 8-day period. The data

One sample taken during dayligh't hours spoiled because preservative was not added.

from station 70.130 (33°83’ N. lat., 127°16.5" W.
long.) have been summarized in table 27.

The total number of larvae taken in 32 night
hauls at station 70.130 was 5,684, or an average of
177.6 larvae per haul; the number taken in 31 day
hauls was 1,539, or an average of 49.6 larvae per
haul. The night/day ratio for all larvae was 3.6.
Twenty-eight kinds of larvae were taken in the
hauls, 12 kinds in some abundance. The night/
day ratios for the latter were all larger than one.
The lowest ratio was 1.7 for Melamphaes spp.,
the highest 14.4 for Lampanyctus ritteri.

REPLICATE VERTICAL DISTRIBUTION
SERIES

In order to obtain information on differences in
vertical distribution of larvae during day and
night, and also on daytime undersampling of lar-
vae, replicate vertical series were taken at seven
localities. The data are summarized in table 28.

TaBLE 28.—Night vs. daytime sampling of larvae in 7 replicate vertical distribution series
[N'=night series: D=day series]

Number of larvac taken at station—
Ratin
Species 4106-94.37 4106-94.47 4106~97.43 5206~90.28 5303-91.38 5305-93.50 5403-94.80 Total N/D
N D N D N D N D N D N D N D N D

Sardinops caervlea. . ... ... 40 6 89 24 1 0 0 0 [\] Q 10 4 145 37 3.9
Engrauliz morder .- 27 4 217 10 12 0 612 151 12 0 10 20 0 )] 890 185 4.8
Trachurus symmetricus..... 0 1 7 4] [ 0 26 2 U] (1] 4 2 52 210 89 215 0.4
Schastoder spp... - -ooon 20 46 41 685 0 1 48 33 225 46 124 144 0 0 458 335 1.4
Merluccius productus. . 3 0 8 0 1 0 0 20 5 0 0] 1,753 707 | 1,785 712 2.5
Lenroglossus stithius...... .. 2 1 2 1 1 0 60 30 460 74 25 7 0 1 70 114 5.0
Lampanyctug leucopsarus._ . 0 4 6 7 1 0 158 4 119 60 51 112 10 Y 345 196 1.8
Lampanyctus mericanus. .. H) 1 19 2 27 14 3 0 [\ 0 2 0 5 0 61 17 3.6
Lampanyclus ritteri____.__. 1 2 1 0 4 8 1 2 o & 10 4 19 21 45 40 1.1
All others 3 L} 34 23 6 2 110 56 83 18 19 34 26 14 283 152 1.9
Total ... ... ... 103 70 444 132 53 23 | 1,023 281 928 208 245 323 | 1,875 966 | 4,671 | 2,003 2.3




138 FISHERY BULLETIN OF FISH AND WILDLIFE SERVICE

In all but one replicate series, more larvae were
taken in night hauls than in daytime hauls. The
night/day ratios for total larvae in the seven
stations were as follows:

Total larvae take in—

Station N/D ratio
Night series] Day series

103 70 1.5

444 132 3.4

53 23 2.3

1,023 281 3.5

928 208 4.6

245 323 0.8

1.875 | - 966 1.9

4,671 2, 003 2.3

Replicate series have several limitations that
should be kept in mind. For one thing, it is al-
most impossible to sample the same water mass
for a 24-hour period. If a geographical position
is maintained, the water mass will change, slowly
in some localities, rather rapidly in others, de-
pending on the currents. Furthermore, water
masses will move past the geographical position
at different rates of speed at different levels. If
an attempt is made to stay with a water mass,
the investigator is still faced with the problem
of water moving at different rates of speed at
different levels, Furthermore, if larvae are
sharply stratified in depth, the center of abun-
dance may be missed on one, or both, of the series
taken at a station. Any horizontal clumping of
larvae will also affect the numbers taken in the
two series.

There are some marked changes in abundance
in the replicate series that must be due either to
changes in water mass or to marked stratification
or clumping of larvae. Two examples of marked
stratification or clumping are the catch of 148
Lamponyctus lewcopsarus larvae in the 27-meter
haul at 5206-90.28N, and the catch of 1,622 hake
larvae in the haul averaging 64 meters deep at
5403-94.80N. Two differences which appear to be
due to a change in water mass are the marked

change in abundance of anchovy larvae at station
4106-94.47, decreasing from 217 larvae in the
night series to only 10 in the day, and the day-
time increase in abundance of jack mackere] lar-
vae at station 5403-94.80 (210 larvae in day series,
52 in night). '

It is interesting to note that only one kind of
larva, jack mackerel, occurred in greater abun-
dance in day hauls than in night. As pointed
out earlier, this species has.shown no consistent
difference in abundance of larvae between day
and night hauls on regular survey cruises. There
is an inconsistency in the N/D ratio of Zampany-
ctus ritteri as obtained from replicate vertical
series and from repeated sampling at station
5010-70.130. In the replicate series the ratio was
only 1.1, but at station 70.130 the difference in
abundance between night and day hauls was more
marked than for any other species (N/D ratio
14.4). Individual species are treated in more de-
tail in following sections.

Fish eggs should be taken in comparable abun-
dance in both night and day hauls. Eggs can
neither migrate vertically nor avoid the net.
Hence any differences found in abundance of eggs
in day and night hauls must be due to vertical
stratification or horizontal clumping. The abun-
dance of eggs in three replicate series is summa-
rized in table 29. In two instances considerably
more eggs were taken in the day series, in three
instances more eggs were taken in the night series,
and in one comparison the numbers were about
equal in the two series. Some of the differences
are quite large. Only 3 anchovy eggs were taken
in the night series at station 5206-90.28, but 69
were taken in the day series. At station 5303-
91.38, Leuroglossus eggs were more than three
times as abundant in night hauls as in day hauls.
A part of this difference is probably due to verti-
cal stratification of the eggs, since 57 percent of
the eggs in the night series were taken at one

TasLE 20.—Fish eggs taken in replicate vertical distribution series, by station and species

Station 5206-90.28 Station Station 5403-94.80
5305-01.38
Sardinops Engraulis | Leuroglossus | Sardinops Trachurus Merluccius | Bathylagus
caerulea mordar atilbius caerulea symmetricus productus wesethi
Night serles. .. e f 3 13, 028 27 1,117 102 61
Dag 808 oo oIl 3 60 1158 201 2198 101 20
Total. e eemeanas 9 T2 17, 186 472 3,313 203 81




VERTICAL DISTRIBUTION OF PELAGIC FISH EGGS AND LARVAE

depth. A comparlson of sardine eggs at station
5403-94.80 is given in the following section.

Sardine Larvae

Sardine larvae were not particularly abundant
in the replicate hauls. The two best series were
4106-94.37 and 4106-94.47 (table 5): in the for-
mer, 40 larvae were taken in the night series, 6 in
the day; in the lstter, 89 in the night series, 24 in
the day. Silliman (1943) has discussed these par-
ticular replicate series as they apply to the sardine
larvae.

In night series, no sardine larvae were taken be-
low 48 meters, while in day series five larvae
occurred below this level. Sardine larvae taken
in replicate series are grouped by size in table 30.
A summary follows:

Size category (mm.) Night series| Day series | N/D ratio
31 21 L5
51 4 12.8
61 7 S 7
2 & .4
145 37 3.9

Although more of the larger sizes of sardine
larvae were taken in night hauls than day, there is
a discrepancy in the largest size category. More
larvae ‘of the largest category (16.26 mm. and
larger) were taken in day hauls than night. Since
this finding does not. agree with the much larger
mass of data available from routine hauls, it must
be regarded as an artifact. It points up the
variability that is encountered in individual situa-
tions, and the need for caution in interpreting data
based on a limited number of observations. In-
terestingly enough, the five larvae taken below 48
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meters in day hauls were all larger than 16.26
millimeters. These larvae occurred in hauls aver-
aging 58, 60, and 73 meters deep. Since no larvae
were taken below 48 meters in night hauls, it is
assumed that there was a movement of larger
larvae to deeper levels in the daytime.

Sardine Eggs

A comparison of sardine eggs in the replicate
series at station 5403-94.80 is given in table 31.
The day series was taken before the night series
at this station. Each series contained eggs of
three to four different ages. Sardine eggs can be
aged without difficulty and are routinely reported
by age (Ahlstrom and Kramer, 1957). Sardine
spawning is confined to a lumted portion of a day,
usually between 8 p.m. and midnight (Ahlstrom
1943). Because of this periodicity, eggs from suc-
cessive days’ spawning are sharply separated in
stage of development. In comparing the series
taken at station 5403-94.80, eggs spawned on the
night of March 23-24 are designated “A” eggs;
eggs spawned on the night of March 22-23, “B”
eggs; eggs spawned on the night of March ‘)1—22,
“C" eggs; and eggs spawned on the night of
March 20-21, “D” eggs.

B eggs were most abundant in the day series,
C eggs in the night. Since there was a fivefold
increase in numbers of C eggs in the night series,
which is reflected at all depths between 2 to 64
meters, there must have been a change in the water
mass hetween the times the two series were taken.
There are differences in the depth distribution of
eggs of different ages. In both series the largest-
concentrations of B eggs were taken in the surface

TaABLE 30.—Comparison of numbers of sardine and anchovy larvae taken in night and day series, grouped by size

Number taken in night series In size group— Number taken in day series in size group—
. Total taken .
Station in night
2.76-6.25 6,26-11.25 | 11.26-16,25 | 16.26 mm:. serfes 2.76-6.25 | 6.26-11.25 | 11.26-16.25 | 16.26 mm. |Total taken
mm. mm, mm. and larger mm. mm. mm, and larger (inday serles
Sarrlme (.S'ardmapa caerulen): :

4106-904.3 0 7 32 1 40 0 0 3 3 L]
17 44 27 1 89 14 4 4 2 24
[} 0 1 0 1 0 [ 0 0 0
4 0 1 0 5 3 0 0 [ 3

10 0 0 0 10 4 0 0 0
B 51 61 2 145 21 4 7 & 37
0 12 12 3 27 3 1 0 4
8 195 12 2 217 4] 8 2 0 10
1 4 f 1 12 0 [ 0 0 0
164 351 72 25 612 135 15 1 [} 151
0 7 5 0 12 0 0 0 0 0
0 0 10 0 10 2 12 ] 20
173 569 117 31 890 135 28 18 6 185

]
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TaBLE 31.—Sardine eggs taken in replicate vertical distribution series at station 5403-94.80, by age

Day series (ILI: 24)

Night series (III: 24-25)

Number of eggs by age Number of eggs by age
Average depth Total Average depth Total
eggs
A B (o] D A B (o] D o
0 58 1 0] 0 35 2 0 37
0 49 2 0 0 17 12 0 29
0 21 8 0 2 17 27 0 46
1 13 6 0 5 12 33 0 50
4 9 8 0 3 9 53 0 656
2 5 4 0 3 7 23 0 33
2 2 2 1 1 2 8 0 11
0 1 1 1 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
9 158 32 2 14 99 158 0 211

III: 20-21

haul, and there was a fairly regular decrease in
numbers with depth. C eggs had their largest
concentration at 42 meters in the night series, and
decreased in abundance fairly uniformly both
above and below this level. The depth distribu-
tion of C eggs in day hauls corresponded fairly
well to this pattern. The depth distribution of A
eggs in both series was similar; the distribution
of A eggs paralleled the distribution of C eggs
and thus differed from that of B eggs. Hence,
the differences in depth distributions of eggs of
different ages were not a result of systematic
changes in level with time, but must reflect dif-
ferences in actual depth of spawning.

Anchovy Larvae

Nearly five times as many anchovy larvae were
taken in the night series as in the day (table 6).
In the night series all larvae were taken between
0 and 48 meters, corresponding to the depth dis-
tribution found for sardine larvae. In the day
series, 11 larvae were obtained below 48 meters.
The deeper distribution in day hauls must result
from a limited vertical movement of the larvae,
probably due to a negative phototropism. No
larvae were taken below 88 meters in any day se-
ries. Abundance by size in day and night series
is given in table 30.

The night/day ratio of anchovy larvae of dif-
ferent sizes is summarized below :

Size category (mm.) Night series|Day series | N/D ratio
2. 76825, _ e 173 135 1.3
- 569 28 20.3
117 16 7.3
31 6 5.2
TotaY. .. 890 185 4.8

NOTE.—A eggs—spawned on night of I1I: 23-24; B eggs—spawned on night of ITI: 22-28; C eggs—spawned on night of IIT: 21-22; D eggs—spawned on night of

There was no consistent. increase in night/day
ratio with size, but unlike the finding for sardine
larvae, all larger sizes of larvae were considerably
more abundant in night hauls than in day.

Jack Mackerel Larvae

Although jack mackerel larvae occurred in five
replicate series, they were common in only one
(table 7). At this station (5403-94.80) over four
times as many larvae were taken in the day series
as in the night. This probably resulted from a
change in abundance associated with a change in
water mass between the times at which the day
and night series were taken. There is no close
correspondence between any of the replicate se-
ries. At station 5206-90.28, 26 larvae were taken
in the night series, 2 in the day series. At station
4106-94.47, seven larvae were taken in the night
series, none in the day. These series suggest a
high degree of contagion in the distribution of
jack mackerel larvae. This species has shown no
consistent difference in abundance of larvae be-
tween day and night collections taken on regular
survey cruises.

Leuroglossus Larvae

Larvae of Leuroglossus stilbius were taken in
all seven replicate series, commonly in two (table
20). At station 5206-90.28, twice as many larvae
were taken in the night series, while at station
5303-91.38 where Leuroglossus larvae were most
abundant, over six times as many larvae were
taken in the night series. The night/day ratio of
5.0 for the total of all series is the highest for any
species in the replicate series. The average depth
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distribution of Lewroglossus larvae in day and
night series was as follows:

Day series Night series
Average depth
Number Percent Number Percent
0 0 3 0.5
[ 0 0 0
0 0 1 .2
0 0 25 4.4
7 6.2 15 2.6
8 7.1 128 22.5
29 25.7 272 47.7
40 35.4 28 4.9
24 21.2 13 2.3
3 2.7 63 11.1
2 1.8 22 3.9
113 100. 1 570 100.1

In night hauls, the larvae occurred at somewhat
shallower depths: 29 larvae were taken above 34
meters at night, none in day hauls. The center
of abundance was between 48 and 88 meters in
night hauls, while in day hauls it was between
64 and 175 meters. However, more larvae were
taken below 88 meters in night hauls than in day:
126 in night hauls, 69 in day hauls. Some migra-
tion to deeper levels is indicated for day hauls,
but the migration appears to be of moderate ex-
tent and within the zones being sampled in taking
the vertical distribution series.

Hake Larvae

Hake larvae were common in only one replicate
series (5403-94.80), although they occurred in five
(table 9). At three stations, larvae were taken
only in the night series (one to eight larvae). In
the series at station 5403-94.80, most of the larvae
taken in the night series occurred at one level (68
meters) ; in all other hauls taken between the sur-
face and approximately 105 meters, there were
more larvae in the day series than in the night at
this station (fig. 10, a and b). The night/day
ratio of 2.5 for hake larvae is so markedly in-
fluenced by one haul that little reliance can be
placed on this ratio. Hake larvae had similar
depth ranges in both the day and night series.

Sebastodes Larvae

There is no clear-cut evidence that Sebastodes
larvae are taken in greater numbers in night hauls
than in day hauls. Of the five replicate series in
which rockfish larvae were common (table 10),
the largest numbers were taken in day series at
three stations. - In fact, were it not for the large
difference found at station 5303-91.38 (225 larvae

in night series, 46 in day) the night/day ratio
would be less than 1. In most series there is no
consistent difference in depth distribution between
the day and night series. At station 5303-91.38
the larvae occurred somewhat deeper in the night
series than in the day, while at station 5305-93.50
most rockfish larvae occurred at notably shallower
depths in the night series than in the day.

Lanternfish Larvae

Larvae of Lampanyctus leucopsarus occurred in
all seven replicate series, commonly in three (table
14). At station 93.50 the larvae had identical
depth ranges in the day and night series, but
larger numbers of larvae were taken in the day
hauls. At stations 5206-90.28 and 5303-91.38,
larger numbers were taken in the night series.
Because of the unusual concentration of larvae
at one level in series 5206-90.28 (94 percent of
total taken in haul averaging 27 meters deep),
this series has been strongly influenced by local-
ized clumping of larvae. The clumping may have
resulted from a vertical concentration of larvae
that was missed in daytime sampling, or a hori-
zontal concentration that was missed in daytime
due to a change in the water mass. The night/day
ratio of 1.8 was strongly influenced by this haul;
without the day and night hauls from this level
at station 5206-90.28 the night/day ratio for
replicate series would approximate 1.

Larvae of Lampanyctus mevicanus occurred in
six replicate series, usually in small numbers
(table 15). In each instance, more larvae were
taken in night series than in day, and the larvae
had a somewhat shallower depth distribution in
night series. Larvae of L. mewxicanus in the repli-
cate series were limited to four levels with average
depths of 19, 28, 41, and 56 meters. Approxi-
mately 83 percent of the larvae taken in night
series occurred at the 19- and 28-meter levels,
while 70 percent of the larvae taken in day series
oecurred at the 41- and 56-meter levels.

Larvae of Lampanyctus ritteri occurred in
small numbers in all seven replicate series (table
16). The night/day ratio is only slightly greater
than 1. It is difficult to reconcile this finding
with the night/day ratio of 14.4 based on repeated
hauls taken at station 5010-70.130. There is no
consistent difference in depth of occurrence be-
tween day and night series.
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Discussion

In summary, there are marked differences in
abundance of sardine, anchovy, and Leuroglossus
larvae in night collections as compared with day
collections. For all three species, there is evidence
of a limited vertical migration, but no evidence
that the larvae migrate below the levels sampled.

Most other species (Sebastodes, lanternfish,
hake) were taken in somewhat larger numbers, on
the average, in night collections, but not neces-
sarily so at any given station. The larvae of most
of these were taken at approximately the same
levels in day and night series, but larvae of
Lampanyctus mexicanus occurred somewhat
deeper in day hauls than in night. Abundance of
jack mackerel larvae does not appear to be affected
by time of collection.

There are a number of papers which have called
attention to the disparity between day and night
catches of larvae, particularly clupeid larvae.
Bridger (1956), for example, reported that seven
times as many herring larvae were taken in night
collections as in day collections during five cruises
made in 1952 and 1953. Bridger has summarized
much of the previous work on day and night vari-
ation in catches of fish larvae. F.S. Russell (1926,
1928, and others) has done the most extensive re-
search in this field. A rather typical finding re-
ported by Russell (1926) was the difference in pil-
chard catches between night and day series taken
on July 15-16, 1924: pilchard larvae 5 to 10 mm.
in length were 6.0 times as abundant in night col-
lections, larvae between 11 and 20 mm. in length
were 13.9 times as abundant.

Both Silliman (1943) and Ahlstrom (1954)
have suggested that the lower catches of larvae
during daylight hours must result from avoidance
of the net by the larger larvae. Bridger (1956:
55) came to the same conclusion. He stated that
“On the evidence presented it seems almost cer-
tain that the lower catches by day are due to the
ability of the larger larvae to avoid the nets in
daytime. This would explain the increasing

‘night/day ratio obtained as the larvae develop
and become more agile.”

SUMMARY

Information is given on the vertical distribu-
tion of 46 kinds of fish larvae and 8 kinds of fish
eggs, based on 22 vertical distribution series made

oft southern California and central Baja Cali-
fornia in 1941 and 1952 through 1955. Each se-
ries consisted of 6 to 11 hauls taken with closing
gear at successively deeper levels.

Most fish larvae were found to occur in the up-
per mixed layer and in the upper part of the
thermocline between the surface and approxi-
mately 125 meters. Of the 15 most common kinds
of larvae taken in vertical distribution series, 12
occurred within this depth range.

All of the more common kinds of larvae showed
marked differences in their vertical distribution
from series to series.

Larvae of the four pelagic fishes of considerable
commercial importance in California—Pacific
mackerel, Pacific sardine, jack mackerel, and
northern anchovy—had the shallowest depth dis-
tributions of any of the more common kinds sam-
pled. Between 79 and 99 percent of the larvae of
these species occurred above 50 meters.

Rockfish larvae were as commonly taken within
the thermocline as above, but they were not taken
below the thermocline. Larvae of Citharichthys
spp. were taken between the surface and 88 meters.

Larvae of lanternfish (myctophids) were sel-
dom taken in the upper 23 meters. Larvae of the
three most common species of Lampanyetus in the
CCOF1 survey area (L. leucopsarus, L. meaican-
us, and L. ritteri) occurred mostly between 24 and
64 meters. Larvae of Electrona spp. were found
to have the deepest distribution of the lanternfish
studied. The gonostomatid, Vinciguerria lucetia,
occurred between the surface and 122 meters, with
the largest concentrations occurring between 24
and 48 meters.

Three common kinds or larvae occurred in

greatest abundance within or below the thermo-

cline: Merluccius productus (hake), Leuroglos-
sus stilbius, and Bathylagus wesethi. The depth
distribution of Leuroglossus larvae was not com-
pletely covered by hauls extending to approxi-
mately 285 meters.

Temperature data are given for the more com-
mon fish larvae taken in vertical distribution
series.

Replicate vertical distribution series were taken
at seven stations, one in daylight hours, the other
during darkness. More larvae were taken in the
night series at six stations; the night/day ratio
for the seven series combined was 2.3. Larvae of
Lewroglossus, anchovy, and sardine showed the
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most marked differences between day and night
series (4 to 5 times as many as in night series,
on the average). Most other species (Sebastodes,
lanternfish, hake) were taken in somewhat larger
numbers, on the average, in night collections, but
not necessarily so at any given station. Abun-
dance of jack mackerel larvae did not appear to
be affected by time of collection.

Diurnal differences in abundance of larvae have
been observed also in regular survey collections,
and in studies involving repeated occupancies of
a station. An example of the latter is discussed—
repeated occupancies of station 70.130 at 3-hour
intervals for an 8-day period in October 1950.
The night/day ratio for all larvae collected in
63 hauls at this station was 3.6; the variation in
night/day ratios for individual species was from
1.7 to 14.4.

A comparison of the catches at two levels on
Norpac (upper, 0-131 meters; lower, 131-262
meters) supplemented data obtained from vertical
distribution series; 26 kinds of larvae occurred
in both Norpac material and vertical series.
About one-ninth as many larvae were taken in
the 131 to 262-meter level as in the 0 to 131-level
on Norpac. Half of the larvae taken in the
deeper level belonged to a single genus, 4rgyro-
pelecus; in addition, seven other kinds of larvae
had 20 percent or more of their numbers in this
level on Norpac.
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APPENDIX

Haul data for the 22 series of closing net hauls
are given in the following table. It is included in
an appendix rather than in the text because of its
length. For each series the following informa-
tion is given.

Station position is the position at the beginning
of a series. At intervals during a series the vessel
was brought back to the starting position, but
some hauls were taken several miles away from
the position listed.

Station number, as for example, 4105-92.39.
The first group of figures identifies the year and
month of collection. Thus, 4105 refers to collec-
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tions made in 1941 during the fifth month. The
second group identifies geographic position in an
arbitrary but consistent. numbering system of a
grid pattern, oriented roughly parallel to the gen-
eral trend of the coastline along California and
Baja California. The figures before the decimal
in the second group refer to the station line, those
following to position on the line. The pivotal
station in the grid is station 80.60 (34°09" N.,
121°09’ W.) located about 40 miles offshore from
Point Conception. The coastwise base line
through this point has a true bearing of 330°.
Station lines are oriented at right angles to the
base line on a mercator projection. Numerical
value assigned to a station line increases to the
south of the pivotal station (or decreases to the
north) at the rate of 12 miles for each unit. The
numerical value assigned to a station on the line
increases (or decreases) by one unit for each
4-mile interval from the base line (drawn through
station 80.60).

Date, midtime of haul, and duration of haul in
minutes are self-explanatory.
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Wire out. When two values are given for wire
out, such as 140-160 meters, the net was opened
with the longer length of cable payed out (160
meters, in the example), raised in steps during
the haul to the lesser value (140 meters) and
closed at this depth before being brought to the
surface.

Range in depth is the shallowest and deepest
depth reached by the net during a haul, deter-
mined from-the cosine of the angle of stray of the
towing wire from the vertical, multiplied by the
length of the towing cable. Determinations of
the angle of stray of the towing wire were made
at minute intervals in 1941, at half-minute inter-
vals in 1952 through 1955.

Middepth of haul is the average of the depth
determinations (usually 15 to 20) made for each
haul.

Temperature determinations are based on
bathythermograms. Usually three bathythermo-
graph casts were made for each series—one im-
mediately before, one during, and one immediately
after completing a series.

ArpPENDIX TABLE 1.—Dala on 22 series of closing net hauls for determining the vertical distribution of fish eggs and larvae

i Midtime | Duration Middepth Range in | Temperature
Station and haul Date of haul of haul |Wireout (m.)|of haul (m.)| depth (m.} | at middepth
(min.) ©Cy
Position, 32°29' N ., 119°26’ W .:
410401541 1718 16 4 3 0-3 15.0
1746 16 10-15 R 6-12 15.0
1816 16.5 25-30 18 15-25 14.8
1846 16.5 35-40 24 14-29 14.8
1943 16.5 55-60 37 25-42 14.6
2011 15.5 75-85 54 44-62 13.0
2040 15.5 100-110 72 65-92 1.4
0815 15 4 3 0-3 17.2
0845 16 10-15 8 5-14 17.1
0909 16 25-30- 18 15-21 16.6
1001 16 35-40 25 19-31 16.1
1026 16 55-60 36 30-43 15.0
1318 16 75-85 56 48-70 12.8
-7, 1348 15.5 100-110 73 65-87 11.5
Position, 32°50’ N., 118°18’ W
4105-92.89-1 . _ e 2005 15 4 3 0-4 17.1
-3 : 2038 16 10-15 10 7-13 16.3
—3... 2106 16 25-30 20 17-26 16.1
4. 2132 16 3540 28 25-33 15,4
5 2200 17 55-60 40 30-53 13.5
~6.. 2230 15 75-85 58 52-73 1.4
7. 2300 15.5 100-110 7 68-0R 10.7
- E——— 2348 15.5 140-160 112 07-142 9.8
Positlon, 32°23’ N, 117°52"
4106-94.37TN-1_ 2215 16.5 4 3 0-3 16.8
-2 2318 17 10-15 9 7-12 16.5
2353 17.5 25-30 20 15-24 16.0
7 17 35-40 27 22-35 15.4
0111 17 55-60 41 36-52 14.1
0144 16 75-85 58 48-84 11.9
0222 17.5 100-110 89 57-101 10.9
0312 17.5 140-160 100 un-146 9.8
0906 16 3 0-3 17.2
0944 17 10-15 9 6-12 17.0
1014 17 25-30 19 14-21 16.3
1044 17.5 35-40 3 25-36 15.2
1114 18 55-60 41 38-43 13.8
1147 18 75-85 53 52-67 12,2
1223 17.5 100-110 73 A5-81 1.2
1310 17 140-160 105 98-152 9.7
1352 17 190-210 139 125-156 9.2




VERTICAL DISTRIBUTION OF PELAGIC FISH EGGS AND LARVAE

145

APPENDIX TABLE 1.—Dala on 22 series of closing net hauls for determining the vertical distribution of fish eggs and larvae—Con.

i Midtime | Duration Middepth Range in | Temperatare
Station and haul Date of haul of haul |Wire out (m.)|of baul (m.)| depth (m.) |at middepth
. (main.) (°C)
Position, 32°12' N, 118°38’ W.:
4106-94.4TN-1 . _ s 2118 15 3 04 15.8
-2 2145 17 10-15 10 7-13 15.8
-3. 2214 17 2 21 18-25 15.2
-4_ 17.5 3540 27 24-32 14.5
=5 2321 18 55-60 44 38-52 12.8
-6. 2352 16 75-85 50 52-69 1.1
-7 0028 18.5 100-110 % 66-108 9,9
-8 0107 17 140-160 107 90-149 9.1
. 2y R 0148 17 100-210 141 122-208 8.7
Position, 32°10'N.,
4106-94.47D-1 0834 15 4 3 0-3 15.7
0858 16. 5 10-15 9 7-14 15.6
0925 18 25-30 21 17-25 14.9
0952 17 35-40 28 23-36 14.5
1018 17 55~60 42 36-47 13.3
1045 16 75-85 40 52-69 10.9
1118 17 100-110 k() 70-85 10.2
1153 18 140-160 110 99-121 9.0
1236 17.5 190-210 141 120-198 <8.8
2145 15 4 3 0-3 )
s 17 10-15 10 7-14 ™
2235 17 25-30 21 17-25 *)
2305 17 35~40 27 24-32 ™)
2332 17 H5-60 43 39-50 *)
0002 16 75-85 57 50-62 ™
0038 16.5 10110 79 §7-100 ™
0105 16.5 140-160 106 90-133 )
-8 0202 17 190-210 142 127-168 ™
Position, 31°55' N, 118°03’ W.:
4106-97.43D-1_ .. e 05828 15 4 3 0-3 *
2 0854 17 10-15 10 7-13 *)
920 17 25-30 20 18-22 (*)
M46 17 35-40 2 24-32 ™)
1040 17 8560 42 36-47 ™
1138 17 75-85 60 57-64 ™)
1200 16 100-110 7 T0-85 ™)
1244 16. 5 140-160 104 92-119 )
1406 17 190-210 133 120-172 *)
2224 10 3 2 0-3 16. 6
2157 10 10 7 7-8 16.6
2258 10 25 17 15-19 14,7
0005 10 40 27 21-35 12.1
0034 10 60 42 3044 10.1
0108 10 80 57 54-59 9.7
0140 10 100 73 i 9.2
0210 10 150 107 104-111 9.2
0248 10 200 142 136-146 8 9(131 m.)
0330 10 300 206 139-216 *)
-11 0415 10 400 2 268-302 *)
Position, 33°28.5' N,, 117°46.7' W.:
5206-90.28D-1 0918 10 3 2 0-3 18.2
0040 10 10 7 5-8 16.4
1000 10 25 18 16-19 15.1
1025 10 40 29 26-32 11.2
1112 10 60 44 41-47 10.0
1135 10 80 56 54-58 9.9
1200 10 100 71 64-76 9.7
1228 10 150 105 100-111 9.4
1305 10 200 134 112-141 9.4
1425 10 300 216 208-223 ™)
1500 10 400 286 278-202 ™
0302 5 L) 3 2-4 19.7
0323 5 15 10 10-11 19. 6
0339 5 25 18 14-22 18.9
01 5 40 XN 22-30 18.4
0426 A 55 36 3040 17.8
0452 5 70 51 49-53 18.1
2005 10 3 2 0-3 14.4
2031 10 10 7 6-9 14.4
2115 10 25 18 16-20 14.3
2137 10 40 29 25-33 14.3
2247 10 60 41 3746 14.2
2316 10 80 &4 51-5% 14.0
0n22 10 100 68 80-77 11.8
0100 10 150 106 96-118 9.8
0128 10 200 150 131-168 9.4
0218 10 300 211 197-230 9.0
0329 10 400 201 262-311 [ meea-
0620 10 3 2 0-3 14.2
0642 10 10 7 6-8 14.2
0702 10 25 18 15-20 4.1
0724 10 40 b 24-32 14.0
0753 10 60 42 2747 13.9
0817 10 80 56 5161 13.2
. 0843 10 100 T 64-83 10.7
0910 10 150 o2 82-102 9.9
05 10 200 139 131-141 9.3
108 10 300 206 197-212 B.6

*No temperature data available.
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AppPENDIX TABLE 1.—Dala on 22 geries of closing nel hauls for determining the vertical distribution of fish eggs and larvae—Con.

Midtime | Duration Middepth Range in | Temperature
Station and haul Date of haul of haul |{Wire out (m. |of haul (. | depth (m.) | at middepth
(min.) ©Cy)
Position, 32°10.5' N, 118°57" W .;
5305-93.50N~1 2045 10 3 2 13.9
2 2132 5 10 6 14.
2145 ] 25 21 13.
2157 & 40 20 13.4
212 5 G0 43 12.5
05 10 S0 57 11.2
2047 10 100 7 10.6
2310 10 150 106 9.3
2357 10 2N 138 9.0
0033 10 300G 22 8.4
0108 10 400 276 252-302 7.8
5 AOD-1 0715 5 3 2 0-3 149
.......... 0722 5 1} 7 6-7 14.4
............ 0735 3 25 16 14-16 14.1
............ 0748 [ 40 25 24-27 13.5
.......... 0759 5 60 33 2533 13.2
__________ 0845 5 S0 46 40-54 12,5
............ 0924 10 100 63 42-73 11.0
.............. 0045 1 150 103 §2-120 9.9
.......... 102 10 200 138 131-142 9.4
ot (L 1159 10 300 239 230252 (881
Position, 30°58.5' N .
5403-94.80N-1 2030 10 3 2 0-3 14.3
-2 2102 10 10 7 6-7 143
2125 10 25 17 16-1% 14.3
2143 10 40 27 2429 14.3
2308 10 61} 42 3948 14.3
2331 10 80 52 44-57 14.3
0000 10 100 G4 §3-72 14.1
0025 10 151 101 96-106 10.8
0135 10 2009 127 113-141 9.9
0215 10 300 20 176-208 8.7
a0 2 2 03 41
40 10 7 6-7 4.1
1005 25 18 17-19 4.1
1025 40 2 26-29 14.0
1105 60 41 39-42 14.0
1140 R0 a3 50-60 14.0
1232 100 6% 59-72 13.2
1305 150 102 96-110 11.1
1350 200 135 126-141 9.7
. -10.. ... 142 300 201 103-210 8.6
Position, 28°51.5' N ., 119°22.5' W.:
5504-107 80 -1._.. 1355 10 3 2 0-3 15.7
-2 1430 10 10 8 6-10 15.7
-3 1455 10 25 20 18-22 15.7
-4 1515 1% 40 31 27-36 15.7
1535 10. 45 60 45 40-50 15.7
1600 10 80 &7 §4-63 15.3
______ 1620 10 100 70 63-81 15.0
______ 1640 10.5 125 33 79-88 14.3
1720 10 150 111 104-124 13.3
= i 1745 .5 200 142 129-149 12.5
Positlon, 28°56.5' N ., 117°39’ W .:
5504-110. 60 -1 1155 10 3 2 0-3 15.6
10 10 7 6-8 15.6
10 25 18 18-20 15.6
10 40 29 25-32 15.6
10 60 44 39-50 15.6
10 80 58 54-63 15.6
10.5 100 73 64-86 15.4
a5 125 83 77-100 15.3
95 150 105 100-110 13.2
10 3 2 0-3 15.8
10 10 7 6-8 15.3
10 25 18 16-22 15.3
10 40 W 25-33 15.3
10 60 44 39-49 15.3
10 80 60 52-66 14.1
10 100 7 fi5-36 - 1202
10 125 @y S5-107 10.8
10 130 110 100-123 10.8
1L v} 137 123-1064 10.8
Pt 11 300 225 208-270
A504-130.K0-1. _ _ ____ | IV-21-55_ . __ 2325 10 3 2 0-3
-2 IV-22-55. - oS 10 10 8 -8
0020 JU) 25 17 14-21
035 10 40 25 24-32
0050 0 60 42 36-48
011¢ 10 S0 At Ad-A1
0125 10 100 72
0145 10.5 125 89
0205 1, 150 102
0230 w5 200 136
0330 10.5 300 215 205-230

*No temperature data available.
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ABSTRACT

Observations made from commercial skipjack live-bait fishing boats, oper-
ating from Honolulu, revealed that catch rates for each school of skipjack had
a general pattern: the rates rose to a peak and then declined with elapsed
fishing time. In this paper, peak catch rate and duration of fishing after the

— ~alanda
peak were aclected as measures of biting response and were compared with

data on lecation, the weather, time of day, and stomach contents. With a fork
length of 60 cm. as the dividing line between small and large skipjack, the
peak catch rates for small fish were higher than those for large fish, but this
was attributed to the greater ease of catching small fish. The peak catch rate
of large skipjack increased with the distance from land. The postpeak dura-
tion of fishing for large skipjack was found to be negatively correlated with
volume of stomach contents and relative time since the last major feeding.
Large skipjack feeding on fast-swimming fish seemed to show a better response
to chum (live bait) than did those feeding on slow-swimming fish. Weather
conditions did not seem to affect the peak catch rate or the postpeak duration.
The relation of biting response to time of day was not obvious.

Iv




VARIABILITY OF SKIPJACK RESPONSE TO LIVE BAIT

" By Heeny S. H. Yuen, Fishery Research Bl:ologist, BUREAU OF COMMERCIAL FISHERIES

Fishermen in the Hawaiian Islands chum live
bait to attract skipjack (K atsuwonus pelamis) to
the ship and to hold them there. The reaction
of skipjack to chumming may vary from no re-
sponse to feverish feeding activity which results
in a sizable catch. In reporting the results of
live-bait fishing aboard research ships of the Pa-
cific Oceanic Fishery Investigations* in Hawaiian
waters, Royce and Otsu (1955) stated that fish
were caught from only 43 percent of the schools
chummed. Time and bait expended on nonre-
sponding schools represent. a considerable eco-
nomic loss to the fishermen, particularly because
of the short supply of bait.

If the efficiency of the fisherman is to be im-
proved, the factors which contribute to the vari-
ability of skipjack responses to chum should be
ascertained. A prerequisite to this would be to
measure the extent of variability of biting be-
havior.
and determine the reasons for the variability of
skipjack response to chum.

Perhaps the measure of variability of response
will have further application. For instance, it
may be used to evaluate the success of new bait
species and artificial baits, or to compare the re-
sponse of skipjack in unexploited areas to that of
present commercially successful areas.

Factors influencing the biting behavior of skip-
jack, as presented by past studies, may be classi-
fied as-environmental, physiological, and psycho-
logical or perhaps psychophysiological. Among
the environmental factors in the Japanese skip-
jack fishery, Imamura (1949) mentioned water
clarity, current velocity, weather, abundance of
natural food, and time of day. Transparency,
chlorinity, and temperature of the water are ad-
vanced by Uda (1940b) as affecting skipjack
catches, but probably as migrational rather than
response determinants. Uda (1940a) and Suye-

NoTe.—Approved for publication September 26, 1958.

1 Redesignated Bureau of Fisheries Biological Laboratory,
Honolulu, effective January 1, 1959.

It is the intent of this study to measure.

hiro (1938) also mentioned time of day as a fac-
tor. The latter also noted the effect of seasons
and the proximity of land on biting behavior.

The first physiological factor that comes to
mind when considering biting response is the state
of hunger. Both Uda (1933) and Suyehiro
(1938) investigated its effect; the former in terms
of fullness of the stomach and the latter in terms
of time since last feeding. That the state of
gonad development may also be a factor is indi-
cated by Brock (1954) who reported a dearth of
ripe individuals despite extensive sampling of the
Hawaiian skipjack fishery.

The factor that was considered as a psychologi-
cal or psychophysiological one was the possible
preference of the skipjack for certain species of
prey or perhaps for prey with certain types of
behavior. This possibility was conjectured be-
cause of Suyehiro’s (1938) statement that skip-
jack feeding on pelagic forms responded to chum
better than those feeding on inshore forms. The
effect of school size, if any, would also fall in this
category.

The size of the skipjack and the fishing effort
measured by the number of hooks fished were also
considered as possible factors.

Since the data were collected by investigators
who were permitted aboard commercial vessels
with the provision that they would not interfere
with the fishing operations, not all of the possible
factors mentioned could be measured. Unfortu-
nately, the data not collected fell in the environ-
mental category.

Operations on a skipjack sampan are not geared
to accommodate observers, but the following cap-
tains and crews went out of their way to make
us comfortable and to help us collect our mate-

_rials: Yoshiichi Teramae and crew of the M/V

Neptune, Tsuruichi Sarae and crew of the M/V
Orion (1956), Richard Kinney and crew of the
M/V Ovrion (1957), Noboru Tsue and crew of the
M/V Buccaneer, Tom Fukunaga and crew of the
M/V Angel, and Kuniyoshi Asari and crew of
the M/V Marlin.
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METHODS
COLLECTION OF DATA

Data were collected by observers who accompa-
nied skipjack sampans throughout the 1956 and
1957 skipjack seasons, April through September,
at about weekly intervals. Only the more suc-
cessful and larger of the sampans were chosen
because the probabilities of getting data would be
enhanced and the larger deck permitted collection
of materials with less interference to fishing
operations.

A review of fishing operations described in
greater detail by June (1951) follows: the boat
leaves port early enough to be at a promising fish-
ing area at daybreak. Itis usually held on an arbi-
trary course while the scouts scan the ocean for
birds that flock over fish schools. When a flock
is sighted, the boat is steered to head it off. On
reaching the head of the flock, the boat is slowed,
water sprays are turned on, and chumming is
started. The bait is dribbled out as evenly as
possible until signs of suifacing fish are seen
astern. When the fish begin to surface, the
chummer intensifies the chumming until the fish
are directly at the stern within reach of the hooks,
at which time he reduces the rate of chumming to
what he considers a minimum to keep the school
at the boat. If the school moves away without
responding, chumming is stopped and the boat
accelerated to get into position for another at-
tempt. As soon as the school has been success-
fully lured to the boat, the fishermen get into po-
sition at the stern and start fishing. The school
is fished until the bait supply is exhausted or
until the captain decides that the rate of catching
is too slow to be worth while. The catch is stored
as soon as fishing is stopped, and the boat then
proceeds homeward or to look for more schools
depending on the bait supply and hour of day.

The fishing of 92 skipjack schools was observed.

Recording of data started with the sighting of a
flock. The time of sighting was recorded to the
nearest minute. During the approach a descrip-
tion of the weather was recorded. It included
the height. of the waves, an estimate of wind veloc-
ity and direction, the type of clouds and amount
of sky covered, and light conditions. “Light” was
described as bright sun, cloudy-bright, hazy, dull,
and raining.

_exact record of the time of capture.

A running description of the activity of the
flock was kept during the approach, and when the
boat was close enough an estimate was made of
the number in each flock and the species. The
flocks were described as flying high, diving, scat-
tering, regrouping, enlarging, etc. In the begin-
ning, attempts were made to estimate the direc-
tion and velocity of the flocks but. these were aban-
doned as being unreliable. As soon as contact
with the school was made, its location was
approximated.

The times of the following events were recorded
to the nearest 5 seconds: (1) the beginning and
end of each pass, (2) the first signs of fish surfac-
ing in response to the chum, (3) the start of fish-
ing, and (4) the landing of the first fish. During
the few instances when the slowing of the boat
and the start of chumming did not coincide, the
latter was considered to be the start of the pass.
The placement of hooks in the water signified the
start of fishing.

As fish were caught, each was tallied on a
counter. At the end of each minufe (when the
second hand pointed to 12) the reading was re-
corded with the time. If fishing did not start
exactly on a minute, an error with a limit of plus
or minus 30 seconds was introduced in the first
minute. On earlier trips the catch was recorded
at 2-minute intervals. Occasionally an individual
fisherman left his post to change his fishing pole
or to perform other duties such as helping the
chummer, or to gaff fish. Each change in the
number of men fishing and the time was noted,
except when a man went to change his pole, a tem-
porary absence.

The possibilities for error, especially when the
fish were landed rapidly, were ever present with
the observer watching the time, tallying the num-
ber of fish caught, accounting for the movements
of the fishermen, and recording. Another method
which decreased the amount of work during the
hectic time of fishing and thereby reduced the pos-
sibilities of error was later used. This included
the use of a movie camera with a single-frame
trigger and a marine clock with white numerals
against a black background. These were mounted
facing each other (fig. 1). The shutter was
released as each fish was caught, resulting in an
The number
of frames used corresponded to the number of fish
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F1eUuRE 1.—Photograph of clock and camera setup.

caught. An additional hand on the clock was
manipulated to point to the numeral correspond-
ing to the number of men fishing at any time.

The precision of this system depended on the
speed at which the single-frame trigger could be
operated. The smallest possible interval of time
between frames was 0.6 second. This means that
when several fish were caught simultaneously, the
record would indicate that they were caught 0.6
second apart. :

At the cessation of fishing, the skipjack were
randomly sampled. At first the sample size was
20, but this was later reduced to 10. The sample
comprised the entire catch when the catch was less
than the prescribed sample size.

The fork length of each fish in the sample was
taken, then the stomach anda piece of the gonads
were removed and placed in a muslin bag. The
stomach was punctured while in the bag and the
bag secured and placed in approximately 10-per-
cent formalin. Five hundred and thirteen fish,
representing 43 schools, were treated in this
manner.

During the period between the 1956 and 1957
seasons, the personnel of the M/V Buccaneer col-
lected 60 stomach samples from 6 schools. The
data collected with the samples included: (1) the
location of the school, (2) the time of fishing, (3)
an estimate of the weight of the total catch from
the school, (4) an estimate of the average weight
of the fish, and (5) a statement of whether fish
response was good, fair, or poor.

TREATMENT OF DATA

The rate at which the fish were caught, in terms
of fish per hook-iminute, was calculated for each
minute of elapsed fishing time for the schools ob-
served later in the study. For the schools ob-
served earlier, the nature of the data did not per-
mit the rates to be calculated for intervals of less
than 2 minutes.

In the identification of the stomach contents the
fish were placed in their families, mollusks in their
suborders, and crustaceans in their orders. The
individuals in each category were counted. The
volume for each category was ascertained by water
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TIME SECONDS
) 5 10 15 20 25 30 35 40 - a5 50 5 60
T T T T T T T T T T T 1
START 3 Hooks
I zce Kﬂ A A -~ A
5 HQOKS 6 HQOKS
|207 A A A A Y Ad AL A AA A A A A A A A A A A A A
6 HQOKS 7 HQOKS

|208 A A Ak A A AA M A A A A A A A A A Ad AAAA
7 HQOKS

Izog AL A A A Al A A A A A A A AL A Al A A A
7 HQOKS

Iz I c A A Al A Al A A A A A A Ad el
7 F&OKS

Iz I I A Fre A A A A A A A A A A
7 HQOKS

Iz | 2 A Ad A A A A Ad A A A A A
7 HQOKS

|2 I 3‘ A A A A A A AdA A A A A
7 HQOKS

|2 I a A A A A e

7 HQOKS 4 HQOKS
1215 A A" A
4 HQOKS END
=N
1216
Fiavre 2—Plot of the landing of individual skipjack, and time. Each wark represeiils one skipjack.

displacement. to the nearest 0.1 ml. or with an
error of about 1 percent depending on the volume.
In addition, all fish were ranked by relative stage
of digestion.

The fork lengths of the smallest and largest fish
in each family from each sample of stomachs were
measured. This disclosed the size range of each
fish family consumed by an individual skipjack
school. The lengths of the squid mantles were
likewise measured. Linear measurements of other
items were not attempted.

Digested remains were identified whenever pos-
sible as fish, mollusks, or crustacean. Otherwise
they were classified as “gurry.” Volumetric
measurements were taken as described earlier,

The bait found in stomachs received the same
treatment as other fish, but the results were dis-
carded as unreliable because skipjack often regur-
gitate much of the bait as they are caught or soon
after. At times food deeper in the stomach is
also regurgitated but. the amount seems negligible.

Trematodes, nematodes, and Acanthocephala
were found in the stomachs in small quantities.
These were assumed to be parasites and were not
considered.

RESULTS
GENERAL INFORMATION ON FISHING

No fish were caught from 52 percent of the
schools chummed. )

The rate at which the skipjack took the hooks
varied. More often than not the fish seemed to
bite in short flurries (fig. 2). This may be due
to the distributional makeup of skipjack schools.
In the few times when the fish could be clearly
seen in the water, the schools seemed to be aggre-
gates of many small groups of about 10 fish each.

When the cateh rates are plotted against elapsed
fishing time at 1- or 2-minute intervals (fig. 3),
they present an assortment of shapes. 1In general
there is a rise to a peak with a subsequent decline.
Figure 3, A shows a relatively early peak, with
irregular rise and decline and is typical of most of
the plots. Occasionally there are variations as
seen in figure 3: B illustrates a later peak; ¢’ has
a sharper decline; and D, the major peak, is not
particularly dominant. £ is an example of a
school that responded poorly. An average of 32.7
percent of the total catch was made during the
prepeak period.
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Fi16Uure 3.—Plots of catch rates against elapsed fishing
time. A, typical. B, late peak. (!, sharp decline. D,
no dominant peak. E, poor response.

MEASURES OF BITING RESPONSE

Total catch per school is probably the most con-
venient measure of a school’s response to chum.
This would be the measure of most interest if it
were to be applied toward estimating the fishing
potential of a new area. Of the schools ob-
served, the catch per school ranged from 1 to 773.
The frequency distributions of cateh per school
(fig. 4) were not normal. Since the lengths of
the fish fell into two distinct groups (fig. 5), the
distributions were plotted separately.®

However convenient a measure the total catch
may be, it is difficult to translate into terms of fish
behavior because it is a reflection of a sum of be-
havioral and non-behavioral factors. We sought
a measure of biting response that would be indica-
tive of both behavior and yield. Correlation pro-

2 Hereafter the fish will be designated as large or small depend-
ing en whether the sample means of fork lengths were more or
less than 60 cm., respectively.
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FrauRE 4—Frequency distributions of catch per school.
4, represents skipjack smaller than 60 cm. fork length.
B, represents skipjack greater than 60 cm. fork length.

cedures as described by Snedecor (1946) were
applied to the data to determine which of the
measures of the fishing operation were associated
‘with total catch. Since most of the frequency dis-
tributions of the various measures were skewed
and sometimes truncated, Spearman’s method of
rank correlation was used. Computing a series
of correlation coefficients is not condoned because
the probability of encountering a significant cor-
relation due to chance is increased. In this and
a later section, however, such computations were
included in preliminary surveys to gain informa-
tion on which to base hypotheses and were not
used as grounds for acceptance or rejection.
Fishing duration, which is defined as the time
from the introduction of hooks inte the water to
their final withdrawal, was found to be highly
correlated with total catch® The rank correla-
tion coefficient (7,=0.710**) with 84 degrees of
freedom is well beyond the 1-percent level of sig-
nificance. (In accordance with common practice,
2 asterisks (**) will be used to mark values be-
yond the l-percent level of significance and one
asterisk (*) to mark values beyond the 5-percent
level.) Fishing duration ranged from 1 to 82 min-
utes. The frequency distributions of fishing

3 Data for this and other procedures are tabulated in the ap- -
pendix, table 5.



152

70

FISHERY BULLETIN OF THE FISH AND WILDLIFE SERVICE

5 g
T T

FREQUENCY
8
T

40 45 50 55 )

5 ] 75 " 80 85

FORK LENGTH (CENTIMETERS)

Ficure 5.—Frequency distribution of fork lengths of skipjack sampled.

duration of small and large fish (fig. 6) does not.
depict any obvious difference between the two.
The peak catch rate expressed in terms of fish
per hook-nminute was also found to be significantly
correlated with total catch (».=0.796**). The
range of this variate for both large and small
fish is about the same. The frequency distribu-
tions of peak catch rates of large and small fish
(fig. 7), however, show quite divergent modes.
A dominant mode for the large fish lies some-
where between 0.40 and 1.00 fish per hook-minute,
while for the small fish the mode seems to be be-
tween 3.20 and 3.40 fish per hook-minute. This
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F1eure 6.—Frequency distributions of fishing duration of

large and small skipjack.

difference in peak catch rates cannot be attrib-
uted entirely to behavioral differences of the two
sizes. An undetermined part of the difference is
due to the greater ease with which the fishermen
land the smaller fish.

The elapsed time from the start of fishing to
the peak catch rate (hereafter called prepeak
duration) and the time interval from the peak
catch rate to the end of fishing or postpeak dura-
tion, were also compared with total catch. Post-
peak duration and total catch were found to be
highly correlated (7,=0.750**), while the prepeak
duration and total catch were not (7,=0.204).
Prepeak duration ranged from 0.5 to 42.5 min-
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Ficure 7.—Frequency distributions of peak catch rates
for large and small skipjack.
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F1cuRe 8.—Frequency distributions of prepeak duration
for large and small skipjack.

utes (fig. 8) and postpeak duration ranged from
0 to 77 minutes (fig. 9).

The average increase per minute of the prepeak
catch rates and the average decrease per minute
of the postpeak catch rates for each school were
computed by using regression methods with the
assumption that the rates of increase and decrease
were linear. The frequency distributions of these
rates, placed into categories of large and small
fish (fig. 10), show greater skewness in the dis-
tributions for the large fish. Total catch was
found to be significantly correlated with the rate
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Freure 9.—Frequency distributions of postpeak duration
for large and small skipjack.
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of prepeak increase (rs=0.395**) but not with the
rate of postpeak decline (»,=—0.009).

Another factor that affected the total catch was
the mean number of hooks fished per minute. The
rank correlation coefficient was 0.259*. The grand
mean number of hooks fished was 7.38+1.42.

Total catch did not seem to be influenced by the
number of passes needed to stop a school (range
1 to 12 passes) nor the time interval from the
start of the successful pass to the start of fishing
(range of 0 to 31 minutes). The r, values were

—0.043 and 0.111, respectively.
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F1cURE 10.—A4, Frequency distributions of rate of increase
of peak catch rates. B, Frequency distributions of
rate of decrease of postpeak catch rates.

Summarizing (table 1), the measured factors
which seemed to influence the catch were (1) post-
peak duration, (2) fishing duration, (3) peak
catch rate, (4) mean number of hooks per minute,
and (5) rate of increase of prepeak catch rates.
Of these the peak catch rate and the postpeak
duration were chosen as measures of skipjack re-
sponse for use in later analyses. These, we
thought, would be measures of two different as-
pects of response to chum. The peak catch rate
would measure the degree of interest or intensity
of the skipjack in feeding, and the postpeak dura-
tion would measure the duration of interest.
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This by no means implies that these aspects are
separate entities. In fact, the rank correlation
coeflicient. between the two is 0.382** which may
be interpreted to mean that factors common to
both exist, or that one is influenced by the other.

Another consideration is that these measures
may also be assocfated with school size. It iscon-
ceivable that a larger school would result in a
longer postpeak duration. Perhaps the fish in a
larger school would be more densely distributed
which would result in a higher peak catch purely
on a mechanical basis. It is also possible that be-
havior is influenced by school size. Unfortu-
nately these possibilities must remain as conjec-
tures for the present as no means for measuring
the school size was available.

TABLE l1—Correlation coefficients of total catch with
various measures of fishing

Measure Degrees of r
freedom

Fishing duration_ ..o 0. 772
Poalr catch rate__ | — 84 Bt
Prepeak duration_______. R 84 . 201
Postpeak duration.._.._. - 84 . 868**
Rate of prepeak increase____ - 71 . 2747
Rate of postpeak decrease. . 73 -1
Mean number of hooks. .. .- 84 . 289**
Number of passes. ... - 81 —.08
Time from start of pass to start of fishing.____..... 79 .01

DESCRIPTION OF STOMACH CONTENTS

For descriptive purposes, the group designated
as small fish was further divided into two groups

with 50 cm. as the separating point. The volume
of the stomach contents varied markedly with fish
size. The mean volume for large fish was 35.6
ml./fish. The school means ranged from 2.4 to
154.1 ml./fish. Skipjack 50 to 60 cm. in fork
length showed a mean volume of 20.4 ml./fish with
school means ranging from 1.5 to 55.6 ml./fish,
while skipjack shorter than 50 cm. had a mean
volume of 9.1 ml./fish with school means ranging
from 1.3 to 15.2 ml./fish.

The food of the skipjack of the different size
groups was alike and consisted of fish, mollusks,
and crustaceans, but in different proportions.
During the fishing season, fish accounted for 91
percent by volume of the large skipjack’s diet but
contributed less to the food of the smaller skipjack
(fig. 11). The percentage compositions of fish in
the stomachs of skipjack of 50 to 60 cm. long and
skipjack less than 50 cm. long were 70 percent and
40 percent, respectively. On the other hand, mol-
lusks and crustaceans were of relatively increasing
importance with a decrease in size.

The six schools sampled during the off season,
October 1956 through March 1957, produced some-
what different percentage compositions (fig. 12).
Three of the schools were composed of skipjack
estimated at 12 to 13 pounds and the other three
consisted of skipjack estimated at 22 pounds. All
of these fish would be classified as large. The per-
centage of fish in the stomachs was 59 percent as
compared to 91 percent found during the season.

528 MoLLUSCA FT] CRUSTACEA [ |GURRY

FORK LENGTH < 50CM.

FORK LENGTH S0-60CM.

FORK LENGTH > 60 CM.

Freuge 11.—Diagrams illustrating the composition by volume of the stomach contents of three sizes of skip-
jack caught during the fishing season,
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Another difference between the diets of season and
nonseason skipjack was the percentage of crusta-
ceans. The figures are 36 percent for nonseason
skipjack and less than 1 percent for season skip-
jack.

Representatives of 30 fish families and a few
unidentified fish were found in the stomach con-
tents. The families are listed in table 2 in order
of percentage of total mean volume. The percent-
ages listed are for fishes of the season and were
calculated in the following manner to compensate

FISH CRUSTACEA
MOLLUSCA [__| GURRY

F1eURE 12.—Diagram illustrating the composition by vol-
ume of stomach contents of large skipjack caught dur-
ing the off season.

for the difference in sample sizes. First, the mean
volume of each category in units of ml./stomach
was taken for each school. Then the total mean
volume of each category was divided by the grand
total mean volume and converted to percentages.
In this way the contents from each school were
given equal weight regardless of sample size.
Carangids (genus Decapterus) were by far the
most important, item in terms of both volume and
occurrence, The genus Cubiceps of the family
Nomeidae also contributed considerably to the vol-

umes. - Gurry, a small piece of wood, and a cigar-
ette butt were classed under miscellaneous.

FACTORS INFLUENCING BITING
RESPONSE

As selected in a previous section, peak catch
rate and postpeak duration were used as measures
of biting response. These were compared with a
number of possible factors by correlation proce-
dures or by plotting.

TABLE 2—Stomach contents of skipjack from 34 schools

Percentage | Occurrence
Contents of total (number
mean of schools)
volume

Fish. oo Carangidae 45.01 27
Nomeidae. —— 20. 25 10
Molidae. 6.45 6
Thunnidae. ———— 3.14 13
Gempylidae__._ —- 2.27 19

i - 1.53 1
Holocentridae - 1.04 11
Chaetodontid: - .92 21
Bramidae_._. .59 10
Scorpaenidae. - .28 15
Mullidae_ oo .13 4
Acanthuridae._ - .11 9
Balistidae.___ - A1 7
Sphyraenidae - .10 1
Exocoetidae.. - .07 2
Serranidae. .. - .08 1
Diodontidae_ - - -ceeenee- .05 1
Synodontidae.. .04 4
Priacantbidae .03 2
Blenniidae_._ .02 3
Amrodytida .02 3
Fistularidae. .01 2
Antigonidae...... a—- .01 1
Cirrhitidae .01 2
Dactylopteridae. .01 2
Ostraciidae.. .01 4
Syngnathidae Trace 1
Pomacentridae.. Trace 1
Tetrodontidae---- Trace 1
Pegasidae...... Trace 1
Unidentified fis .42 20
Mollusks. . ___..._-..___ Decapoda.. 2.28 24
Octopoda__. .02 1
Crustacesd. . .- coeonuno-- Stomatopoda 2,51 24
Decapoda._..-- .94 3
Amphipoda. .08 7
Isopoda_____ Trace 5
Euphausiacea. - Trace 1
Miscellaneous. 11.49 34

SKIPJACK SIZE

The mean length of the skipjack for each school
was found to be significantly correlated with peak
catch rate (r.=—0.475%*). As mentioned earlier,
this is at least in part attributed to the greater
facility with which the small fish were landed.
Correlation between mean length and postpeak
duration (r7,=—0.058) was not significant.

HUNGER AND TIME SINCE LAST MAJOR FEEDING

The mean volume of the stomach contents (ml./
stomach) for each school was used as a measure
of the state of hunger. The time since the last
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major feeding was expressed by the lowest stage
of digestion found in the dominant fish family or
families in the stomach contents of a school, using
the following criteria:

Stage 1. Fish intact.

Stage 2. Skin or head missing.

Stage 3. Part of flesh missing

Stage 4. Skeletal remains.
Since the rate of digestion is not known, this meas-
ure is a relative one. Only the large skipjack
caught during the season provided sufficient data
for this study.

Since the stage of digestion was found to be
highly correlated with the mean volume (7,=
—0.607**), partial correlation procedures (Snede-
cor 1946) were used to assess the relations of these
variates to biting response. Although the variates
did not meet the assumption of normality, we
found no other satisfactory technique and thought
that these relations should be investigated.

The peak catch rate was not significantly corre-
lated with either variate. This is in contrast to
the findings of Uda (1933) and Suyehiro (1938).
The former stated that skipjack with stomachs
between the extremes of fullness and emptiness
tended to respond more poorly to fishing when
their stomachs were emptier. The latter observed
that skipjack which had fed recently did not bite
so well as those that were hungry. His measure of
the recentness of feeding was the depth of the
rugae; ie., a smooth stomach lining indicated
recent feeding. We suspect, however, that the
depth of the rugae is directly related to the state
of distention of the stomach, which depends upon
the amount of food in it.

Multiple correlation computations of postpeak
duration with stage of digestion and mean volume
resulted in R=—0.565%. In further computa-
tions, the partial correlation coeflicient between
postpeak duration and stage of digestion, inde-
pendent of mean volume, was found to be —0.535*
and that between postpeak duration and mean vol-
ume, independent of stage of digestion, was found
to be —0.506*. That is to say, the postpeak dura-
tion was longer when the major items in the
stomachs were in the earlier stages of digestion
and the stomachs were emptier.

From this we hypothesize that live-bait fishing
techniques employed in Hawaii generally do not

create a state of feeding excitement in the skip-
jack, but exploit an already existing one which
apparently is caused by the presence of natural
food. The fact that less than one-half of the
schools respond to chum supports the hypothesis.
Furthermore, the correlations infer that the state
of excitement diminishes with feeding or with
time if the skipjack were not satiated when the
natural food became unavailable.

PREY BEHAVIOR

In order to determine whether any association
existed between prey behavior and biting behavior
of skipjack, schools were grouped according to
families of fish in their stomachs. Only first and
second stages of digestion were considered, and,
if a school of fish had representatives of several
families, the school was tabulated in each family
classification. The mean peak catch rate and
mean postpeak duration for each group repre-
sented by four or more schools were computed. As
an example, the mean peak catch rate and the
mean postpeak duration were calculated for all
schools with the family Carangidae in the first
and second stages of digestion.

The families are listed in tables 3 and 4 in de-
scending order of their means. If the families
were classified by their swimming abilities, the

TasLE 3.—List of fish families and peak catch rate means

Mean peak

Family catch rate

(fish/hook-

minute)

Nomeidae_ ... ___________ e emmm————— 1.92
Thunnidae..._.... .. 1.55
Carangidae.. _._____ 1.51
Gempylidae_.______ 1.47
Chaetodontidae. . 1.43
Scorpaenidae_____ 1.31
Molidae_ _......__.. % ::?

Acanthurldae

TasLe +—List of fish families and postpeak duration

means

Postpeak

Family duration

(minutes)
NomeIdae. .o e e m e cmm——————————— 17.7
Thunnidae. .. oo oo ammem e mammmm—mm————————— 17.6
Gempylidae . - - 17.4
Scorpaenidae__.._ e 16.4
Acanthuridae____ e mmaam e - 15.8
Carangidae___ - 15.3
Molidae .o oo emm e 14.1
Chaetodontidae_ .. e ————— 12.8
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F1aURE 18.—Chart showing the areas of fishing where observations were made.

fast swimmers would include the families Thun-
nidae, Carangidae, Gempylidae, and Nomeidae,
while the remainder would be considered slow
swimmers. The fast swimmers are in the top
four positions of table 3 and in the top three posi-
tions of table 4. It therefore appears that skip-
jack feeding on fast-swimming fish exhibit a more
favorable biting behavior than skipjack feeding
on slow-swimming fish.

STATE OF OVARY DEVELOPMENT

The ovaries collected from the large skipjack
were all maturing. A few of the eggs were teased
from the group of largest eggs in each ovary, and
the diameters of five were measured. The great-
est diameter found in each school was used as a
rough measure of maturity. The correlations of
egg diameters with peak catch rate (»,=0.086)
and postpeak duration (»,=0.258) were not sig-
nificant. The absence of ripe skipjack in the
catch may be due to the reluctance of such skip-
jack to feed, but the stages of egg maturation
other than ripeness do not appear to affect biting
response.

LOCATION

All observations were made in the regions rep-
resented by the shaded areas in figure 13. The
shaded area at the west end of the island of Kauai
represents only one trip. The rest of the trips
were within the shaded area around the island of
Oahu.

The peak catch rate for large fish showed a posi-
tive significant correlation with distance from lahd
(7,=0.308*). For small fish, the correlation was
not significant (#,=0.057). No significant corre-
lation was found between postpeak duration and
distance from land for either large or small fish
(7s values of —0.040 and —0.224, respectively).

TIME OF DAY

Examination of peak catch rate, postpeak dura-
tion, and the percentage of schools successfully
fished relative to time of day indicated no relation.
Data on the Japanese skipjack fishery (Uda
1940a) show that catches were highest between
6 a.m. and 8 a.m., but the peak was not reflected in
the catch rates. Suyehiro (1938) stated that fish-
ing was best during early morning but provided
no data.
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WEATHER CONDITIONS

The weather conditions were predominantly
uniform and biting behavior did not change on the
unusual days. The height of the sea ranged from
1 to 10 feet, with 2 to 5 feet being the usual condi-
tion. Estimations of wind velocity ranged from
0 to 30 knots, but most of the estimates were be-
tween 10 and 20 knots. Most of the days were
bright and sunny. The few darker days affected
fishing only in decreasing the chances of sighting
schools.

SUMMARY AND CONCLUSIONS

Commercial fishing of 92 skipjack schools was
observed and resulted in the following informa-
tion:

1. Fifty-two percent of the schools chummed
yielded no fish.

2. The number of fish caught per school varied
from 1 to 773.

3. Total fishing time per school varied from 1 to
82 minutes.

4. The number of passes required to stop a school
varied from 1 to 12.

5. The mean number of hooks fished per school
was 7.38 + 1.42,

6. Although the catch rate varied during fishing
operations, the general tendency was to rise to a
peak and then decline with elapsed fishing time.

7. The peak catch rate ranged from 0.12 to 4.29
fish per hook-minute for large skipjack (fork
length greater than 60 cm.) with a mode of 0.40 to
1.00 fish per hook-minute, while small skipjack
(fork length less than 60 cm.) had a range of 0.75
to 4.62 fish per hook-minute with a mode of 3.20
to 3.40 fish per hook-minute.

8. The prepeak duration ranged from 0.5 to 42.5
minutes with a mode of 2 to 3 minutes.

9. The postpeak duration ranged from 0 to 77
minutes with a mode of 3 to 6 minutes.

10. The catch per school was affected by fishing
duration, postpeak duration (which is part of
fishing duration), peak catch rate, number of
hooks fishing, and the rate of increase of prepeak
catches.

Examination of the contents of 573 stomachs
representing 49 schools revealed the following:

1. The mean volumes of stomach contents for
skipjack of fork length greater than 60 cm., 50 to
60 em., and less than 50 em. were 35.6 ml., 20.4 ml.,
and 9.1 ml., respectively.

2, The percentage of fish in the stomachs col-
lected during the fishing season decreased with a
decrease in skipjack size while the percentages of
mollusks and crustaceans increased.

3. The percentage of fish in the stomachs of
large skipjack caught during the off season was
less than that of those caught during the season.
The reverse was true of the percentage of crus-
taceans.

4. The fish contributing most to the diet of
skipjack were the genus Decapterus, of the family
Carangidae, and the genus Cubiceps, of the fam-
ily Nomeidae.

5. Representatives of more than 30 families of
fish were found in the stomachs.

A study of the causal factors of the variation
in biting response showed that—

1. Large skipjack tended to take the hooks
faster the farther away they were from land.

9. The duration of response to chum was nega-
tively correlated with mean stomach volumes and
the stage of digestion of the dominant component
of the stomach contents.

3. Skipjack feeding on fast-swimming fish were
caught at a faster rate and fished for a longer
period than those feeding on slow-swimming fish.

4. The relation between the state of ovary de-
velopment. and biting response is not clear, but
only skipjack in the maturing stage were caught.
In the maturing stage there was no correlation be-
tween biting response and a slight gradient in egg
development.

5. Biting response was not affected by the time
of day or weather conditions.
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APPENDIX

Data from schools fished during skipjack season

[Data from 6 schools fished in competition with other boats are not listed]

See footnotes at end of table.

Rate of | Rate of
Peak | increase | decrease Mean | Lowest
Number Mean catch of pre- { of post- | Distance volume | stage of
Starting| Total | of passes | Prepeak | Postpeak | Fishing | number rate peak peak from Fish of digestion
Date time catch needed | duration | duration | duration | of hooks (fish/ catch catch Jand size? | stomach | of major
to stop |[(minutes)|(minutes){(minutes)| fished hook- rates rates (miles) 1 contents com-
school thooks/ | minute) (fish/ (fish/ © {(ml.f ponents
minute) haok- hook- stomach)
minute) | minute)
1956
May 3, 1038 5 2 10.5 0.5 11 6.5 0. 50 0.02 | oefeei B
3 1322 P 1 7.0 3L.0 38 7.9 2.17 .28 . B
8 1453 49 1 7.0 7.0 14 7.1 .88 .10 . B
8 1614 11 1 5.0 4.0 9 7.3 .42 .27 . B
8 1630 47 1 15.0 6.0 21 6.9 .75 .03 . B
8 1805 81 7 3.0 4.0 7 8.3 2.25 .62 . B
15 0815 |7 1 5.0 12.0 17 8.8 1.15 .18 .061 ] 20L B
15 66 3 5.0 16.0 21 81 1.06 -21 .068{ 2L B
16 1538 15 1 7.0 17.0 24 7.6 .20 .02 .014 | 18 L B
June 21 0845 197 1 0.5 20. 5 21 9.7 3.62 ... .084 | 1I0W B
21 1203 47 1 1.0 13.0 14 9.1 0.76 |- oo L065 | 1BW | ....
21 1412 713 1 5.0 77.0 82 9.7 3.18 .78 031 | 20W B
26 1242 118 1 7.0 17.0 24 10.0 1.45 .16 .050 | 30 W B
26 1316 355 1 3.0 36.0 39 9.9 1.80 .28 .032 |30 W B
26 1459 44 1 4.5 5.5 10 9.4 .89 .18 114 | 30W B
26 1522 245 1 3.5 23.5 27 9.0 1.89 .50 .038 | 30 W -
26 1629 140 1 6.0 15.0 21 6.0 2.50 .42 139 (2W |-
2 1112 4 2 50 4.0 9 .3 .12 .03 . B
29 1142 104 1 9.0 13.0 22 9.0 120 . B
2 1613 110 1 7.0 18.0 25 7.8 1,50 .27 B
July 3 0910 79 2 12,0 12.0 24 7.5 1.00 . B
4 1002 58 1 2.0 21.0 23 5.8 .69 .28 B
4 1204 656 4 10.0 1.0 21 7.7 1.92 . B
1] 0007 54 2 2.0 16.0 18 9.0 1.22 . B
10 Q50 7% 1 2.0 10.0 12 9.2 1.28 . B
10 1002 32 1 2.0 10.0 12 8.2 . 50 . B
10 1116 106 3 7.0 16.0 23 8.9 1,50 . B
10 1835 20 A 10.0 8.0 18 8.7 1.2t . B
17 0824 4 3 6.0 .0 6 10.3 .22 . B
17 1146 244 2 12.0 27.0 39 8.4 1.56 .09 040 | 12 W B
19 0811 39 1 8.0 5.0 13 6.2 .92 .08 .20 | ISL B
19 1245 140 12 7.0 14.0 21 6.7 1.83 .02 L121 | 50 L B
19 1352 94 1 2.0 18.0 20 6.0 1. 56 .71 064 Ll GOL L
24 1130 8 1 5.0 4.0 9 7.0 2 .03 .085 | 0L B
24 1721 120 7 7.0 20.0 27 6.7 1.50 .20 040 | 5L B
25 0916 4 5.0 2.0 7 6.0 .42 14 420 | 20L B
25 1602 12 5 5.0 5.0 10 6.0 .50 09 125 (1AL B
26 0734 23 1 1.5 5.5 17 7.8 .38 01 063 | 15L B
26 0918 43 1 17.5 12.5 30 7.4 .83 01 .038 | OL B
26 1248 51 1 20.5 5.6 26 7.0 .60 01 L1583 [ 8 L B
27 1003 165 1 42.5 2.5 85 6.0 1.40 00 1l 10L B
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Data from schools fished during skipjack season—Continued

Rate of | Rate of
Peak | Increase | decrease Mean | Lowest
Number Mean catch of pre- | of post- | Distance volume | stage of
Starting | Total | of passes | Prepeak | Postpeak | Fishing | number rate peak peak from Fish of digestion
Date time catch needed | duration | duration | duration | of hooks (fish/ catch catch land size ? stomach | of major
to stop |(minutes)|(minutes)|(minutes) shed hook- rates rates (miles) 1 contents com-
school (hooks/ | minute) (fish/ (fish/ (ml./ ponents
minute) hook- hook- stomach)
minute) | minute)
1956
Aug. 8 1221 30 4 2.5 9.5 12 5.6 1.67 0L B 18.6 3
1 0942 10 2 6.5 15 8 7.0 0.86 2L B 106.2 2
10 0810 35 3 2.5 4.5 7 6.9 1.83 2 W S 4.7 (.
10 1134 21 4 1.5 5.5 7 6.4 .92 HW S ) I 2 R,
10 1320 12 1 1.5 L5 3 8.7 .70 0L B el
22 1025 3 3 .5 LS 2 7.0 .50 0L B 1.0 3
30 1207 123 9 3.5 8.5 12 7.8 3.25 3L 5 15.1 |ooaoooooo
30 1331 171 3 3.5 8.5 12 7.5 4.00 30L S 2.6 ). .o
30 1407 19 1 2.5 2.5 ] 7.2 1.14 30L ] 20.7 foemaeeas
30 1440 139 1 1.5 18.5 30 7.2 1.78 WL e
Sept. 12 0930 113 3 2.0 4.0 6 8.8 3.08 L B 9.2 3
12 0956 82 2 1.5 8.5 20 6.8 1.57 0L B e
1957
May 23 0750 52 2 2.5 .5 3 6.7 3.12
23 0832 2 1 .5 ] 1 5.0 .40
23 0846 13 1 1.5 .5 2 5.0 2.20
23 - 0912 17 1 1.5 .5 2 6.0 2.14
23 1301 22 3 2.5 5.5 -] 6.9 1.00
23 1612 189 11 L5 21.5 23 6.9 2.80-
June 13 1207 12 1 2.5 7.0 10 6.4 3.20
19 1007 19 4 .5 8.5 9 8.6 .88
19 1023 19 1 4.5 8.5 13 7.5 .44
19 1222 2 3 10.5 2.5 13 7.4 1.00
19 1343 94 4 6.5 18.5 2 7.7 1. 50
July 3 0950 jyN) 5 10.5 10.5 21 5.6 4.62
3 1040 358 |- 2.5 25.5 28 7.2 4.00
2 1207 4o 2.5 L) 12 7.2 3. &
3 1228 67 1 .35 6.5 10 6.9 2.71 L
3 1317 71 1 3.5 9.5 13 7.2 1,57 L
3 1353 207 1 12.5 8.5 21 7.3 3.3% L
3 1430 83 1 4.5 6.5 11 7.7 1.62 L
3 1510 95 1 10. 5 L5 12 6.8 2.7 L
3 1528 6 1 .5 1.5 2 5.0 .75 0L
3 1552 L N 1.5 10.5 12 6.6 2.12 30 L
Aug. 1 1543 188 1 2,6 16.5 19 6.9 3.00 4OW
1 1610 431 1 2.5 35.5 38 6.7 4.29 0w
1 1747 2 2 8 L5 2 7.0 .29 44w
1 1753 337 1 10.5 14.5 25 6.9 3.57 . . 40w
6 0626 157 1 4.5 27.5 32 7.9 2.33 . . 115 L
14 0941 84 1 2.5 16.5 19 5.8 3.00 1. 50 L1031 30 L
14 1007 15 2 2.5 12.5 15 6.5 .43 .22 004 20L
14 1806 158 1 5.5 15. 5 21 6.9 3.14 .7 72 10L
21 1353 133 2 1.5 7.5 ] 7.6 4.14 1.94 579 | 55 L
21 1603 178 1 4.5 5.5 10 7.5 3.12 .44 403 | WL
21 1706 13 4 2.5 0.5 3 5.0 140 |l . 4L
21 1734 315 1 2.5 25.5 28 7.7 2.7 .86 .069 | 0L

1 W=Windward. L=Leeward.
S=mean length <60 cm.

2 B=mean length>> 60 em.

O
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ABSTRACT

Data for five meristic characters from shad sampled in 1956 in the Hudson
and Connecticut Rivers were found to be representative of each shad population,
These data were used to derive a calculated discriminant function which cor-
rectly classified 71.6 percent of a mixed sample of Hudson and Connecticut
River shad. The percentage correctly clas i
in the region of greatest overlap in meristic counts were not classified. Using
this procedure, 79.7 percent of the fish were correctly classified and 20.3 percent
were incorrectly classified.

The calcnlated function was applied to meristic data obtained from samples
of shad taken on the New York-New Jersey coast. The proportion of shad
landed on the coast classified as Hudson River or Connecticut River shad was
77 percent and 23 percent, respectively. Correcting these data for the 20.3
percent error in classification, the distribution of the 1956 coastul catch was
estimated to be 90 percent Hudson River shad to 10 percent Connecticut River
shad. The presence of shad in the coastal samples native to areas other than the
Hudson or Connecticut Rivers was considered to be negligible. The results
obtained in the meristic study compared favorably with those obtained from
a tagging study which was conducted concurrently with this investigation.

sified wag increcased e the fish

v




CONTRIBUTIONS OF HUDSON AND CONNECTICUT RIVERS TO
NEW YORK-NEW JERSEY SHAD CATCH OF 1956

By Kenneth J. Fischler, Fishery Research Biologist
BUREAU OF COMMERCIAL FISHERIES

In 1949 the Congress of the United States, act-
ing on the request of the Atlantic States Marine
Fisheries Cominission, appropriated funds for
the United States Fish and Wildlife Service to
conduct an Atlantic coast study of the Ameri-
can shad (Alosa sapidissima). The purpose of
this investigation was to determine the factors
affecting the abundance of shad and to recommend
measures whereby the fishery could be managed
to obtain sustained yields. The shad is an ana-
dromous fish which spends most of its life in the
sea but ascends rivers in the spring to spawn. The
young stay in the rivers until fall and then enter
the ocean where they remain until sexually mature,
3 to 5 years later.

In this paper, meristic data are used to deter-
mine what percentage of the shad catch from the
New York-New Jersey coast is native to the Hud-
son and Connecticut Rivers. Previous years’ tag-
ging experiments on the New York-New Jersey
coast have shown that most of the shad caught
here are native to the Hudson and Connecticut
Rivers (Talbot and Sykes, 1958). Talbot (1954)
and Fredin (1954), in their efforts to predict the
size of the shad runs in the Hudson and Con-
necticut Rivers, concluded that yearly fluctuations
in the catch of shad off the New York-New Jersey
coast could affect the number of shad available
to the fishery in these rivers. Thus, if regulations
were adopted to increase the size of runs in these
rivers and a large portion of the shad were landed
on the coast, any benefits of the regulations to the
river fisheries would be of limited value.

Hill (1959) postulated that it was possible to
separate, with a high degree of accuracy, Hudson
River shad and Connecticut River shad in a mixed
sample belonging to both of these rivers by apply-
ing the method of discriminant function analysis

NoTE.—Approved for publication, June 3, 1958. Fishery Bul-
letin 163.

to the counts of certain meristic characters. Hill
analyzed meristic data obtained from the Hudson
River in 1939 and from the Connecticut River in
1945. In the present study, meristic data collected
in the same year (1956) from both rivers were
used to derive a discriminant function. This fune-
tion was then used to determine the percentage of
shad from the Hudson River and from the Con-
necticut River landed on the New York-New
Jersey coast in 1956. In the analysis of data it
was assumed that only shad native to the Hudson
and Connecticut Rivers were present in the coastal
samples. The results of this analysis were
compared with those obtained from a tagging
experiment (Nichols 1958) that was conducted
concurrently with the meristic study.

Staff members of the U.S. Bureau of Commer-
cial Fisheries Biological Laboratory, Beaufort,
North Carolina, assisted in the study, and shad
fishermen along the New York-New Jersey coast
and on the Hudson and Connecticut Rivers gener-
ously supplied fish from which the meristic counts
were obtained. The author is also indebted to
Donald R. Hill for his review of the statistical
methods used in the manuseript.

COLLECTION OF DATA

In the spring of 1956, meristic data were ob-
tained from shad landed at three locations on the
New Jersey coast and at two locations each in
the Hudson River and in the Connecticut River.
The two sampling locations in the Hudson River
and the Rocky Hill sampling location in the Con-
necticut River (fig. 1) were located on shad
spawning grounds. Samples from the New
York-New Jersey coast were obtained over an 8-
week period beginning April 1. Collections were
made at Beach Haven, Point Pleasant, and Port
Monmouth, N.J. Since the fish obtained at Port
Monmouth were actually caught in the Staten

161
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Fieure 1.—Shad sampling areas along the New York-New Jersey coast and in the Hudson and Connecticut Rivers in 1956,
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Island, N.Y., avea, they will be referred to as
Staten Island fish. Shad sampled at Beach Hav-
en were taken from pound nets fished 2 miles north
of Beach Haven, and the shad sampled at Point
Pleasant were taken from pound nets fished 3
miles north of Point Pleasant. Samples from
the Hudson River were taken weekly at Malden
and Kingston, N.Y, beginning May 8 for a period
of 4 weeks and at Old Saybrook and Rocky Hill,
Comn., on the Connecticnt River, for a 5-week
period beginning May 16. Table 1 lists the num-
ber of shad sampled at each sampling location.

TaBLE 1.—Number of shad (Alosa sapidissima) sampled,
by iceeks, on New York-New Jerscy coust and in Hud-
son and Connecticut Rivers, spring 1956

New York-New Hudson Connecticut
lersey coast River River

Sample week Total
Point {Staten | Kings-|Mald- | Old  {Rocky
Peus- |Island,| ton, en, Say- | Hill,
ant, | N.Y. | N.Y. | N.Y. |brook,| Conn.
NI Conn.

55

25

55

54

70

1 110

May 12— 152
May 19 20 104
May 26=June 1. 20 80
June2-8______.. 20 40
June 9-15..._... 20 40
Total..... 85 100 155 S0 8| 100 100 790

Meristic counts, fork length, weight, sex, and a
scale sample were taken from each of the 790 shad
studied. The age of each shad was determined
from its scales using methods outlined by Cating
(1953). The meristic counts were defined as fol-
lows:

Anterior scutes: All scutes from the most an-
terior scufe just reaching the branchiostegals,
counted posteriorly up to and including the scute
between the ventral (pelvic) fins. The embedded
portion of the last anterior scute is anterior to the
origin of the ventral fins.

Posterior seutes: All scutes posterior to the ven-
tral fins. The exposed surface of the first pos-
terior scute in adult fish is usually longer than
that of the last anterior scute.

Pectoral-fin rays: All rays in the left pectoral
fin were counted.

Dovsal-fin rays: All rays including rudimen-
tary and well-developed spinous rays (at the

anterior edge of the fin) were included in the total
fin-ray count.
Anal-fin rays: Same as in the dorsal rays.

REPRESENTATIVENESS OF SAMPLES

The shad samples from the Hudson and Con-
necticut. Rivers were taken in large-mesh gill nets
(averaging 514 inches stretch measure), and sam-
ples from the New York-New Jersey coast were
taken in pound nets. Because gill nets tend to
select. the larger shad while pound nets are re-.
garded as nonselective, there was a possibility that
the river-sampled shad did not represent all size
classes in each population, and that in their me-
ristic count the samples taken were not represent-
ative of the exploited population in each river.
To determine whether the sampled data were
representative, the meristic counts were analyzed
in the following manner with the results
indicated :

1. Analysis of variance for linear regression of
each meristic count on length in the samples ob-
tained from each location in the Hudson and Con-
necticut Rivers showed no significant relation.
Therefore, the counts can be regarded as varying
independently of length. o

2. Since none of the individual meristic counts
varied significant]ly with length, the five meristic
counts from each shad were added. These sums
were used after grouping the samples by river,
sex, and age group to test for any cumulative
meristic variation with fish length. Of the 17
regression analyses, only one group of fish, 6-year-
old males from the Hudson River, showed a sig-
nificant vegression (5-percent. level) between total
count and length. This single relation will be dis-
regarded because significance of this nature can
he expected to occur by chance in 1 of 20 similar
statistical tests. -

3. Analysis of variance tests, using data from
all shad collected at each loeation in the rivers,
indicated no significant differences in meristic
counts between males and females of the same age
group or of different age groups (4-, 5-, 6-, and
T-year-old fish).

4. There were no significant differences in total
meristic eount between weeks at each location, be-
tween locations, or between weeks at different lo-
cations in each river. The interaction of weeks
with location was not significant in either river.
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From the results obtained, it can be concluded
that there was no significant relation between in-
dividual meristic counts or between total meristic
counts and length. Also, no significant differences
in total meristic count between the age groups in
each river, between males and females of any age
group, or between individual samples taken in
each river were found, although the samples were
obtained over a period of several weeks and at
two locations in each of the rivers.

Therefore, as regards meristic counts, samples
of shad taken in the Hudson and Connecticut
Rivers in size-selective gill nets will be considered
representative of the shad population in each
river subject to exploitation by the commercial
fishery and will be referred to collectively as the
Hudson River sample (160 fish) and the Con-
necticut River sample (200 fish).

The meaning of population as used in this
paper is synonymous with local population as
defined by Mayr, Linsley, and Usinger (1953) as
follows: “The individuals of a given locality
which potentially form a single interbreeding
community.” A population can differ from an-
other population in the mean values of various
quantitative characters and also may differ to
some degree in gene makeup or frequency.

ANALYSES OF MERISTIC DATA

To determine whether there were significant
differences in meristic counts between shad from
the Hudson and Connecticut Rivers, analyses of
variance of the five meristic counts from samples
taken in each river were calculated. These analy-
ses are summarized in table 2. Three of the five
counts showed a difference between rivers at the
I-percent level of significance and one count
showed a difference at the 5-percent level. Those
characters showing a difference at the 5-percent
level or higher were the posterior scutes, dorsal-
fin rays, pectoral-fin rays, and anal-fin rays. These
four characters were of most value in separating
& mixed sample of fish native to the two rivers.
Linear discriminant function analysis applied to
the meristic data was used to ascertain the best
separation of a mixed sample of Hudson and
Connecticut River shad. A simple discriminant
function and a more complicated calculated dis-
criminant function were both presented as a
means of separating a mixed population. It was

shown that the calculated function distinguished
Hudson from Connecticut River shad in a mixed
sample with a higher degree of accuracy than
the simpler function.

TABLE 2.—Anualyses of variance for the five moeristic char-
acters to test for difference beticeen rivers in 1956

[All fish (360) sampled in the Hudson and Connecticut Rivers were used in
these tests]

Source of varlation df Sum of Mean Variance
squares square ratio F
Anterior seutes:
1 1. 742 1.742
358 190. 455 . 532
Total. ... ... 359 192.197 | ...
Posterior scutes:
Means. ... _....... 1 22,894 22,894
Within group.____._._.._ 358 237, 7T . 664
Tatal. ... .. 350 260,664 |- oo |iaoeiiooo
1 3.209 3.209 *5. 4
358 2]12.055 CBO2 il
359 215,264 |-l
M 1 23. 401 23. 461 **55.5
Within group. . __...._.. 358 151. 514 A2 |
Total. ... 359 174975 |l
Anal-fin rays:
Means.. ... 1 22, 445 22,445 24,2
Within group..___._...._. 358 332,655 W29 |l
Total . ... 359 355,100 | oo

*Significant at 5-percent level.
**Significant at 1-percent level.

SIMPLE DISCRIMINANT FUNCTION

Following the methods developed by Ginsburg
(1938) and used by Raney and de Sylva (1953),
the sum of the five meristic counts for each fish
was determined for all of the shad sampled from
the Hudson and Connecticut Rivers in 1956.
Actually, in summing the five counts, use is
made of a simple linear discriminant function,
Z=X,+.X.,+X,+.X,+ X, Inthisfunction, 1;=
anterior scutes ; X',=posterior scutes; X';=dorsal-
fin rays; .Y,=pectoral-fin rays; X;=anal-fin rays;
and Z=sum of the five counts. From the sums
or “character indices™ of all the fish in the
sumples, the frequency distributions of the counts
from each river were tabulated (table 3).

The overall bias, or percentage of misclassifica-
tion, of shad native to the Connecticut and Hud-
son Rivers is lowest when the distinetion between
the two populations is made between counts of 92
and 93. The number of shad sampled from the
Connecticut River with a total count above 92 is
35, or 17.5 percent of the sample. The number
of shad sampled from the Hudson River with a
total count below 93 is 73, or 45.6 percent of the
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TABLE 3.—Frequency distributions of simple lincar dis-
criminant function applicd to meristic data from Hud-
son and Connccticut River shad.

[Z=Xi4+ Xa4 N4 X4 Xy

Z Connecti- | Hudson
cut River River

sample. The average percentage of shad sampled
from the Connecticut River with a total count
higher than 92 and of shad from the Hudson
River with a total vount lower than 93 is 31.5
percent. If shad with a total count above 92 are
considered as being native to the Hudson River,
and shad with a total count. below 93 are consid-
ered as being native to the Connecticut River, the
overall error of classitication will be 31.5 percent.
Conversely, an average of 68.5 percent of a mixed
sample of Hudson and Connecticut River shad
will be correctly classified. The method used to
determine the percentage of shad correctly or in-
correctly classified is given by Ginsburg (1938).

CALCULATED DISCRIMINANT FUNCTION

Rao (1952), Johnson (1950), and Hill (1959)
show a method of finding the best linear diserim-
inant function for two multivariate normal popu-
lations. This method gives emphasis to the large
differences that occur in posterior scute counts,
pectoral-fin ray counts, and anal-fin ray counts be-
tween shad from the Hudson and Connecticut
Rivers, and also makes use of the smaller differ-
ences (not necessarily significant) that occur in
anferior scute counts and in dorsal-fin ray counts.
This discriminant function takes the form ¥ =
aX;+b . +eX,+d X+, in which X, through
X, represent the same meristic counts as pre-
viously defined, and the coefficients (« through e)
are derived constants.

To obtain the discriminant. function, the pooled
“within group™ sums of squares and sums of prod-

507801 O -59 -2

uets for the meristic data from shad of the Hud-
son and Connecticut Rivers were divided by the
number of degrees of freedom (358) which gave
the variances and covariances that appear in table
4 in the form of a 5 by 5 matrix.. The variances
are in table 4 under .Y, XY, J.X.X, ...,
X.XX;, and the covariances under the various -
combinations X, X Y., XXX, o XXX,
Following Rao (1952) and using the pivotal con-
densation method, the best linear discriminant
function, using all five meristic characters, was ob-
tained from the 5 by 5 matrix. The calculated
function which will best discriminate between
Hudson and Connecticut River shad is ¥=
0.1053.X, + 0.8014X, + 0.0292.X, + 1.1978X, +
0.5173.X.. The method used to determine the dis-
criminant funetion is illustrated in the appendix.

Taipre $—Varinnces and corvarianecs of the flve meristic
counts in the saanplcs of Hudson and Connceticnt River
shad, 1056

[Baseudl on 360 shad]

Meristic counts X X» X; AV A Difference
in mean

Xleem e 0.5320 | 0.0080 | 0.0233 | 0.0200 | 0. 1054 0. 1400
AY LOBGD | C6RE2 1 L0235 [—. 008S [—. 0240 . K080
0243 | L0235 | .5023 | .09 | .1253 L1900

o200 [—onss | o7ee | (4204 | L0257 L5140

L1054 —.msn' .1283' L0257 | 9202 . 5030

The mean values of the meristic counts obtainer
in samples of shad from the Hudson and Connect-
icut Rivers are shown in table 5. By substitut-

‘ing these values into the caleulated diseriminant

function, ¥=0.10531,+0.8014.Y,+0.0209.Y;+
1.1978.X,+0.6173.Y,, the mean ¥ values for shad
from the Hudson (45.00) and Connecticut Rivers
(43.70) are obtained. The mean ¥ value for the
Hudson River sample is separated from the mean
1" value for the Connecticut River sample by 1.30
units. This difference is also the variance of the
diseriminant. function and is termed I2* (Rao
1932). If D* is the variance of the discriminant

function, the normal deviate is with mean 0

2

and a standard deviation of 1. The probability

. . D .
of obtaining a normal deviate equal to - is equal

to the probability that a tish from one of the two
rivers will be classified correctly when the derived
diseriminant. function is used. The probability of

. D ey .
a normal deviate, 7 or 0.571, is equal to 1 minus
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the probability of a deviate falling outside the
range of 0.571 in a 1-tailed normal distribution.
This probability equals 1 minus 0.284 (Fisher and
Yates, table IX, 1953) or 0.716. Thus, the caleu-
lated discriminant. function will correctly classify
71.6 percent. of the fish in a mixed sample of Hud-
son and Connecticut. River shad.

TARLE H.—Means of the five meristic counts in the amples
of Hudson and Connccticut River shad, 1956

Meristic count Hudson Connecti-
River! |cut River?
Anterlor seutes. X - 21,87 21,73
Posterior scutes, X 15. 56 15.05
Dorsal-fin rays. Xu. . . 18.17 17.99
Pectoral-finrays, Xy . ______..___.. - 15. 44 14.93
Anal-finrays, Xs_ ... 21.66 21. 14
Sum. i 2.7 0.9

1 Based on 160 shad.
2Based on 200 shad.

Straight addition of the counts and the use of
these “character indices” would correctly classify
68.5 percent of the shad in a mixed sample from
both rivers, while the more complex calculated dis-
criminant function will correctly classify 71.6 per-
cent of these fish as to their native river. Rao
(1952) gives a test to determine if the more com-
plicated discriminant function is better than the
simpler character-index type of function when the
theoretical midpoint between the two populations
is the basis of separation. Applying this test
to the two functions, an /' value of 7.45 was ob-
tdined, which is significant at the 1-percent level.
Therefore, the calculated discriminant funetion
was significantly better than the simpler function.

Three assumptions must be satisfied before the
preceding analyses are valid: that the samples
approximate multivariate normal populations:
that they have equal variances and covariances;
and that they are large enough to be representative
of the shad population in their respective rivers.
Each of the five meristic characters in the samples
used in the calculations approximated normal dis-
tributions. Tests for the homogeneity of variance
(Snedecor 1956) of each meristic count in shad
from both rivers indicated equality. Earlier it
was shown that there was no significant correla-
tion between meristic count and length of the
shad. Using methods given by Snedecor (1956),
the range of the variates in the meristic samples,
the estimated size of the 1956 shad population in

each river (Nichols 1958), and the tests applied,
the number of fish in each sample was known to
be large enough for the sample to be considered
representative of each population. It was con-
cluded, therefore, that the discriminant funetion
was developed from sufficient data and that the
samples from the two rivers were representative
and did approximate multivariate normal popu-
lations with equal variances and covariances.

REDUCING ERROR IN CLASSIFICATION

The distance between the mean 17 values of
shad in samples from the Hudson and Connecticut
Rivers after application of the calculated dis-
criminant. function is 1.30. Dividing this figure
by 2 and adding the quotient to the mean for fish
from the Connecticut River, the value 44.35 is
obtained. All shad having a greater value than
this arve considered of Hudson River origin, and
those below this value of Connecticut River origin.
This function will classify correctly, as previously
stated, 71.6 percent of the fish in & mixture of
Hudson and Connecticut River shad, and incor-
rectly 28.4 percent. A reduction in this error of
classifiecation would be desirable.

In figure 2, two theoretical normal curves are
shown representing the I~ values for samples of
equal size from the Connecticut and Hudson
Rivers, and with the line of discrimination inter-
secting the line of 17 values at 44.35. The error
of classification (28.4 percent), using 44.35 as the
separation point, is indicated hy the dotted
and vertical line areas. If every shad with
a T value above 45.00 is classified as a Hudson
River fish, and if every shad with a 1™ value below
43.70 is classified as a Connecticut River fish, the
maximum error of classification of fish from either
the Connecticut or the Hudson River is equal to
the probability of a deviate falling outside the

. 1.30
range of the normal deviate {1z OF an error

of 12.7 percent (Fisher and Yates, table IX,
1953). This error is represented by the vertical
line arvea in figure 2. The unclassified portion
of the sample fish with their total counts, after
application of the diseriminant function, ranging
from 43.70 to 45.00 (the dotted and cross-
hatched areas of figure 2) will be an ex-
pected 37.3 percent (50 minus 12.7). Of those
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- g 500 - )
fish classified (62.7 percent), (:_"fx 100, or T9.7
percent will be correctly classified, and 20.3 per-
cent will be incorrectly classitied. Therefore,
an increased reliability of classification has been
obtained.

CONN. R:

FREQUENCY

|

y

43.70 4435 45.00

Y

Ficure 2.—Theoretical normal curves of the Y values for
samples of shad of equal size from the Hudson and
Connecticut Rivers.

APPLYING THE CALCULATED
DISCRIMINANT FUNCTION

The results of applying the calculated dis-
criminant  function, ¥ =0.1053X;+0.8014.Y,+
0.0292.Y; + 1.1978.Y, + 0.5173.X ;, to samples of shad
from Beach Haven, Point Pleasant, and Staten
Island are summarized in table 6. Those shad
having a ¥ value above 45.00 were classified
‘as Hudson River shad, and those having a ¥ value
below 43.70 were classified as Connecticut River
shad for a total of 265 fish. Shad with a ¥ value
between 43.70 and 45.00 were not classified, which
amounted to 165, or 38.4 percent. of all the sampled
shad. This is in close agreement with the expected
37.3 percent nunclassified, as given in the previous
section.

TasLE G.—Clussification of 2645 shad from the New York—
Neie Joersey couxt as [Tudxon and Connecticnt River fish
by applning calealated diseringinant fonction

[38.4 pereent of shad in samples not elassified]

From Tudson From Connecticut
Sampling loeation River River Taotal
elassified
Number | Percent | Numhber | Percent
Beach Haven. . 41 T3 15 27 56
Point Pleusant. - 45 39 il 6l 115
Staten Island.....____ 4 70 2 21 94

It was necessary to assume when applying the
calculated function that the sampled shad from
the New York-New Jersey coast were native to
either the Hudson or Connecticut River. There-
fore, the following percentages include shad cor-
rectly and incorrectly classified as from the Hud-
son and Connecticut Rivers and may also include
shad native to other rivers along the coast. If
shad native to other rivers in addition to the
Hudson and Connecticut River were present in
the samples obtained on the New York-New
Jersey coust, an unknown bias in the percentage
of Hudson River to Connecticut River shad would
be introduced. This bias or error would be signi-
ficant if the shad from the other rivers had a dis-
tribution of meristic counts more closely resem-
bling those of the Hudson River than the Con-
necticut River, or vice versa. A further discus-
sion of the effects of sampling shad on the New
York-New Jersey coast native to neither of the
two rivers will be given in a later section.

From table 6 it can be seen that 73 percent of
the shad in the Beach Haven sample were classi-
fied as native to the Hudson River and 27 percent
to the Connecticut River. The results at Point
Pleasant were 39 percent Hudson River shad and
61 percent Connecticut River shad. At Staten
Island, 79 percent of the fish in the sample were
classified to the Hudson River and 21 percent to
the Connecticut River. The proportion of Hud-
son to Connecticut River shad classified at Point
Pleasant, which is located between Beach Haven
and Staten Island, was almost directly opposite to
that found at each of the other two stations. To
determine the reason for this reversal, the best
linear discriminant function for each age group
was applied to the various age groups at each
coastal sampling location. Although the numbers
of shad in the samples ditfered and the meristic
counts were lower in the age groups at Point
Pleasant than at the other locations on the coast,
the more precise I” values obtained could not ac-
count. for 'the reversal in proportion of Hudson
to Connecticut River shad in the Point Pleasant
samples.

A tagging program conducted on the New
Jersey coast in the spring of 1956 revealed that
the shad catch from the New York-New Jersey
voast was composed of 76 percent fish from the
Hudson River, 13 percent. from the Connecticut
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River, and 11 percent. from other rivers along the
coast from Chesapeake Bay to the St. Lawrence
River (Nichols 1958). The meristic and tagging
studies gave similar results for the proportion of
Hudson and Connecticut. River shad in the sam-
ples obtained at Beach Haven and Staten Island,
but differed in the Point. Pleasant sample. DBe-
cause the data obtained at Point. Pleasant during
the meristic study were not in agreement with
those obtained at. Beach Haven and Staten Island,
or with those of the tagging study, it was assumed
that a sampling or counting error occurred at
Point Pleasant. Therefore, only the Beach Haven
and Staten Island meristic data were used to
estimate the proportion of Hudson and Connect-
icut River shad caught on the New York-New
Jersey coast. Averaging the data from these two
stations, the estimated percentage of shad classi-
fied to the Hudson and Connecticut Rivers that
were taken off the New York-New Jersey coast
in 1956 was 77 percent and 23 percent, respec-
tively.

Diseriminant funetion anaiysis will not com-
pletely discriminate a mixed sample of shad from

.the two rivers because 28.4 percent of the ¥ value
distribution of each river overlaps that of the
other river. Therefore, shad with ¥~ values in
the area of greatest overlap (between X values
43.7 and 45.0 in fig. 2) were not classified. This
amounted to 37.3 percent of the shad sampled in
the Hudson and Connecticut. Rivers, and 38.4 per-
cent of the shad sampled on the New York-New
Jersey coast. Refusing to classify 38.4 percent of
all the shad sampled on the coast reduced the error
in classification from 28.4 percent to 20.3 percent.
This is the percentage of fish native to one river
that is incorrectly classified as being native to the
other river. If the coastal sample was composed
of an equal number of fish from both rivers, the
0.3 percent. error would cancel out. Since the
percentage of shad native to the two rivers was
not. the same (77 percent versus 23 percent), a cor-
rection must.- be made to remove the 20.3 percent
error and thereby obtain the best estimate of the
percentage of Hudson and Connecticut. River shad
taken on the New York-New .Jersey coast.

Of the 150 shad in the Staten Island and Beach
Haven samples that were classified (table 6), 115
were classified as native to the Hudson River and
35 were classified as native to the Connecticut

River. The 115 shad classified as native to the
Hudson River contained shad native to the Con-
necticut River, and the 35 shad classified as native
to the Connecticut River contained shad native to
the Hludson River. The best estimate of the num-
ber of shad native to each river was determined
by solving the following pair of simultaneous
equations:
H+0203 ('=115
C'+0203 H= 35

In these equations  equals the number of shad
classified as Hudson River shad that were Hudson
shad; 0.203 (' equals the number of shad classified
as Hudson River shad that were Connecticut
River shad; ¢’ equals the number of shad classi-
fied as Connecticut. River shad that were Con-
necticut River shad; and 0.203 A equals the num-
ber of shad classified as Connecticut River shad
that were Hudson River shad. The number of
shad sampled on the New York-New .Jersey coast
and assigned to the Hudson and Connecticut
Rivers was 135 (112423, or A +0.203 H) and 15
(i2+3, or ('+0.203 ('), vespectively. Therefore,
it was concluded from this meristic study that the
proportion of shad landed on the New York-New
Jersey coast classitied as Hudson River or Con-
necticut River shad was 90 percent and 10 percent,
vespectively.

DISCUSSION

In the analysis of meristie data, it was assumed
that-the catch of shad along the New York—New
Jersey coast was composed only of shad native to
the Hudson and Connecticut Rivers. The tagging
study, which was conducted concurrently with the
meristic study on the New York-New Jersey coast
(Nichols 1958), revealed that 11 percent of the
shad caught here in 1956 were native to streams
other than the Hudson and Connecticut Rivers,
from Chesapeake Bay to the St. Lawrence River.
If, as estimated from tag returns, 11 percent of
the shad taken on the New York-New .Jersey
coast. were not. native to the Hudson and Con-
necticut Rivers, there may he an error of as much
as 11 percent. in the proportion of shad found na-
tive to both of these rivers (90 percent Hudson,
10 percent. Connecticut). The effect of shad na-
tive to other rivers on the determination of the
proportion of Hudson and- Connecticut. River
shad taken on the coast would depend on the



ORIGIN OF NEW YORK-NEW JERSEY SHAD CATCH, 1956 169

meristic-count distribution of these shad. Ifmost
of the fish native to other streams had total meris-
tic counts of 45.00 and above, after application
of the calculated diseriminant function they would
be classified as Hudson River fish; and con-
versely, if most of the fish had total meristic
counts of 43.70 or less, they would be classified as
Connecticut River fish.

Cable, in years previous to this study, collected
meristic data® from shad caught in many shad-
producing areas from Chesapeake Bay to Maine.
The average meristic counts obtained by Cable
for shad from areas other than the Hudson and
Connecticut Rivers were generally in the range
between the average 1956 counts for the shad
sampled in the two rivers. Therefore, the ervor
introduced by classifying coastal-caught shad
native to other streams as Hudson River or Con-
necticut River fish was considered negligible.

From the tagging study which was conducted
concurrently with the meristic study, it was con-
cluded that the shad catch on the New York-New
Jersey coast was composed of 76 percent Hudson
River fish, 13 percent Connecticut River fish, and
11 percent fish from other areas (Nichols 1958).
The proportion of Hudson River to Connecticut
River fish in the New York-New Jersey coastal
shad cateh was determined from these data.
Seventy-six percent of the shad caught on the
coast were considered to be native to the Hudson
River, and 13 percent were considered to be native
to the Connecticut River. Consequently, the por-
tion of Hudson River fish in a ratio of Hudson
River to Connecticut River shad caught on the
coast was — 0 ,

T6+13
shad considered to be native to the Connecticut

or 85 percent. The portion of

River was = , ov 15 percent. Therefore, as

13
T6+13
determined from the tagging study, the best. esti-
mate of the proportion of shad landed on the coast
native to the Hudson River and Connecticut River
was 85 percent and 15 percent, respectively. From
the meristic study it was calculated that the coastal
shad catch was composed of 90 percent Hudson
River and 10 percent Connecticut River fish. The
proportion of shad taken on the coast native to the
Hudson River and Connecticut River as deter-

1 Unpublished d@ata. U.8. Pureau of Commercial Fisheries,
Blological Laboratery, Beaufort, N.C.

mined by meristic data and tagging studies com-
pares favorably. This favorable comparison indi-
cates that the proportion of shad native to the
Hudson River and Connecticut River taken on the
coast, as calculated from the sampled meristic
data, was not appreciably affected by shad native
to rivers other than the Hudson and Connecticut.

In the meristic study it was assumed that the
coastal catch was composed of only Hudson and
Connecticut River fish; however, the tagging
study revealed that approximately 11 percent of
this catch was composed of shad from other areas.
Since this percentage was small, its effect on the
meristic determination of the proportion of Hud-
son River to Connecticut River shad caught on
the coast would be negligible, and for practical
purposes could be disregarded.

It was estimated that the cost of the merjstic
study was approximately one-tenth that of the
tagging program. Therefore, when a meristic
study is practical to separate populations, this
method should be considered since it may yield
information comparable to that obtained from a
tagging study at only a fraction of the cost.

SUMMARY

Meristic data obtained from shad sampled on
the New York-New Jersey coast and in the Hud-
son and Connecticut Rivers were analyzed to de-
termine the proportion of the 1956 coastal catch
native to the two rivers.

Meristic counts obtained from shad sampled in
the Hudson and Connecticut Rivers were found
to be representative of each shad population.
Five meristic characters were used to derive a
simple discriminant function that. correctly classi-
fied 68.5 percent of the fish in a mixed sample of
Hudson and Connecticut River shad. The cal-
culated best linear discriminant function. which
gave emphasis to the larger differences between
certain meristic characters of Hudson and Con-
necticut River shad, correctly classitied 71.6
percent of a mixed sample of Hudson and Connect-
icut. River shad. The percentage correctly classi-
fied ean be increased if the fish in the region of
greatest overlap in meristic counts are not classi-
fied. Therefore, when 62.7 percent of the fish in
the sample are classified, the percentage correctly
classified is increased to T9.7 percent. The error
in classification (20.3 percent) is the percent of
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either population classified as being native to the
other population.

The caleulated best linear discriminant fune-
tion obtained from the Hudson and Connecticut
River shad meristic data was applied to the meris-
tic data from shad samples obtained at three loca-
tions on the New York-New Jersey coast—Beach
Haven and Point Pleasant, N.J.,, and Staten
Island, N.Y. Assuming that only shad from the
Hudson and Connecticut Rivers were present in
the coastal samples, the percentages of shad as-
signed to each river were Beach Haven, 73 per-
cent Hudson River, 27 percent Connecticut River;
Point Pleasant, 39 percent. Hudson River, 61 per-
cent Connecticut River; Staten Island, 79 per-
cent. Hudson River, 21 percent Connecticut River.
The meristic data obtained at Point Pleasant were
not used since they did not agree with the find-
ings “at Beach Haven or at Staten Island or with
the results of the tagging program which was
conducted concurrently with the meristic study.

. Analysis of meristic data from shad sampled
at Beach Haven and Staten Island revealed that
the ratio of Hudson-to-Connecticut shad in the
New York—New Jersey coast catch was 77 per-
cent and 23 percent, respectively. After correc-
tion of these results for the 20.3 percent error in
classifieation of shad native to either river, the
percentages of Fudson and Connecticut shad in
the New York-New .Jersey coast shad catch in
1956 were estimated to be 90 and 10 percent.

A tagging study conducted concurrently with
the meristic study on the New York-New Jersey
coast revealed that the coastal shad catch was
composed of 11 percent fish native to rivers other

than the Hudson and Conuecticut. If these shad
had meristic-count distributions similar to either
Hudson or Connecticut River shad, a bias would
be introduced into the determination of the pro-
portion of Hudson to Connecticut River fish
taken on the coast as determined from the meristic
study. Previous studies indicate that the average
meristic counts for shad caught in many shad
producing areas from Maine to Chesapeake Bay
are generally in the range of the meristic counts
found for the shad sampled in the Hudson and
Connecticut Rivers. Therefore, the error intro-
duced into the determination of the proportion
of Hudson River to Connecticut River fish in
the coastal catch was considered negligible.

It was concluded from the tagging study con-
ducted concurrently with the present investiga-
tion that the coastal shad catch was composed of
76 percent Hudson River fish, 13 percent. Connect-
icut. River fish, and 11 percent tish from other
areas. The proportion of Hudson to Connecticut
River shad in the coastal shad catch was there-
fore 85 percent and 15 percent,
These results compare favorably with those ob-
tained from the meristic study where it was de-
termined that the coastal catch was 90 percent
Hudson River fish to 10 percent Connecticut
River fish.

The cost of the meristic study was approxi-
mately one-tenth that of the t‘wginrr study.
Therefore, when a meristic study is pldctl(.“‘ll to
separate populations, it should be considered since
it may yield comparable information to that ob-

tained from a tagging study at only a fraction
of the cost.

respectivelv.
Ey o
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APPENDIX

CALCULATING LINEAR DISCRIMINANT FUNCTION

Rao (1952) and Johnson (1950) outlined the
method that. was used to ealeulate the diserimi-
nant funetion. In this supplement, caleulation
of the diseriminant function is presented in a
simple Int. detailed manner. The method can be
applied to any number of characters, but. to sim-
plify the process, three characters from each fish
have been used. The three sets of characters from
each of two groups of fish are denoted as «, b, and
e. Group 1 consists of 30 fish and group 2 of 40
tish (table A-1). The steps in ealeulating the
diseriminant funetion are as follows:

Step 1 —Calenlate the values of the characters
as listed in table A2,

Tasrk A~1.—TFalues of three sclected eharaeters from tieo
groups of shad

Group 1! Gronp 2?

m Iy 1 iz ha ra
23 16 17 2 13 17
23 15 17 n 14 17
22 14 20 o2 15 17
31 16 17 22 15 18
21 16 18 21 15 18
21 16 18 22 15 18
x 15 17 22 13 18
22 17 17 21 15 18
22 16 18 n 15 18
22 14 17 22 14 18
21 15 18 21 15 18
21 17 17 21 16 17
23 16 18 22 15 17
21 15 18 21 1 18
2 14 17 22 15 17
23 17 17 22 15 18
2 15 20 s 15 18
22 15 18 21 15 17
22 14 18 pd 15 17
23 17 14 Pt 15 19
22 15 14 23 17 18
22 15 18 2 16 17
21 1] 18 2 14 17
21 17 19 22 15 18
2 15 19 21 13 18
21 16 18 21 15 18
21 15 19 20 14 17
22 168 17 22 18 14
23 14 18 23 15 19
2 15 13 21 15 18

21 15 14

21 15 14

23 13 17

a2 15 18

32 16 13

21 15 14

33 15 18

22 14 18

21 14 19

21 15 17

1 Based on 30 shud.
? Based on 40 shad.

Step 3.—Calculate the pooled within-groups
sums of squares and sums of products. This is
shown in detail in table A-3 and summarized in
table A—4.

Step 3—The variances and covariances shown
in table A-5 were determined by dividing the
within-groups values in table A—4 by the number
of degrees of freedom (n,+n,—2), which in this
case iy 68, The “difference in means™ column in
table A-5 is determined as follows:

t— Ty Uy —bsy and 6;—¢z

TABLE A-2—S8um, nican, sum of squarcs, and sum of prod-
uets for the three cliaracters in the tieo groups of shad

Sum of
SHUAres

Sum of

Charncters Sum Meun
. products

Group 1 (n;=30
fish):

Say=656

By =463

Se=534

m=21.8667 | Sai?=14.360 [ Saby=10,282
Ta=15.6000 | 2h2=7,326 | Smei=11.784
Q=17.9667 | Sci2=u707 | She=8. 403

fish):

Buz=86% | w=217000 | Sa2=18 854 | Seobe=12, 569

[ Sha=503 | Ta=14.8250 | Sha?=8 821 | Sawee=15, 537
See=716 | C:=17.9000 | Te=12,836 | Staco=10.617

Taprk A-B.—Calciulation of pooled total and group sums
of syuarcs and sums of products for groups 1 and 2
[n1=30 fish: n2=40 fish)

Characters Calculation for groups 1 and 2
1, A2t
Total ... Em?-{;.‘.:ne‘-‘=33.214.00(m
Bty (Saa)? ] (63612 86812 g5
Group sums. T + m T + o 33,150.1333

________ Suihy4-Sazba=23,101.0000

Geroup sums. (Sa) (=h) +(::u:) (3h2)=(ﬁﬁﬁ? gﬁs) +(sr»s) (_593)=23,101.7000
n Az 30 40
@y, C1, az, €1l
Total._______ =a1014 Suaca=27,321.0000
Sai)(Zen) 2) (Ses) _ (656) (539) | (S68) (716) _ o oo
i {1 = 27,323.333;
, (;loll]) sums. m + ™ 30 + 0 7,323.3333
I, e
Total. ..o._..| Ihyt4-Sba?=18,147.0000
(Sln)?, (Sha)?  (44%)2 ) (593)2
It PRl B} = =2 =16,042.0250
’ _.ru:p:ums. " + e =80 + 0 16,042.0
I, €1, O3, €20
Total. . Bhyer+Shaca=10,020.0000 i
¢ <ha) (Sea 5 =160
Group sums. (.‘.ll,)(_EC.)+(_I:g) [ =“ﬁs,)(339)+{-503)(‘“)=19.023.1000
n n2 30 40
€1, C20
Total........ Se24-Scet=22,543.0000

Group sums. +74l—l;‘)’ =122,500.4333

y n: 30
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TABLE A—t.—Calculation of wcithin-groups sum of squarcs and xum of products for {he three characters within the

two groups, 1 and 2

e b ¢
Total=233, 214. 0000 . Total=23, 101. 0000 Total =27, 321. 0000
a Groups=33, 180. 1333 Groups=23, 101. 7000 7, 323. 3333

Within groups= 33. 3667

Within groups=  —. 7000

Within groups= —2.3333

Total=18. 147. 000)
Groups=16. 092. 0250

Total=1Y, (0. Q000

Within groups=

Groups=19, 023. 1000

54.9750 Within groups= —. 1000

Total=22, 543. 0000
Groups =22, 500. 4333

Within groups= 42, 5667

TaBLE A—-5.—Variance and covariance based on (n,4-n;— &)
degrees of freedom

Difference Sum
a b ¢ in means | including
Indented
[ S, 0. 4980 —0.0103 —0. 0343 0. 1667 0. 6201
. 8085 —. 0456 L7750 1. 5276
_______________________ . 6260 . 0667 . 6128

TABLE A-B.—Pivotal condensation of 3 by 3 matrix to ob-
tain suceessive best discriminant functions

[Numerleal values]

I L I v v V1

Differ- | Sum in- | Check
ence cluding |excluding
in means | indented | indented

—0.0103 [ —0.0343 0. 1667 0. 6201

L8085 [ —.0456 | 7750 | 1.5276

.......... 620 | o867 | .6128

11,0084
—.0207 | —.0689 | .3347 ... ... 1. 2451
8083 [ —.0483 | .7ist | LA19T | 15404
Haeommoeman .6236 |  .0782 |  .5866 . 6555
H S —.0558 | 1.1355 - 8008
1,000 [ —.0573 | 9630 ... 1. 8801
CoTomRil e209 | L1228 | L6168 .6736
TR ER " H I —.8054 | 6350 | —.3280
—.0923 | 1.0000 | .1978 [ ... . 9926
o3 [T —s2er | L7109 .5131

1 8um of difference.

Step j—Lines 01, 02, and 03 in table A-6 are
the same as lines «, b, and ¢ in table A-5. By ap-
plying the pivotal condensation method to the
3 x 3 matrix in table A-5, successive discriminant
functions are obtained using one, two, and then
three characters (table A-6, lines 13, 22, 31). In

table A-T7, letters are used to illustrate the pivotal
condensation method for obtaining the values
shown in table A—6. For example, the value
0.6236 shown in line 12, colunm IIT was ealculated
by the formula K— (('. ;’y) (table A-T, line
12, column III) as follows: 0.6260— (—.0343)
(.0689) =0.6236. Column VT of table A—6 is used
to check on the mathematieal computations as one
proceeds with the pivotal condensation of the
matrix.

Line 31 of table A-6 is the best linear discrim-
inant function caleulated from the three sets of
measured characters. This function takes the
form ¥ =.3685a+.974364.1978¢.

CALCULATING PERCENTAGE OF
MISCLASSIFICATION

If the values for «, &, and ¢, in group 1 of
table A-2 are substituted in the evolved
diseriminant function, the ¥ value for group 1 is
0.3685(21.8667) +0.9743(15.6000) + 0.1978(17.9667)
=26.8108. 'When the mean 1" value for group
2, 0.3685 (21.7000) + 0.9743 (14.8250) + 0.1978
(17.9000) =25.9811, is subtracted from the I
valie for group 1, the difference is 0.8297. This
value is the same as line 31, column IV, table A-8,
and is equal to the variance of the derived
function.
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TaBLE A-T.—Pivotal condensation of a 3 by 3 matriz to obidin successive best diseriminant functions

[Coded letter values]

III

Iv

Difference in
means

v

Sum including indented

VI
Cheek excluding indented

| N Fi.p= Eid Q
P P
4 VR %=(G-Q)=m % ‘_(QQ =h
C- I, By P < —
| g
B ’—(%"j) I—;—(w-j) =

(E4+F4+G+da =1L
(P4 - J4d) = M
(G+J+K+do)=N
(dotdotde)=T

Sum of line 11=U
Sum of line 124-9=X

Sum of line 13+R+W=Z

Sum of line 31=2¢

EtFtGdds_g

E

M—(F.5) or U—g

-G

N-—(G.¢ N—Z
(G.S) or X dE
T~ (da.s zZ-.ta
(d4.S) or B

R FiLP+Q+R

b 2 b E o+ -7

: P

H'—( a.f)=j Sum of line 21=f X—@.@ orf-2
I) l)

1'—(}?.% =t | Sum of lin 224jm==z Z—(G.R) o -8

i

Sum of line 30=¢

J .
v—=.0r 2—q.,
% q.]

When 0.8297 is divided by two and this quotient
(0.4148) is added to 25.0811 or subtracted from
26.8108, the value 26.3960 is obtained. If the a,
b, and ¢ values for any unclassified fish belonging
to group 1 or group 2 are substituted in the dis-
criminant function, any fish with a I value above
926.3960 will be classified as group 1, and any fish
with a T value of less than 26.3960 will be classi-
fied as group 2.

The error of classification will be equal to 1
minus the probability of the normal deviate

04148 0.4148
V08207 00110
normal deviate is 0.68 (Fisher and Yates, table
IX, 1953). Therefore, the error of classification
for group 1 fish or group 2 fish is 32 percent.
When classifying a mixed sample containing shad
helonging to either of the two groups, 32 percent
of the sample will be incorrectly classified.

=0.46. The probability of this

U. S. GOVERNMENT PRINTING OFFICE : 1959 O -50780)



UNITED STATES DEPARTMENT OF THE INTERIOR, Fred A. Seaton, Secretary
FISH AND WILDLIFE SERVICE, Arnie J. Suomela, Commissioner

FOOD OF THE PACIFIC SARDINE
(SARDINOPS CAERULEA)

BY CADET H. HAND AND LEO BERNER, JR.

(Contribution from Scripps Institution of Oceanography, new series)

FISHERY BULLETIN 164
From Fishery Bulletin of the Fish and Wildlife Service
VOLUME 60

PUBLISHED BY UNITED STATES FISH AND WILDLIFE SERVICE « WASHINGTON e« 1959
PRINTED BY UNITED STATES GOVERNMENT PRINTING OFFICE, WASHINGTON, D.C.

For sale by the Superintendent of Documents, U.S. Government Printing Office, Washington 25, D.C.
Price 15 cents



Library of Congress catalog card for the series, Fishery Bulletin of the Fish
and Wildlife Service:

1

U. S. Fish and Wildlife Service.

Fishery bulletin. v. 1-
Washington, U. S. Govt. Print. Oft., 1881-19

v. in illus., maps (part fold.) 23-28 cm.

Some vois, issued in the congressional series as Senate or House
documents.

Bulletins composing v. 47~ also numbered 1-

Title varies: v. 149, Bulletin.

chg. 119 issued by Bureaun of Fisheries (called Fish Commission,
v. 1-23)

1. Fisheries—U. 8. 2. Fish-culture—U. §. 1. Title,
SH11.A95 639.206173 9—35239*

Library of Congress 99r55bl;



CONTENTS

Page
Methods . _ . o o e e e 175
Food of the sardine _ _ _ . - _ e memmmaao 177
Summary_ ... _.__. e e e e eimmae e 179
Literature cited_ - - e e emm e 179
Appendix L el 181



ABSTRACT

Stomach contents of adult and juvenile Pacific sardines (Sardinops caerulea),
ranging in size from 31 to 285 mm. standard length, were investigated. Crus-
taceans were found to be the major food item, contributing 89 percent of the
organic matter in the stomachs. Size of fish, within the range investigated,
had little effect on the food contained in the stomachs, except for a smaller
amount of phytoplankton in the juvenile fish.

A very high correlation was found between stomach contents of fish taken
from a single sechool. The stomach contents also showed high correlation with
plankton samples taken at the same time and place.

It was concluded that sardines are omnivorous, are filter feeders as well as
particulate feeders, and, at least at times, are selective feeders.

v




FOOD OF THE PACIFIC sARDINE (Sardinops caerulea)

By CADET H. HAND and LEO BERNER, JR.

UNIVERSITY OF CALIFORNIA

Studies of the food of the adult Pacific sardine,
Sardinops caerulea (Girard), have been limited
in scope. Lewis (1929) studied the stomach
contents of 207 sardines collected in the San
Diego area and found a good relation between
surface plankton and the stomach contents of
these fish. He concluded that phytoplankton
was a very important part of the food, although
crustaceans and other zooplankters played a
major role in the diet of the sardine.

Parr (1930}, in a review of Lewis’ data, found
that zooplankton in the stomachs showed much
less variation in numbers than did the phytoplank-
ton. Using these results he suggested that zoo-
plankters might be the object of special pursuit
and the phytoplankton was ingested incidentally.

Hart and Wailes (1931) found a high propor-
tion of diatoms in the stomachs of Canadian
sardines collected in 1929, a vear of very low oil
production per ton of fish. The authors suggest
that ‘“red feed” (crustaceans), which makes re-
duction of the fish more difficult, may in the end,
actually lead to higher oil production.

Radovich (1952a) examined the stomachs of
42 fish from central Baja California and southern
California. He found that the bulk of the food
material consisted of crustaceans, with the cope-
pods dominating. He concluded that sardines
are both filter and particulate feeders.

In 1949, the present study of the food of the
adult Pacific sardine was begun as part of the
Marine Life Research Program. This program is
Scripps Institution’s component of the California
Cooperative Oceanic Fisheries Investigations, a
broad study sponsored by the California Marine
Research Committee and carried out cooperatively

Note.—Thu senior author was formerly Research Biologist, University of
California, Seripps Institntion of Qeeanography; present address: Univer-
sity of California, Berkeley, California. The junior author was formerly
Fishery Research Biologist, U.S. Fish and Wildlife Service, South Pacific
Fishery Investigations; present address: University of California, Seripps
Institution of Oceanography. La Jolla, California.

Approved for publication, March 5, 1959 Fishery Bulletin 164.

by Scripps Institution of Oceanography of the
University of California, the Bureau of Marine
Fisheries of the California Department of Fish
and Game, the South Pacific Fishery Investiga-
tions of the United States Fish and Wildlife
Service, the Hopkins Marine Station of Stanford
University, and the California Academy of
Sciences.

The authors are indebted to John Radovich,
California Department of Fish and Game, and to
Drs. M. W. Johnson and E. W. Fager of Scripps
Institution for their critical reading of the manu-
script and many helpful suggestions.

METHODS

The fish from which the stomach samples were
obtained were collected along the coast of central
Baja California and southern California by the
California Department of Fish and Game (see
figs. 1 to 3 and table 3). Various methods of
collection were used: gill net, beach seine, dip
net, and dynamite. The majority of the speci-
mens were collected at night by the latter method.
The digestive tracts were removed immediately
and preserved in formalin for transport to the
laboratory. The earlier collections included di-
gestive tracts alone; later samples were accom-
panied by plankton samples taken as nearly as
possible at the same time and place as the fish.
The plankton was collected by a net 0.5 meter in
diameter, with a mesh opening of approximately
0.6 mm., hauled vertically in a standard manner.
On five occasions, plankton samples were collected
from various depth layers. A more complete
description of the methods and of the various
data taken is given by Radovich (1952b).

In the laboratory, the contents of the oesoph-
agus and stomach, including the eaecum, were
removed and studied. Originally, the stomachs
were analyzed separately; all items in each
stomach were counted, or if the amount of material

175



176 FISHERY BULLETIN OF FISH AND WILDLIFE SERVICE

OINT CONCEPTION

®
CRUISE

249Y4
0 49Y5
a 50YI
+50Y2

Ficure 1.—Location of stations occupied on cruises 49Y4,
49Y5, 50Y1, and 50Y2. Arrows indicate closely spaced
stations.

was too great, an aliquot of the contents was
counted. After it had been established (as dis-

cussed in the next paragraph) that there was no

significant variation in stomach contents between
fish from the same sample (school), the stomach
contents from the individual fish in each sample
were combined before counting. A total of 585
stomachs was examined. Most stomachs (571)
were from adult fish with standard lengths in the
range 110 to 235 mm. The following discussion
is based largely on these fish. The stomach
contents of 14 small fish, 31 to 85 mm. standard
length, were not markedly different from the
adults, except for an almost complete absence
of phytoplankton (appendix table 3).

In the analysis of the data on food content, it
was first pertinent to establish whether or not
individuals from the same school had been feeding
on the same organisms. If this were found to be
true, then it would not be necessary to consider
each fish individually. Analysis would be facil-
itated by combining the stomach contents of fish
from the same school. The gross appearance,
texture, and color, of stomach contents of fish

. POINT CONCEPTION

s %
® gt SAN DIEGO

: St

CRUISE
2 50Y5
050Y6

850Y7

Ficurs 2.—Location of stations ocecupied on cruises 50Y5,
50Y6, and 50Y7. Arrows indicate -closely spaced
stations.

from single schools were similar and suggested
that the fish had been feeding on the same or-
ganisms. The stomach contents of fish from
seven samples (schools) were compared in detail.
Six of the samples contained 10 fish, while the
seventh contained 9. Data from a typical sample
of 10 fish, 49Y5~2, are given in appendix table 1.
Kendall’s coefficient of concordance (Siegel 1956,
pp. 229-239) was used to test for agreement
among the 10 fish in regard to the relative abun-
dances of the different organisms found in the
stomachs. This method of analysis, using ranks,
is distribution free. The chi-square value ob-
tained (2=92.6 with 12 degrees of freedom)
indicates that the probability of the agreement

" observed between the stomach contents of 10

fish occurring by chance alone is less than 0.001.
Comparison of stomach contents within each of
the other six samples indicates a similar probability
for the agreement to have occurred by chance.
On the basis of these data it was decided that
stomach samples taken from single schools could
be combined and treated as & unit.
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POINT CONCEPTION

CRUISE
a5iY7
o 52Y7 '

052Y8

Freure 3.—Location of stations occupied on eruises 51Y7,
52Y7, and 52Y8. Arrows indicate closely spaced
stations.

FOOD dF THE SARDINE

In all, 34 different groups of organisms were
identified in the stomach contents. Owing to
the semidigested condition of the material and
the time involved, it was not considered practical
to carry out specific identification.

The types of organisms and their percentage
occurrence in the sardine stomachs are listed in
table 1.

There is, in general, good agreement between
the occurrence of items found in the sardine
stomachs and in the plankton. Some marked
differences may have resulted from the softer-
bodied organisms, such as plutei, annelid larvae,
doliolids, and medusae, being quickly digested in
the stomachs and losing their identity, and some
fast-moving animals, such as euphausiids, eluding
the net. In addition, small items, such as copepod
eggs and nauplii, were not properly retained by
the coarse-meshed net.

" Since the numbers of organisms found in the
stomachs and in the plankton hauls were of differ-
ent orders of magnitude, rank correlation (Ken-
dall’s tau; Siegel 1956, pp. 213-223), was used in
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TABLE 1.—Frequency of occurrence of various {ypes of
organisms found in the slomachs of 273 sardines

Percentage
Organism occurrence

in stomachs
Small eoPePOds. - oo oo oo cmm e 100
Larvaceans .- - 93
Fish eggs_... - 79
Diatoms.___.___.___ - 75
Chaetognaths.______ . 73
Dinoflagellates_____ - 71
Large copepods. . - 70
Cladocerans_......... - 65
Cyphonautes larvae. ... 64
Euphausiid fureilia and calyptopis larv - 50
Qastropods (adults and larvae)........ . 49
Lamellibranch larvae..______. - 48
Copepod nauplli.____ R 47
Radiolarians and silk 46
Euphauslid nauplii 40
Annelid larvae..__. 36
Euphausiid eggs. 32
2068 1arVaR . e et 29
Euphausiid adalts. _________ 24
Amphipods. . ... iciman. 19
Barnacle nauplil. .- . ol 18
Fishlarvae ... amiaiaoo- 17
Barnacle cyprids. .. ..ol 16
Sipbonophores. . __ el 15
F T o 15
MuysiAs. o s 13
Copepod eggs. 10
Shrimp larvae. .. 8
Brachiopod larv: 4
Ostracods... 4
Foraminifera; 3
Dollolids.... 2
Cumaceans. . 1
Isopods. oo 1

making comparisons. In every case, correlation
was very good between plankton hauls in the
upper layers of water and in the stomach contents.
At five stations it was possible to compare stomach
contents with plankton collected at various depths.
As might have been expected; correlation was
best between fish collected near the surface and
plankton collected in the upper layers. The re-
sults of these analvses are summarized in table 2

TasLE 2.—Comparison of contenls of sardine stomachs and
plankton hauls taken at the same time and place

[Basic data in appendix table 2]

Number | Depth of | Rank correlation
Sample number of items haul coefficient !
compared| (meters)
16 (2) +-0.508 (p= 0 003)
13 ™ A
18 Q] +0.302 (p= 038)‘
20 @) 4-0.595 (p=0.0001)

0-22 | 40.55 (p=0.002}
22-49 | 4-0.33 (p=0.041)

+40.353 (p=0.028)
+-0.500 (p=0.003)
+0.416 (p=0.012)
0-28 | +0.506 (P—O 006;

i

h

'

'

i

'

'

]

'

'

'

]

'

'

]
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'
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-3

P Ty ———

<
1
D
N

+0.745 (p=0.0007)
62-140 | -40.411 (p=0.039)*

*Indicates those values in which tau values were corrected for ties.
1 Significance level.
1 From various depths: in general, from sea bottom to the surface.
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TaBLE 3.—List of stations with dates, times, and locations of

sampling
Station Date Time Location
49Y5-2. ... 21-X1I-49 0145 | 1 mile off center of Catalina Island.
S0Y1-16. ... 16-I-50 2225 | 6 miles south of Point Loma.
50Y2-4.__._..| 28-11-50 0830 | 9.2 miles 323° T.from Point Vin-
cente Light.
50Y2-6_-.__..| 1-III-50 0840 | 5.9 miles 038° T.[rom W. Point
Santa Cruz Island.
9-V-50 2140 | 3.5 miles off Ocean Beach.
11-V-50 0030 | 60 Mile Bank.
12-V-50 0245 | 32°08’ x 119°48’.
8-VIII-51 0025 { 2.5 miles southeast of Newport.
11-VIII-51 2115 | 1 mile northeast of Point Dume.

This close correlation between stomach contents
and plankton would be expected if the sardine is
an omnivorous, filter-feeding fish. As stated
previously, Lewis (1929) found good correlation
between the sardine stomach contents he ex-
amined and plankton samples taken in the same
area.

Our data do not allow any precise statement
as to the degree of selection of specific food par-
ticles as opposed to the filter-feeding activities of
sardines. Some stomach contents, not included in
this study, indicate that sardines use both methods
of feeding in nature and observations in aquariums
support this view. Davies (1956) found that
South African pilchards (Sardinops ocellata) could
live as long as 6 months as particulate feeders in
aquariums from which all plankton had been
removed. He later concluded (1957) that the
pilchard is mainly a filter feeder on plankton, but
at times may be a particulate feeder. Groody
(1952) observed the feeding of sardines of 200
mm. standard length in aquariums. The fish
fed almost entirely by filtering. They merely
oriented toward a cloud of brine shrimp, in-
creased their - swimming speed and, while the
cloud was dense, did not select but plunged
through it with their mouths open, filtering many
shrimp from the water by the action of their gill
rakers. Only when the shrimp became extremely
scattered did the sardines feed on individual
shrimp. During this particulate feeding, no
selection of shrimp according to size was observed.
Sardines aceepted dead brine shrimp. This re-
sult, combined with others, led Groody to con-
clude that the fish found their food by reacting
to odor.

Adult sardines feed selectively in nature.
Samples have been examined in  which the
stomachs contained almost exclusively a single
food item. In this investigation two particularly

unusual observations of stomach contents were
noted. In one, the stomachs were filled almost
entirely with euphausiids; in the other, fish larvae
comprised the sole food item.

The total organic content (food value) of the
more common items found in the stomachs is
probably a better measure of their relative im-
portance than either frequency or abundance
alone. The organic matter contained in the
following food was determined by ashing:

Average
Size organic | Number of
Organism {(mm.) matter/ | specimens
specimen ashed
(mg.)
Small copepods. . oo oo i 0.9 0.04 100
Large copepods. .. - 1.8 0.07 100
Euphausiids_. .. 10.0 0.9 10
Anchovy eggs. . 0.9 0.1 100
Chaetognaths..._. 13.0 0.1 10

From the literature, the following values were
obtained for phytoplankton organisms: Dino-
flagellates (Prorocentrum micans), 2 ¥ 10° cells
per gram of dry material (Fox and Coe, 1943);
small diatoms 6.75 X 10° cells per gram of organic
matter (Fox and Coe, 1943); Calanus finmarchicus,
0.27 mg. per individual (Marshall, Nicholls, and
Orr, 1934). Using these figures, we may esti-
mate the nutritive role of the more prominent
elements of the sardines' diet. The following
results are based on average stomach contents of
571 fish:

Average Total Total
Organism number organic organic
in 571 matter |- matter
stomachs {mg.) (percent)
Diatoms.__.__ ... 1. 14X108 1.77 4.9
Dinoflagellates. - 33. 000 0.7 L9
Small copepods. .- I 686 26. 64 74.2
Large copepods.......... I 20 *3.4 9.5
Euphausilds_____._..._.. I 2 1.8 5.0
Chaetognaths_'_.______.. e 9 0.9 2.5
Fisheggs. oo oo 7 0.7 1.9

* Average of values determined in this study and by Marshall, Nicholls,
and Orr (1934).

The inclusion of the other food items found in
the stomachs would not appreciably change these
percentages. In the 571 stomach contents exam-
ined, small copepods, on the average, supplied
about 74 percent of the total organic matter, and
all crustaceans supplied nearly 89 percent. Since
small copepods are so important in the diet of the
sardine, a reduction in their numbers or avail-
ability might adversely affect the sardine.
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The studies of Hart and Wailes (1931) indi-
cated that the sardine in Canadian waters con-
sumed a much higher proportion of phytoplank-
ton. These observations were supported by the
study of 68 stomach samples, collected in the fall
of 1940, and supplied the authors by Dr. J. L.
Hart, then director of the Pacifiec Biological Sta-
tion, Nanaimo, B.C. (Unfortunately, the sizes
of these fish were not recorded.) All of the
stomachs showed a much greater phytoplankton
content than any examined from the Baja or
southern California area: 23 fish contained over 90
percent phytoplankton, chiefly diatoms, by vol-
ume; 36 fish more than 75 percent; 19 fish from
50 to 75 percent, and 13 fish had less than 25
percent. phytoplankton. If we accept Parr’s
hypothesis that phytoplankton is ingested inci-
dentally during filter feeding, the increase in
diatoms in the stomachs would be expected if the
numbers of diatoms increase to the north.
Davies (1957) indicates an apparent preference for
phytoplankton as food by the South African
pilchard and suggests that the reason for congrega-
tion of schools in St. Helena Bay may be the
heavy concentrations of phytoplankton in the
area. He finds that phytoplankton is eaten in
large quantities whenever it is available, but
zooplankton is eaten mainly when phytoplankton
is scarce. If thisis true, Parr’s hypothesis cannot
be applied to the pilchard in that area.

Brodski and Jankovskaya (1935) in an inves-
tigation of the far eastern sardine, Sardinops
melanosticta, reached much the same conclusions
as Parr (1930). They concluded that the presence
of diatoms in the sardine stomachs appears to be
incidental to the ingestion of copepods. Further,
that zooplankton (mainly copepods) is the princi-

pal food of the sardine and that phytoplankton is °

a so-called forced diet in the absence of zoo-
plankton concentrations.

In our material, a comparison of organisms
ingested by sardines during night and day feeding
has little meaning because of the small number of
samples collected during the day. On the busis
of our limited data, there does not appear to be
any marked difference in food organisms taken in
their night and day feeding.

We found very few sardine eggs in the sardine
stomachs. During cruise 52Y8, five samples con-
taining 54 sardines in spawning condition were

collected from waters that contained sardine eggs.
These fish had empty or nearly empty stomachs.
In other instances where samples contained fish
that were ready, or nearly ready, to spawn
but where spawning had not yet occurred, nearly
normal amounts of food were found in the stom-
achs. From these data it appears that sardines
in the act of spawning or in the presence of
spawning fish stop feeding. In contrast, Davies
(1957) reports that the majority of fish eggs in the
stomachs of South African pilchard were pilchard
eggs.

SUMMARY

The stomach contents of sardines ranging in
size from 31 to 285 mm. standard length were
examined. Crustaceans were found to be the
major food, and within that group small copepods
were the most important item. In 571 fish ex-
amined, the crustaceans, on the average, contrib-
uted 89 percent of the organic matter in the
stomachs; the small copepods contributed 74 per-
cent of the total.

Owing to the lack of data on day-feeding fish,
only general comparisons could be made between
day and night feeding. There does not appear to
be any marked difference between the two groups.

With the exception of the smaller amount of
phytoplankton in the 31- to 85-mm. fish, the size
of fish, within the range investigated, had little
effect on the food contained in the stomachs.

Correlation between the stomach contents of
fish taken from a single school was very high.
The stomach contents also showed a high correla-
tion with plankton samples taken at the same
place and time. When plankton was collected
from various depths, the correlation was highest
in samples collected in the upper layers. These
correlations give credence to the often-made state-
ment that sardines are ominvorous, filter-feeding
organisms. They do not, however, rule out par-
ticulate feeding by the fish.
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APPENDIX

ArrENDIX TABLE 1.—Stomach contents of 10 female sardines taken from one school, by length and age

[Sample No. 49Y 5-2}

Number of organisms in stomach of fish measuring— Number
found in
Organism plankton
235mm. | 224mm. | 217 mm, | 224mm. | 228mm. | 217mm. | 217mm. | 222mm, | 225mm. | 223 mm. tow
(4 yr.) (3 yr.) (4yr) @ yr) @ yr) (4 yr.) @yr.) 4yr) @ yr) @yr)

Large copepods..._.___.___.._....._...... 15 | . 10| ...
Small copepods. ... . ... ......... 1, 490 596 740 510 2, 250
Euphausiids._._.____ ... ... b1 3 10 15 [,
Euphausiid calyptopis Jarvac.___._._.... 25 4 10 5 40
Euphausiid furcilia larvae...____._____.... 20 2 5 20 |oiee
Euphausifd nauplii_. ..o oo iereeieec e b A e e e e e 30
Euphausiideggs......_.............._._. 130 2 90 195 90
Cladocera_ .. .. . oiiimciiaei e e e e [ 3

Cyphonautes. ... ... .. .ccoocoomannin Joiaeoa] iemmeecee e e e e e e b P
Larvaceans. .. .. __._._..._..........._. 220 148 195 380 1,810
Chaetognaths__._____ ... __.__....____. 10 P P 20 20
Fisheggs. ... ... ... 15 12 15 10 30
Gastropods (adult and larvae) 5 4 5 5 50
Annelidlarvae ... .ocoooooo e e e e e e 10

AprPENDIX TaBLE 2.—Comparison of items in stomach contents of sardine samples and in plankton samples taken al same

place and time, by samples

[Absolute numbers of organisms not compated, but used only to establish rank]

Number of organisms in—

Organism Sample No. 40Y5-2 Sample No. 50Y1-16 Sample No. 51Y7-2 Sample No. 51Y7-12
Stomach | Plankton | Stomach | Plankton | Stomach | Plankton | Stomach | Plankton
contents sample contents sample contents sample contents sample
Large copepods. ... ... oo eas 40 13
Small copepods. ... ..o 2, 250 394
Copepodnauplii_ ... .. ... eaeiee e 780
Euphausiids__.____ PPt S - 3 (PRI PR
Euphausiid calyptopislarvae.. .. .._......._ . _..___..... 40 ...

Euphausiid furcilia larvae
Euphausiid nauplii..._
Euphausiid eggs. ..
Cladocerans
Cyphonautes....._....
Barnacle nauplii. ...
Zoea larvae. ... ..
Larvaceans._._.._ ...
Chaetognaths__. ..
Amphipods.__.._..
Fish eggs
QGastropods...._...__..
Lamellibranch larvae..
Annelid larvae

Number of fish in sample
Average length of fish

10
____________ 192mm. |___.______.. PR

+ Present, but average number less than 1.
* Not sampled hy plankton net hecause of small size.
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ArpENDIX TaBLE 2.—Comparison of ilems in stomach conlents of sardine samples and in plankton samples taken al same
place and time, by samples—Continued

Organism

Number of organisms in—

Sample No. 50Y5-9

Sample No. 50Y5-13

Stomach
contents

Plankton (closing-net) sample
from—

2847 m. | 47-140 m.

Stomach
contents

Plankton (closing-net)
sample from—

0-62m,

62-140 m.

Large copepods. __._...
Small copepods. .
Copepod nauplil.
Euphausiids. .. ...
Euphausiid calyptopi
Euphausiid furcilia larvae
Euphausiid nauplii
Euphausiid eggs.
Cladocerans....
Cyphonautes__
Barnacle nauplii.-
Zoea larvae...._
Larvaceans..
Chaetognaths__
Amphipods. _
Fish eggs..
QGastropods...._..
Lamellibranch lai
Annelid larvae_ ... ...
Number of fish in sample
Average length of fish

Number of organisms in—

Sample No. 50Y2-4

Sample No. 50Y2-6 Sample No. 50Y5-5
Organism
Plankton (closing-net) Plankton (closing-net) Plankton (closing-
Stomach sample from-~ Stomach sample from— Stomach | net) sample from—
contents contents contents —— —
0-22m. | 22-49m, | 49-77 m. 0-31 m. | 31-68 m. | §8-137 m. 0-62 m. |62-137 m.
Large copepods.. ... ... .. ... 9 10 5 5 20 90 75 115
Small copepods__.....__..__._.._........ 209 228 209 257 123 1,700 875 725
Copepod nauplii._..... ... ... . ... 8 |ceieot 1 1 3 120
Buphausiids.__ .. ... ... feeeaaol

Euphausiid calyptopis larvae..
Euphausiid furcilia larvae__.
Euphausiid nauplii.
Euphausiid eggs. . .
Cladocerans. ... .
Cyphonautes ...
Barnacle nauplii.
Zoea larvae __...
Larvaceans.._.
Chaetognaths.__
Amphipods..
Fish eggs____
Qastropods.__._.__
Lamellibranch larvae._
Annelid larvae

Number of fish in sample._..._.._._. 100 e [ 30 PR RN (R 10 f-eeeiaan ofemmmmeaan
Average length of fish__._..__________ mm. ||t 208 mm, |..oceoiomaeiaa e 190 mm, |- R
+ Present, but average number less than 1.
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AprPENDIX TABLE 3.—Stomach contents of small (less than ArprENDIX TaBLE 3.—Slomach contents of small (less than
100 mm.) sardines - 100 mm.) sardines—Continued
A. Sample number, 51Y8-21; time, 0200 PST; date, 30 August 1951; C. 8ample number, 50Y9-33; time, 2235 PST; date 11 September 1950;
locutlon, 2655%.2' N., 113°36.2 Tocation, 32°47.6' N., 118°24.3' W.
Number of organisms in ish measuring— Number of organisms in fish measuring—
Organism _
Organism
dlmm. | 31mm. | 77mm, | 72mm. 49 56 71 68 85
mm. | mm, | mm, [ mm. | mm.

Small copepods. ... _______._..__.

Large copepods..___._._...__ Small copepods..... oo 17 9 260 190 265
Barnacle cypris larvae Large copepods.... 12 . 21 15 18
Zoea 1arvae .......... Cyphonautes larvae. 4 | 48 87 112
Fisheggs __.______ Barnacle cypris larvae_ 3 IA—— 7 2 16
Moth (Lepldoptera) L Fisheggs .-oneoo-- | N R 2 ) I
Diatoms.___._......__. Amphipods_. ... ... 2| [ R 1
Dinoflagellates ... __._.._. Euphausiids_ ... .o [t 3 1 2

Zoealarvae .. o feemeoenfeiaos | N PR 2

Diatoms. . emcran o | e e 1, 500

Dinoflageliates_ . Jocooooo|ocmenns 6 + %

B. Sample numbher, P44-16; time, 1930 PST: date 12 January 1953:
location, 27°50.2° N, 114°50.5'

+ Present, but average number less than 1.

1'This food item cannot be considered natural, but only a very chance
Number of organisms in ish measuring— oceurrence.
3 Present In very small numbers—not counted.
Qrganism
46 46 51 49 55

mm. | mm. (| mm, (| mm. | mm.
Small copepods...._ ... 3 5
Large copepods. ..o .oooomoeooo oo 1
Zoea larvae. ... 1 1
Chaetognaths._ . ._____..__._.....|.._..... 1
Barnacle nauplius larvae. ...l _.__._. 1
Barnacle cypris larvae. 1 1
Lamellibranch larvae. ... ccauc]|-cooooo 2

ArpENDIX TABLE 4—Summary of ilems in stomach contents of 571 sardines and in plankton samples, by month, November
1949 to September 1952

[Asterisk (*)—specimens not properly sampled by net; NS—groups not sampled by net. Values given in each column are average number per month)

Number of organisms in—

Sample No, 49Y4 Sample Nos. 40Y4 and Sample No. #0Y1 Sample No, 50Y2
Organism ’ (Nov. 1949) 49Y'5 (Dec. 1949) (Fan. 1950 (Febh. 1850)
Stomach | Plankton | Stomach | Plankton | Stomach | Plankton | Stomach | Plankton

* contents sample ! contents sample contents sample contents sample
Large copepods® . e b iR P 7 36 10 27 9 10
Small copepods. ..ol 2,900 [.......... 1,203 2,278 205 2,903 209
Copepod naupli*_ ... 105 [oooooooas 15 7_ 8
Copepod eges* s ) P
Buphauslids® e ae

Euphauslid calyptopis larvae*_ ______ ... . ___ +
Euphausild furcilia larvae
Euphausiid nauplii.____.. ...

Euphausiid eggs_. ... ... _.

Cladocera....... 8 |.
Cyphonautes. ... 3 |-
Barnacle nauplii. 1 |-
Zoea Jarvae. ... cmieeeaan + |-
Larvaceans. .o 2|
Chaetognaths 10 |..
stropods_. ... 2.
Lamelllbranch larvae 6 -
Fish eggs._.. + |-
Diatoms*__ 1,369 |.
Dinoflagellates® . ccaaa. 2,025 |.
Radiolaria and silicoflagellates*_ .. .. .. ... ... 121 | .
Average volume of food perfish___. .. ____ . __.____ .2ml (... ..
Numberof fish__ . 15

+ Present, but average number less than 1.
I No plankton collected.
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ArPENDIX TABLE 4.—Summary of ilems in stomach conlents of 571 sardines and in plankton samples, by month, November

1949 to September 1952—Continued

Number of organisms in—

Organism Sample No. 50Y2 Sample No. 50Y5 Sample No. 50Y6 Sample No. 50Y7
(Mar. 1950; (May 1950) (June 1950) (July 1950)
Stomach | Plankton | Stomach | Plankton | Stomach | Plankton | Stomach | Plankton
contents sample contents sample contents sample ! contents sample !

Large copepods® .- .. oooooo s
Small copepods. o oo
Copepod naupli®. . e
Copepod eggs*___
Euphauslids®. - e
Euphaustid calyptopis larvae* ... .. ...
Euphauslid furcilla larvae . ...
Euphausiid naupii__. .. ...

Euphausiid eges - - -

Cyphonautes.._.
Barnacle nauplii.
Zoea larvae......
Larvaceans....
Chaetognaths..
Gastropods._.._._....

Lamellibranch larvae. . - oo
Fish @8RS - e
Diatoms*_...
Dinoflagellates* ___._......_.

Radiolaria and silicoflagellates* .. __ ... ... ...

Average volume of food per fish.__. ... ... ...
Number of fish Insample_. .o oo

Number of organisms in—
_ Average Average | Percentage
Sample No. 51Y7 Sample No. 52Y7 Sample No. 52Y8 number of | number of | of stomachs
Organism Aug. 1951) (Aug. 1952) (Sept. 1952) organisms | organisms | containing
per fish per plank- | organism
ton tow
Stomach | Plankton | Stomach | Plankton | Stomach | Plankton
contents sample contents sample ! contents sample
Large copepods* . . . . oooiaa oo 3 1 12 | 1 2 20 49 61
Small copepods. . - oo oom e 410 6,676 2,180 |.. . 167 557 666 2,238 92
Copepod nauplli*_ ... . 79 15 1,180 |. - 188 817 254 161 47
Copepod eges™ . e 18 N§ 10
Euphausiids®_ ... s + 2 1 21
Euphausiid calyptopis larvae*. _.._...._..... 2 6 12 33
Euphausiid furcilia larvae_ ... ... ...... + 4 ] 37
Euphausiid nauplii. - . ..ol 3 4 23 18
Euphauslid eggs._ . oo 8 5 143 15
Cladocera___. oo aaaas 3 39 47 53
Cyphonautes. . . .ooooo s 11 6 33 44
Barnacle nauplif._ ... ..o aean 3 1 6 12
Zoea larvae_.___.. 1 1 3 26
Larvaceans._... 111 126 691 71
Chaetognaths. 5 9 53 69
Gastropods._...._.-. 3 2 28 37
Lamellibranch larvae. 2 3 7 35
Fish eggs____.....__. ] 7 16 51
Diatoms*. . 1.1 x 108 1.1 x100 NS 65
Dinoflagellates* . __._......... 20, 000 , 000 NS 64
Radiolaria and silicoflagellates 223 544 N8 35
Average volume of food per fish__.....__ 1.0m],
Number of fish insample.._...._.._.... A7

+ Present, but average number less than 1.
t No plankton collected.
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ABSTRACT

Distribution and abundance of eggs of the Pacific sardine (S8ardinops
cacruleq) are given for the years 1952 through 1956. During this period a
major change occurred in distribution of sardine spawning. In 1952 and 1953
sardine spawning was mostly confined to waters off central Baja California,
hut in 1954 sardine spawning spread northward to waters off southern Cali-
fornia, and this distribution continued through 1955 and 1956. Estimates of
total eggs spawned during these years ranged from 1361012 to 436 X 1012
eges.

During the major spawning period (January—July off southern California
and northern Baja California ; January-June off central Baja California) sar-
dine eggs were found at temperatures between 11.0° and 21.2° C. (mean, 15.2°
C.) ; during the later spawning period (July-December off central Baja Cali-
fornia) at temperatures between 11.3° and 27.4° C. (mean, 18.1° C.). The
average temperature at which sardine eggs were found increased in a fairly
uniform fashion from north to south within the spawning range during the
majdr spawning period. .

Temperatures at which sardine eggs were obtained off southern California
were slightly lower in 1951-56 than in 1940 and markedly lower than in 1941.

v




DISTRIBUTION AND ABUNDANCE OF EGGS OF THE PACIFIC SARDINE
1952-1956

By. ELBERT H.. AHLSTROM, Fishery Research Biologist
BUREAU OF COMMERCIAL FISHERIES

In a previous report (Ahlstrom 1954b) I dis-
cussed the distribution and abundance of egg and
larval populations of the Pacific sardine (Sardi-
nops caerulea) in 1950 and 1951. This report is a
continuation of the record on distribution and
abundance of sardine eggs for the years 1952
through 1956.

During the period covered by the present re-
port, a major change occurred in the distribution
of sardine spawning. In 1952 and 1953, spawn-
ing was mostly confined to waters off central Baja
California; in 1954 through 1956, heavy and wide-
spread sardine spawning occurred off southern
California and adjacent Baja California as well
as off central Baja California. This shift in a
part of the spawning population was associated
with a marked change in the availability of sar-
dines to the California commercial fishery, as will
be discussed later.

Investigation of the egg and larval populations
of the sardine is part of a large-scale cooperative
research program, the California Cooperative
Oceanic Fisheries Investigations, which is spon-
sored by the California Marine Research Com-
mittee and carried out cooperatively by the
Seripps Institution of Oceanography of the Uni-
versity of California, the Bureau of Marine Fish-
eries of the California Department of Fish and
Game, the TLa Jolla Biological Laboratory of
the U.S. Burean of Commercial Fisheries, the
Hopkins Marine Station of Stanford University,
and the California Academy of Sciences. The
oceanogruphie-biological survey program is the
primary responsibility of the Scripps Institution
of Oceanography and the La Jolla Biological
Laboratory; the California Department of
Fish and Game has participated in some cruises.

Norr.—Approved for publication, Sept. 2, 1958. Fishery Bul-
letin 165.

The collections were made on the following re-
search vessels: E. W. Seripps, Crest, Horizon,
Puoling T'., Spencer F. Baird, Stranger, and Orca,
operated by the Scripps Institution of Oceanog-

raphy; the V. B. Secofield and Y ellowfin, oper ated
by the California Department of Fish and Game;
and the Black Douglas, operated by the La Jolla

. Biological Laboratory. I take deep pleasure

in acknowledging the cooperation given by the
crews of the vessels and scientific personnel of
these organizations in the collection of data at sea.
Most of the personnel of the La Jolla Biological
Laboratory have devoted their full time to this
investigation. The distribution charts were pre-
pared by James R. Thrailkill, the graphs by An-
drew M. Vrooman. Sardine egg drawings were
made by George M. Mattson.

SARDINE SPAWNING SURVEYS, 1952-56

A large-scale oceanographic-biological survey
program was initiated in 1949; the distribution
and density of sampling stations during the first
3 years of the program were discussed by Ahl-
strom (1954b). The location and number of sta-
tions occupied during 1952 through 1956 are sum-
marized in table 1 and illustrated in figure 1.
With but few exceptions, cruises were spaced at
monthly intervals. During the 5 years under con-
sideration, there were 48 regular survey cruises,
9 eruises with partial coverage, and only 3 months
with no sampling at all. On each regular survey
cruise there was systematic sampling of waters oft
California and Baja California. A minimum
sampling on a regular survey cruise was obtained
in the area between Point Clonception, southern
California. and Point San Juanico, Baja Califor-
nia (station lines 80-137) ; a more extensive cov-
erage was obtained on many cruises. Except for
August 1956, there were survey cruises at monthly
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intervals during the first 8 months of each year.
During the last 4 months, coverage was least
extensive during September and November.
Sampling in all years was most intensive during
the period of heavy sardine spawning, March

187

through July. After July, it was most thorough
in Sebastian Viscaino Bay and in coasta] waters
off central Baja California, where some sardine
spawning takes place throughout the latter part
of the year.

TABLE 1.—Area covered and number of stations occupied on cruises of the Californie Cooperative Oceanic Fisheries
Investigations, 195256

1052 1053 1954 1955 1056

Area Number of Area Number of Area Number of Area Number of Area Number of

covered stations covered stations covered stations covered stations covered stations

(lines) occupied (Mnes) oceupied (tines) occupled (lines) occupied (lines) oecupied
January. ... 80-137 94 80-150 08 77-150 134 80-157 112 80-157 m
February . ... 80-150 109 80-137 95 77-137 116 80-157 117 80-157 131
March___ ... .- 80-137 154 80-137 175 77-137 153 80-157 142 80-137 140
April .- 60-137 158 60-137 208 60-137 106 80-137 152 /0-157 178
BY o e mmmemamam 60-137 186 60-137 222 60-137 205 63-137 184 40-137 239
June._ . eeeaaean 50-137 222 60~137 204 50-137 09 680-137 189 40-137 212
July.o...- 40-137 179 60-137 121 60~137 118 63-137 196 60-137 202
August 60-137 99 60-137 118 60-137 122 Norpac 198 110-137 36
September. 60-137 94 ngafgo 40 e 169 110-137 36
October. . ___ . ... ... 60-137 88 83-137 69 77-137 106 60-137 108 80-97 42
November. _.._..____...._..... 60-137 91 83-87 19 | 84 80-97 40
December_ . i 83-137 80-157 115 80137 106 80-97 42
Total ... .- 40-150 1,474 €60-150 1,451 50-157 1,474 80-157 1,757 40-157 1, 400
Although the total number of plankton hauls  number of age categories represented—this is

taken per year during 1952-56 was fairly similar,
the temporal and areal distributions of stations
were modified year by year to intensify the sam-
pling within spawning areas at the expense of the
coverage in other areas.

Detailed records were kept of each plankton
haul taken during 1952 through 1956 (Staff of
the South Pacific Fishery Investigations, 1953,
1954, 1955, 1956; Thrailkill 1957). Included
in the record for each haul were position, date
and time of occupancy, volume of water strained,
depth of stratum through which the net was
hauled, and volume of plankton obtained.

ESTIMATING ABUNDANCE OF
SARDINE EGGS

Methods of estimating abundance of pelagic
fish eggs were.described by Sette and Ahlstrom
(1948) and Ahlstrom (1954b). An estimate of
the number of sardine eggs spawned during each
cruise () is obtained from

C= :Z (eqv i)

in which ¢;=an estimate of the number of sardine
eggs spawned per day in a standard area repre-
senting 10 square meters of sea surface at the
i-th station, derived by dividing the total number
of sardine eggs in a standard haul by the total

equivalent to ¢4, as defined in Ahlstrom (1954b) ;
av;=the weighting factor for space, in standard
areas, that is proportional to the area of the poly-
gon at the i-th station bounded by constructing
perpendicular bisectors to lines drawn from that
station to each of the adjacent stations; and
t;=the time weighting given to the i-th station,
equal to one-half the time elapsed since the pre-
ceding occupancy plus one-half the time elapsed
prior to the succeeding occupancy.’

The estimated number of eggs spawned within
the survey area during the year is obtained by
summing ¢/ for all cruises.

Sardine eggs require from 1 to 5 days (usually
2 to 4) to develop from spawning to hatching,
depending upon the temperature of the water
during incubation. Sardine spawning takes place
mostly during a 4-hour period, 8 p.m. to mid-
night (Ahlstrom 1943). Because successive
spawning periods are separated by about 20
hours, eggs of the current night’s spawning are
sharply separated in stage of development from
those spawned on the preceding night or nights.
Eggs obtained from two fairly typical samples
are illustrated in figure 2. Each contained eggs
spawned on three consecutive nights. The tem-

17The time weighting given to the i-th station approximated 30

days. When coverage of a station was not obtained on succes-
sive months, an arbitrary time welighting of 30 days was allowed.
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=

Fraure 2.—Sardine eggs of different stages of development: a-¢, the three stages of development present in a sample
collected at 6 a.m. (water temperature 15.5° C.) ; d—f, the three stages of development present in a sample collected
at 2 pan. (water temperature 15.5° €.). The approximate age of each stage (time from spawning) is as follows:
a, 8 hours; b, 32 hours; ¢, 56 hours; d, 16 hours; e, 40 hours; and f, 64 hours.
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perature in each instance was similar (15.5° C.),
but the times of collection were different—6 a.m.
for the group of eggs on the Jeft, 2 p.m. for the
group on the right.

In the previous report (Ahlstrom 1954b, table
7), three estimates of the number of sardine eggs
were given for 1950 and 1951, based on three
different methods of determining ¢;, the average
number of eggs spawned per day. One method
made use of the relation between water tempera-
ture and the rate of development of sardine eggs
for estimating the number of days’ spawning rep-
resented in a sample; a second method made use
of “aged” eggs, but limited acceptable observa-
tions to complete age categories; the third made
use of all age categories, except newly spawned
eggs collected between 8 p.m. and midnight.

As noted in the formulation above, the third
method is employed in this report. It is by far
the simplest of the three methods of determining
the average number of eggs spawned per day, it
is more precise for individual stations than the
method employing the relation between water
temperature and rate of development, and it has
fewer limitations than estimates based on com-
plete age categories (see Ahlstrom 1954b: 99).

Estimates of abundance, making use of all age
categories except newly spawned eggs from hauls
made between 8 p.m. and midnight in determi-
nations of per day spawning, are slightly lower,
however, than estimates derived from the other
methods of determining ¢;. Obviously, this is be-
cause the oldest age category, in some instances,
has been reduced by the hatching of some of the
eggs. In 1950, for example, estimates based on all
age categories were 95.2 percent as high as those
based on complete age categories; in 1951 they
were 97.8 percent as high, and in 1952, 98.5 per-
cent as high.

The basic data on sardine eggs have been given
in the following reports: For 1952, in Ahlstrom
(1954a) ; 1953, in Ahlstrom and Kramer (1955) ;
1954, in Ahlstrom and Kramer (1956) ; 1955, in
Ahlstrom and Kramer (1957); and 1956, in
Ahlstrom (1958). In these reports, sardine eggs
are enumerated by age for each collection.

DISTRIBUTION AND ABUNDANCE OF
SARDINE EGGS IN 1952

The distribution of sardine eggs in 1952 is il-
lustrated in figure 3. This chart shows relative
508469 0—59

2

abundance of eggs; the concentration at each sta-
tion is the cumulative standard haul total for the
year.

The estimated abundance of sardine eggs in
1952 is summarized by month and station line in
table 2. This table is comparable to tables 8 and
9 in the previous report (Ahlstrom 1954b). Sub-
totals are given for six areas, delimited as follows:

1. Area north of Point Conception: northern
and central California, station lines 40 to 77.

2. Southern California area: from Point Con-
ception to San Diego, station lines 80 to 93.

3. Northern Baja California area: from the In-
ternational Border to Point San Quintin, station
lines 97-107.

4. Upper central Baja California area: from
Point Baja to Point San Fugenio, station lines
110-120.

5. Lower central Baja California area: from
oft Turtle Bay to Point. San Juanico, station lines
123-137.

6. Southern Baja California area: from Cape
San Lazaro to Cape San Lucas, station lines 140-
157.

In 1952, there were 11 monthly cruises (none in
December), and in March, a second survey of the
area off central Baja California. The estimate of
the number of sardine eggs spawned in 1952 is the
lowest. for the 7-year period; 1950-56.

Two major sardine spawning centers were
pointed out by Ahlstrom (1954b), one off south-
ern California and northern Baja California
(station lines 80~107), the other off central Baja
California (station lines 110-137). The upper
or northern spawning center was made up of areas
2 (southern California area) and 3 (northern Baja
California area) in the above grouping of areas,
while the lower or southern spawning center was
made up of areas 4 and 5, off central Baja Cali-
fornia. The separation of the two centers was
most complete in 1951 (Ahlstrom 1954b, fig. 8).
This separation was again apparent in 1952 and
1957. The latter is not. included in the present
report. In intervening years, however, the sepa-
ration has been less complete, and in 1954, 1955,
and 1956, spawning was continuous between the
two areas. It is convenient, however, to retain
the geographic separation of spawning into two
primary centers, or areas, especially since there
has been such a marked change in the distribution
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TABLE 2.—Estimated number of sardine eggs in survey areas, 1952
[In billlons; cruise number in parentheses]
January |February| March Late April May June July August | Septem- | October | Novem- .
Area (5201 (5202) (5203) | March | (5204) (5205) (5206) (5207) (5208} ber (5210) ber Total | Percent
(5203) (5200) 5211
North of Point Concep-
tion:
Lines 40-57 . e e e e [ e 0 [ LIS (SRR DRy (HP R (A, 0
(1S [ I R I, 0 0 1 0
Total .| e 0 0 0 0 0 0 n 0 0 0
Southern California:
Line 80 0. 0 0
)
10
118
1,132
1,403
Total... 2,663 1.9
Northern Baja
California:
Line 97 18 25 67 0 0 0 0 0 582
100 0 0 4 0 0 0 0 0 4
103 14 0 L) 20 P 0 D] 0 0 14
1065 - SR N [ IO AR A AR 1,030
107 0 0 L P 0 0 0 0 0
Total 32 26 71 0 0 0 ] ] 1,630 1.20
Upper central Baja
California:
341 Q 0 0 ] 0 683
4, 251 1,420 74 g 0 0 0| 25 878
Ty uy| 2| 1227 ug | isr| T o 127 16,825
7,422 4,675 1, 860 5,612 5,204 0 0| 41,881
15,416 38,843 2,056 5,631 7,185 0 12 | 85,268 62. 67
Lower central Baja ’
California:
203 383 3,249 6, 802 2,682 111 66 0 3,024 38 81 17,168
0 1,802 4, 399 962 554 153 0 498 [ &, 368
13 0 156 41 0 0 ] & 819 0 0 [|] 9, 877
20 14 0 0 26 0 0 0 [ 0 60
902 0 0 0 0 10, 029 0 0 0 0 0 10,931
1,138 2,199 7,804 7,805 3,262 10, 293 66 8, 819 3,024 536 § | 46,404 34.11
19
64
4]
0
83 | e JEPSESN PRV RO [V, FU 83 .06
Grand total_ ... 2, 445 7.132 | 27,884 8,209 | 23,105 | 20,225 14, 301 2, 544 14, 458 10, 189 536 20 | 136,048 100. 00
Percent....___.___ 18 5.2 2.5 6.0 17.0 14.9 14.2 1.9 10.6 7.5 0.4 ] wa.n il

of spawning within these centers during the
period covered by this report.

There was very little sardine spawning to the
north of the central Baja California area in
1952—only 3.2 percent of the total. Sardine
spawning in the southern spawning area centered
off Point San Eugenio. ILess spawning, propor-
tionately, occurred to the south of Point San Eu-
genio than in 1950 or 1951,

The largest portion of sardine eggs are usually
spawned by the 2- and 3-year-old fish, since these
ages usually make up the dominant portion of the
spawning population. The 1949 and 1950 year
classes were the weakest on record, based on num-
bers landed by the commercial fishery. Each

year class supplied only about 130 million fish to
the commereial catch. For comparison, it may be
noted that the 1939 class supplied 7,500 million
fish; the 1947 class, 3,100 million; and the 1948
class, 2,100 million. Undoubtedly, the low egg
estimate for 1952 reflects the low numbers of 3-
year-old fish of the 1949 class and 2-year-old fish
of the 1950 class in the spawning stock.

DISTRIBUTION AND ABUNDANCE OF
SARDINE EGGS IN 1953

The estimated abundance of sardine eggs by
station lines in 1953 is given in table 3, and the
distribution is illustrated in figure 4. Cruises
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TABLE 3.—Estimated nuntber of sardine eggs in survey areas, 1953
|In billions; eruise number in parentheses]
.
Jan- Febh- | March| Late | April May June July August Sep- Octo- |Novem-| Decem-
Area uary ruary March tember| her her ber Total | Percent
(5301) | (5302) | (5303)| (5303)) (5304) | (5305) | (5306) | (5307) (5308) } | (5310) | (5311) | (5312)
North of Point
Conception:
Lines 60-77. . |o oo e 0 o
Total . oo | 0 0 0
Southern California:
Line (] [ 0 0 [1] 0 [ 2 (RN RSP PRI 1}
0 20 0 7 12 0 0 0 1} 0 0 39
0 0 2 0 0 0 0 [ I 0 0 2
1} 0 0 0 0 0 0 L1 2N [ 0 0 0
0 [/} 0 0 (1} 0 L1 ] [} [ 0 0
0 0 0 29 12 593 [ 2 (R ({3 IR 0 634
Total 0 20 [ 1 [ 2 36 593 0 0 0 0 0 675 0.15
Northern Baja
Callfornia: .
18 1} 0 0 0 18
0 0 0. 0 9
33 0 0 0 1,014
- 965
0 1,199
0 3,205 0.73
4, 636
13, 699
0
0 34, 760
286 214,070
Total..._._..... 136 | 37.387 | 12,417 | . 894 | 15,085 | 10,173 { 3.568 29, 147 148,984 | 7.728 1240 ... 1,082 | 267,165 0. 70
Lower central Baja
X 0 0 55| 568] 15| 125 o| 6.956 382§ ... 0| 9114
0 2.600 ] .3 67 594 13 145, 225 23 |- 0 149, 211
n 406 108 25 0 171 0 0 L2 — 0 710
- 4 0 0 0 0 0 35 [\ 1,633 | ... 0 1,668
............ 0 0 0 0 0 0 92 7.871 455 [ ... 0 8,418 |-
........... 0] 3,008 163 616 221 890 140 | 160,052 2,683 |- 0 169,121 38. 42
Southern Baja
California:
0
0
0
0
0 1]
136
<0.1 100.00

were made during all months of 1953, although
the cruises in September and November covered
only a part of the usual survey area.

The distribution of eggs in 1953 was similar to
the distribution in 1952, as can be seen by a com-
parison of figures 3 and 4. Very little spawning
occurred to the north of the central Baja Cali-
fornia area—Iless than 1 percent of the total.
Water temperatures were lower during the spring
months of 1953 than in any recent season, es-
pecially in the inshore waters off southern Cali-
fornia and northern Baja California. These data
are presented in a later section of this report.

During the first half of 1953, most of the spawn-.

ing occurred in the upper central Baja California
area, offshore from Sebastian Viscaino Bay (sta-

tion lines 110-120). The heaviest spawning of the
year, however, occurred in July and August,
centered within Sebastian Viscaino Bay and along
shore in the area between Point San Eugenio and
Point San .Juanico. This late-season spawning
was the heaviest of any recent year.

DISTRIBUTION AND ABUNDANCE OF
SARDINE EGGS IN 1954

The distribution of sardine eggs in 1954 is
shown in figure 5; their estimated abundance in
table 4. Ten cruises were made in 1954, represent-
ing every month except September and November.
As can be seen from the spacing of stations in
figure 5, a more intensive survey of spawning areas
was made in 1954 than in previous years.
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TABLE 4.—Estimated ninmber of sardine cqus in surecy arcas, 1954

[In billions: eruise number in parentheses}

Area Yunuary | Febraary| March April June July Angnst | Oetober |Deeember]  Total Percent
(M) (54012) (5402 (fd0d) (5405) (54063 (5407 (5408) (54100 (5412)
North of Paint Conevption:
Lines 60-77_ . o oooao... 0 0 0 0 0 38 0 0 11 38 0.01
Total.. ... 0 0 0 n ] 38 0 i} {1 33 0.01
Southern C
Tine 80 (1] 0 [ [{] 0 A7 (] .0 0 0 67
N3 \ 17 0 [ 99 132 7 1} 0 0 255
X5 0 2 2 3 n ri) 385 [}] 0 0 467
X7. 0 0 0 268 4, 559 197 19 0 0 0 5,043
WL i} 4 0 1,501 1,003 6, 62 11,317 0 0 0 20,873
[ 0 0 0 3,214 6,661 10, 576 0 0 0 0 20, 451
Total .. .o 0 19 2 5, 286 12,412 17,704 11,728 1] V] 0 47,156 13.27
Northern Baja California-
Line 97 .. .......... 0 0 4,174 7,264 1,561 13,215 128 170 0 0 26, 502
mn. 2 0 2,725 72 16, 538 4,217 139 0 0 0 24, 593
03, ... 39 10 4,096 15, 51 3,251 1,672 5714 0 0 )} 30,743
07 . . 0 40 604 2,768 2078 4,045 37 0 U] 0 7. 802
Total. . ... 41 .50 11, 599 26, 975 21, 62R 23, 149 6,018 170 [} 0 89, K30 25,22
U pper ecntral Baja California:
Line 110 26 110 1,207 3,950 &, 3871 334 q O O 0 10, 993
] 6,022 10,037 8, 128 3,860 2, M40 0 0 0 0 30,996
26 461 3. 941 4,385 101 241 n 0 0 0,018
21, 595 i, 660 8,752 268 94 338 8,016 7,252 0 232 53, 207
21, 647 13, 253 23,879 13, 287 13, K90 3,722 8, 257 7.252 0 232 [ 105,219 20. 1
3,431 27,879 3,593 88 0 0 643 13 0 200 35,847
380 , 235 4,652 407 108 2 324 n Q 0 15, 128
[ 28 0 12 2,285 1] 0 [d 2,825
0 48 0 L} 0 0 40, 207 0 0 0 40, 345
44 0 0 0 2,142 1,418 0 0 0 141 3,745
Total. . e 3,855 37,190 8,245 495 50 1,452 43, 549 13 0 341 47, 390 a7 41
Southern Baja California:
Line 140 0 0 0
143. 15,925 1} 15,925
147 . [\ [ 0
150 . 0 0 0
Total_. ... ... 15, 925 0 15,925 4. 4%
Grand total. ........._.. 41,468 50, 512 43,725 46,043 49, 930 46,070 R9, 552 7,435 U} 578 | 355,358 100.00
Pereent. ... ooooooooo. 1.7 14.2 12.3 13.0 % 141 13.0 19.6 2.1 0 [¢ 100.2

The most striking feature of sardine spawning
in 1954 was its northward spread to waters oft
southern California and northern Baja Cali-
fornia. It is by far the greatest contrast that
has been observed between successive seasons. In
1953, sardine eggs were obtained in only 20 hauls
in the northern center (station lines 80-107),
while in 1954 they were taken in 149 hauls. In
1953, the distribution was discontinuous; in only
two instances were sardine eggs taken in contigu-
ous hauls. In 1954, the distribution was contin-
uous over widespread areas. Only 4X10" eggs
are estimated to have been spawned in the north-
ern center in 1953, while 137X 102 are estimated
to have been spawned in 1954. Interpreting these
figures literally, there were approximately 35
times as many spawning fish in the northern cen-
ter in 1954 as in 1953.

The estimate of egg abundance for the area off
central Baja California of 203X 10"* eggs consti-
tutes approximately 57 percent of the total num-
ber taken during 1954. The late-season spawning
was much less important in 1954 than in 1953;
less than 30 percent of the estimated total num-
ber of eggs in the central Baja California region
was obtained during the last half of the year.

DISTRIBUTION AND ABUNDANCE OF
SARDINE EGGS IN 1955

The estimated abundance of sardine eggs in
1955 is summarized by month and station line in
table 5. Relative abundance in different parts of
the spawning area is illustrated in figure 6. The
August cruise of 1955, the wide-ranging Norpac
expedition, is not included in the tabulations.
No sardine egirs and only 27 sardine larvae were
obtained on Norpac. ’



196

FISHERY BULLETIN OF THE FISH AND WILDLIFE SERVICE

130° 125" 120° 15°

10°

I E | I T
RAPE BLANGO
A
) i SARDINE EGGS
e ]
A 1 1955
GAPE MENDOCING :
& !
40 ’, :
e 1
g 1
1
-]
-]
as°
30" |—
CUMULATIVE TOTALS
i-30
= 31-300
* 301-3000
. OVER 3000
o  STATIONS OCCUPIED
wl— -
| | | ] |
130° 125° 120° 15° 1"

Fieugre 6.—Distribution and abundance of sardine eggs in 1955.
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TABLE 5.—Estimated nuwmber of.sardine eggs in survey areas, 1955

[In billions; cruise number in parentheses]

Septent- Novem-| Deesm-

Area January (February| March | April May June July August ber Octoher ber er Total Per-
(5501) (5602) (5503) | (5604) (5505) (R506) (5507) | (550R) 1| (5508) | (5510 (5511) (5512) cent
North of Point. Concep-
ceptlon:

Lines 60-77. - | e e e 0 [/ [ D, [) I PR (]

- 0 [N [ I [/ O 0 0
0 4,379 (1] [ I, (11 I 1 1,379
0 0 (L3 PR )] 1] 0 0 0
0 309 -1 70 (R [} 0 1 1} 305
1,031 47 40 |- 0 0 0 0 1,876
§,153 3,714 (LI VR P, [V 2 P, 0] 11442

0 0 1,761 342 7.184 8, /79 LT PR, 0 i 0 0] 18062 1L 11
0 0 1.342 | 11,288 | 10,101 572 (11 PR 0| 23,303
0 0 4,887 | 23, R0 2,152 33 (£ R 0| 30 562
0 6, 268 6 1,277 147 48 [ 1 P 8 7, 844
9 3,117 579 2,188 34 17 [ U R 0| 5044

9 9, 385 6,665 | 38,443 | 12,434 670 kT R, I (] 8 | 67,653 11,60

Upper central Baja B
California:

Line 110 0 2,838 165 263 7 0 0. n 3,273
1 1,910 4,424 675 0 0 i} 0| 22,247
119 526 622 1,122 209 259 0 3,205
871 1,382 9 6, 643 6, 505 4,284 |. 377 | 27.323

8,738 6, 497 1, 560 7,822 6, 804 4,493 |.. 357 | A6, M8 3446

Lower central Baja

California:
Line 123__ 47 Q 32 0 n 0 17 |. 433 529
127 0 0 ] 4] 0 0 ] 1,834 1,534
130 0 0 0 0 0 0 6,028 | [i] 1, (128
133.-. N 0 0 0 [ n 21 0j. 0 83
187 - 2,697 0 Q 0 8. 0 0. 0 10. 927
Total ... _______. 2, 744 0 32 0 5, 230 21 6045 | G2 | 2, M7 19, 401 11.93
Southern Baja Califor-
Line 140 ..o oooeoe.. 0 0 0
143 Q 431 434
147. 439 0 939
1560_ &8 0 a8
)L T, 47 0 47
187 . ool 0 0 0
Total__._.. _.___. 1,044 434 [ {1 PR JEERRDIV PSRN PSRRI FPIIN S [ PR P, u 1,478 0.91
Grand total_______[ 21,333 18,557 | 14,958 | 40,354 | 35 670 16,174 10,670 |- 0 2,27 162, 642 100, 01
Percent_ ... 13,1 11. 4 9.2 24.8 21.9 9.9 6.6 .o - n 1.4 [ .9
|
¥ Norpue.

wm

The distribution of eggs in 1945 was almost a
widespread as in 1954. More than 50 percent of
the eggs were obtained in the northern center,
with the heaviest spawning occurring on lines 93—
100, between Del Mar, Calif,, and Ensenada, Baja
California.

There were only 18 occurrences of sardine eggs

regular cruises made off central Baja California
after July were in October and December. Be-
cause of this, the 1955 estimate is too low hy per-
haps 10 or 15 percent.

DISTRIBUTION AND ABUNDANCE OF
SARDINE EGGS IN 1956

to the south of Point San Eugenio during 1955
(lower central Baja California avea). This vepre-
sented a marked decrease from preceding seasons.
Only about 13 percent of the spawning oceurred in
this avea in 1955 as compared with 52 percent in
1951, 34 percent in 1952, 38 percent in 1933, and
297 percent in 1954,
The late-season spawning (July to December)
was not adequately sampled in 1955,
505469 O

The only

T —

The survey area in 1956 was covered fairly com-
pletely during January through .Tuly, but only
partially thereafter. The area between Point C'on-
ception, Calif, and Point San Juanico, Baja
Salifornia (lines S0-137), was covered on monthly
cruises between January and July 1936 the area
to the north of Ioint Conception (lines 60-77)
was covered in April through June; the area off
southern Baja California in Junuary, February,
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and April. After July, the cruises covered only
a portion of the usual survey area: in August and
September the portion off central Baja California;
in October through December the portion off
southern California and one station line off north-
ern Baja California (lines 80-97).

The distribution of sardine eggs in 1956 (fig. 7)
was similar to that in 1954, although areas of high
concentration of eggs were less widespread. The
heaviest spawning in 1956 was in the Sebastian
Viscaino Bay region in July (table 6). The per-
centage of spawning that oceurred in the north-
ern center was lower than in the preceding year:
37.3 percent in 1956, as compared with 52.7 percent
in 1955. Spawning in the northern spawning

1952—56 199

center, however, had a wider distribution than in
the southern center (table 7).

The 1956 season was unusual in several respects.
There was less difference in temperatures in dif-
ferent parts of the spawning range than in any
recent year (table 12); furthermore, the tempera-

_tures throughout the spawning range were the

lowest of any year between 1951 and 1956.

AREAL DISTRIBUTION OF SPAWNING

The marked change in the distribution of sar-
dine spawning that occurred between the 1953
and 1954 seasons has been briefly commented on
in the discussion of the distribution and abundance
of sardine eggs in 1954. This difference will be

TABLE 6.—Estimated number of sardine eggs in survey areas, 1956

[In billlons: cruise number in parentheses]

January |February| March | April May June July | August |Septem- | October | Novem- [ Decem- | Total Per-
Area (5601) (5602) (5803) | (50604) (8605) (5606) (5607} (5608) ber (5610) er her cent
(5609) (G611 | (5612)
North of Point Con-
ception:
Lines 60-77 0 0 {1 15 () UNPRRERR Y IRy PSRRI S O 0
0 0 {418 (NN ISRV FUPDIIIN PRRIpuur) RS PP [ 0
0 0 [} [ 0 0 0
0 0 0 18 Q 0 16
0 0 [\ (1] 44 8,831 8,685
0 0 39 0| 12,123 480 13. 006
0 0 33 0 6, 379 1,043 7,543
0 0 77 16 | 18,546 | 10,154 29, 250 11.43
0 0 261 48 2,378 120 2,818
] 0 93 2, 490 442 0 3.025
0 27 2,125 3.032 % 17,241 23, 221
0 0 4,707 136 44 | 286,458 37, 266
0 fi6, 328 25.91
0 3. 904
0 461
0 0
13, 102 19, 338
Q418 99, 730
22, 520 8,520 |- oo 123, 433 48.22
Lower central Baja )
California:
Tine 123 0 5,910 2,054 366 0 0 0 [}
127 0 3 0| 16,013 0 0 n 1}
0 1,230 0 [ 0 0 ] [
0 0 0 [ 0 0 1,063
0 0 0 0 0 10, 156 0 0
0 7.179 2,054 16, 379 [¢] 10, 158 0 1.063 [« I SOOIV PRI A —— 36, 831 14.39
0 [
82 R2
Q 75
0 0
0 0
0 0
82 75 |aoomeee o [ X0 RN FNOROIRIRRE FURSORRyREN FVRRIPIURVREY FPU R FIPp I PSR S 157 0. 06
QGrand total._.____ 2,674 13.563 | 17,832 | 24,436 | 31,827 | 54,313 | 71.168 | 23,583 6, 520 R 0 0 | 255,999 | 100.01
Percent....__.___. 1.0 5.3 7.0 9.6 12. 4 25.1 27.8 9.2 2.6 <0.1 0 0 100.¢
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further developed by considering the areal distri-
bution of spawning in the northern and southern
spawning centers during 1952 through 1956.

The areal extent of spawning has been esti-
mated for each spawning center by cruise. The
results are summarized in table 7. Yearly sum-

maries based on the summation of areal distribu-

tions of monthly cruises follow :

Northern | Southern
Year center centor Total
(lines 80- [ dlines 110-
107 130y
Square miles| Square miles| Synare milex
27,824 89, 420 117,744
14, 560 90,224 4, 784
149, 904 137, 6%0 2
120,912 76, 208 197,120
S0, 368 A5, 10 135. 488

The areal extent of sardine spawning in 1954
was 2.7 times as great as in 1953. Compared with
the distribution in 1952 it. was 2.1 times as great,
1.5 times as great as in 1955, and 2.1 times as great
asin 1956. There was not only a tenfold increase

in the extent of spawning in the northern center

FISHERY BULLETIN OF THE FISH AND WILDLIFE SERVICE

(lines 80-107) in 1954 as compared with 1953, but
there was an increase in the area over which
spawning extended in the southern center (lines
110-137), as well.

Not only was sardine spawning spread over a
greater area in 1954 than in any other year in the
series, there was also a greater extent of moder-
ately heavy to very heavy concentrations of eggs
(101 or more eggs per standard area per day)
than in other years (refer to table 8). This point
is illustrated in figure 8. The moderately heavy
to very heavy categories of table 8 are grouped
together in this figure as heavy, while the light
and moderate categories of table S are designated
as light. In 1954, the extent of heavy spawning
was greater in both the northern and southern
spawning areas than in the other years.

There are two possible explanations for the
marked increase in spawning in the northern cen-
ter in 1954: either the sardines moved into the
area from another area or areas, or the sardines
had been in the northern center all of the time,
but few of them had spawned in 1952 and 1953.

TABLE T.—Estimated area over which sardine spawning took place swmmarized by erwise for the northern and southern
centers, 1952-56

In square miles)

Northern center (lines S0-107) Sauthern center (lines 110-137)
1952 1953 14954 1955 1956 1952 1053 1954 1955 1956
January ... ... ... 256 [} Th2 [{} i) 28, 5k 13, 440 1. fan
February. ..o oL 0 1, 800 1,728 7. 936 1,200 11, 3680 24, 97H 10, 496 12,0768
............... T.112 4, 800 26, 74 26, 480 28, 095 18, 672 25,792 14, 800 15, 616
............... 8. 336 1, &40 44, 640 39, 856 15,824 14, 00 20, 144 14, 160 7. 068
............... 5, 61 3. 120 33, 400 22 416 20, 800 14, 592 14,128 5, 088 3. 206
............... 3,520 2, 580 36,302 21, 360 11,312 10, 464 12,160 3,792
1. 520 320 5, 70 1, 568 2,816 L 3. 648
KO0 0 48 Norpac Norpae
September. - 0o (11 P, B e ABRO} B TIR || e
October_ . 1] [ 4,152
Naovember L N L [ ) I IR (1 N INONRIPURP PSR B,
Decembeer. 0 1] 3. 632
Total ... ..o .. .. 27,824 14, 560 149, a4 120, 912 §0, 368 R0, 920 76, 208 A5, 120

TaBLE S.—Relative areal distribution of sardine apaicning, grouped according to

intensity of spaicning in the northern

and sonthern centers, 1852506

[In square miles]

Number of eggs Northern center (lines S0-107) Southern center (lines 110-137)
Abundance per standard
area per day .
1952 1953 1054 1955 1956 1952 1953 1954 1955 1956

Light . 19, 984 9, (M 72,738 42, 460 30, 624 30, 752 fir, 816 39, 808 28, TR4
Moderate.. ... 7. 684 3,920 44,312 1 22,222 33, 554 29,712 33, 088 17, 281 11,024
Moderate heavy pi7 1, G 31, 264 2, by 13,168 23,712 23, 856 32, 456 18, 12% 11,808
Heavy_ ____. n n 1, 600 arh 2,018 2, 000 4, 0%0) 4,320 992 3, 504
Very heavy (1} 0 0 1] [ 0 1,524 0 [} 0
. Total. .o 27,824 14, 560 1490, %4 120, 012 80, 368 89, 920 a0, 224 137, 680 76, 208 35, 120
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Fieure S8.—Estimated relative areal extent of spawning in the northern (lines 80-107) and southern centers (lines
110-137).

The second alternative is not supported by evi-
dence from the fish catch. The commercial catch
of sardines pointed to a very low abundance in
the northern center in 1952 and 1953. The com-
mercial catch (in California) in 1952-53
amounted to only 4,520 tons, in 1953-54 to 3,172
tons, while it jumped to 67,258 tons in 1954-55.

Emigration into the area is the only explanation
that satisfactorily accounts for both the increase
in eggs spawned in the northern center in 1954
and the marked increase in fish available to the
fishery in the 195455 season. The only likely
areas that sardines could have migrated from are
those to the south. There seems to be little doubt,
therefore, that sardines moved into the northern
spawning center from the southern center off cen-
tral Baja California. '

There is no categorical answer to the question,
*Why did the spreading out of spawning occur ?”
At least two explanations should be given careful

consideration: (1) The movement was a result of
change in environmental conditions, and (2) the
movement was the result of population pressure.

If the change in distribution resulted from a
change in the physical environment that favored
emigration, the most likely change would involve
water temperatures, directly, or as an indicator of
other qualities of significance to spawning sar-
dines. .

In order to study temperature changes within
the northern spawning center, the area was di-
vided into four quadrants. The northeast section
(inshore, southern California) was identical to
the area surveyed in 1940 and 1941; the northwest
portion consisted of all stations occupied on lines
80-93 to the seaward of the inshore section. The
southeast portion consisted of all stations on lines
97 to 107 hetween shore and station 50 inclusive;
the offshore quadrant comprised all stations oc-
cupied to the seaward of station 50 on lines 97-107.
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Average temperatures at a depth of 10 meters
for the winter and spring seasons of 1951 through
1956 are given in table 9 for the four quadrants
of the northern spawning center. There was noth-
ing unusual about. winter and spring temperatures
in 1954. For the northern center as a whole, the
winter temperatures were less than 0.1° C. higher
than the 6-year average; the spring temperatures
were 0.25° C. higher than the average. In the
sections contiguous to the southern spawning cen-
ter, the southeast and southwest areas that emi-
grating sardines would first enter, the tempera-
tures were somewhat above average in the inshore
quadrant (0.17° C. in January-March and 0.50°
C.1in April-June) and somewhat below average in
the offshore quadrant in the winter period (0.25°
C. lower than average) and close to average in
the spring period. There was only 0.02° C. dif-
ference between the average winter temperatures
in the northern spawning center in 1952 as com-
pared with 1954—two markedly contrasting years
with regard to distribution and abundance of
spawning in the northern center. Temperatures
in 1953, the year with the least spawning in the
northern center, were not much below average in
the winter period (0.11° C.), but were the coldest
in the series during the spring months (0.61° C.
below the -year average).

TABLE 9.—Average water temperatures at a depth of 10
meters in northern spaiwning center based on all sta-
tions occupied

[Lines 80-107]

Temperature (* C.) in—
Date
Northenst {Northwest| Southeast |Southwest| Northern
section section section section center
January~March:
1951 13.34 14. 492 14.72 15.87 14.71
13.59 13. 86 14. 41 15,08 14.24
13.33 13.9% 14.24 14.71 14.06
13. 90 13.93 14. 46 14.73 1426
13. 46 13. 67 14. 26 14.72 14.03
12,79 13.78 13. 65 14.67 13.72
Average . __._._._. 13.40 14.02 14.29 14, 96 14.17
April-Tune:
1951 _ 14.34 14. 51 15. 46 16.14 15.11
1952 14.09 14,75 14.23 18, 16 14. 81
1953 12.90 14, 20 14.16 15. 57 14.23
1954 14.20 14.75 15. 52 15. 90 15.09
19556 _ [ 14.28 14.21 15. 63 15, 7 14. 96
1956 _ ... ... 14,22 14. 30 . 15,10 15.76 14. 84
Average ... __._. 14.00 14.47 15,02 15. 87 14. 54

Temperature data for the years 1952 through
1956 will be published in QOceanic Observations
of the Pacific, of which only one volume in the
series, observations for 1949, has appeared as yet
(Rakestraw, Horrer, and Wooster, 1957).

In a subsequent section, there is a discussion of
temperatures at which sardine eggs were obtained
during the years 1951 through 1956. I do not
wish to anticipate results before presenting the
data, but the difference was more marked between
temperatures at which sardine eggs were obtained
in the two major spawning centers in 1952 and
1953 than in the other years.

An alternative explanation for the emigration is
that population pressure had increased to such an
extent in the southern center that a portion of
the population moved out. Some data can be
marshaled in support of this thesis, some against
it. Two lines of evidence will be considered: vir-
tual population estimates and estimates of the
number of eggs spawned.

It is possible to derive minimal estimates of the
size of the spawning population each year from
virtual population (accumulated age) estimates.
These estimates are based on age composition data
from the commercial catch (Felin, Anas,
Daugherty, and Pinkas, 1952; Felin, MacGregor,
Daugherty, and Miller, 1953, 1954, and 1955;
Felin, Wolf, Dangherty, and Miller, 1958; Wolf,
MacGregor, Daugherty, and Miller, 1958). Each
estimate represents those sardines of 2 years of
age and older that were definitely present in the
population in a given season, since they were sub-
sequently caught. Availability influences virtual
population estimates, since only those fish can be
caught that are present in the fishing area. Also,
differences in fishing intensity and natural mor-
tality of sardines are not taken into account.
Hence, the estimates are minimal.

Virtual population estimates for seasons 1951
through 1955 are compared with estimates of sar-
dine egg abundance in the following tabulation.
Recent estimates of the virtual population are low,
because some year classes used in the estimates
have made only a partial contribution to the fish-
ery as yet. The 1956 estimate of the virtual popu-
lation is not included for this reason.

Estimate of
sardine egg
ahundance

Virtual popu-
Yenr Iation estimate
(In billions) !

1.20 61010 12
.38 136210 1
.67 436%10 12

1.17 35510 12

0.75 16310 2

' Minimal size of spawning population,
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- There is fair correspondence between the vir-
tual population estimates and the estimates of
sardine egg abundance for every season except
1953. In this season the estimate of egg abun-
dance is too large in comparison with the virtual
population estimate. As noted previously, most
of the sardine eggs obtained in 1953 resulted from
fall spawning in the southern center, and it is
unlikely that the group of late-season spawners
ever became fully available to the California
fishery. Only about 89X10™ eggs were taken
during the main spawning period in 1953 (table
12).

The virtual spawning population in 1954 was
the largest for any season since 1951. The in-
crease could have resulted in moderate population
pressure. However, the amount of spawning off
central Baja California in 1954 was only 35 per-
cent as much as in 1951, when spawning re-
mained concentrated in the southern spawning
center.

The widespread spawning in 1954 is interesting
for another reason. In a consideration of factors
that might favorably influence the survival of a
year class, I have theorized (Ahlstrom 1950, p.
45) that the extent of the area over which spawn-
ing was spread was probably one of the more im-
portant ones: the larger the area, the greater the
chance of a good survival. The 1954 distribution
gave us an opportunity to test this hypothesis.
The areal extent of sardine spawning in 1954 was
greater than in any other recent year. The 1954
class had poor survival during the larval stage
and has, to date, contributed very little to the
fishery (larval survival for 1952-56 classes will
be presented in a later publication). It appearsto
be nearly as weak as the very poor 1949 and 1950
classes, and has contributed only 85 million fish
to the catch as 1- to 3-year-old fish. If this judg-
ment is born out by its subsequent history in the
fishery, then we must question the importance of
wide areal distribution in the production of a
successful year class.

o —1
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PERCENT OF TOTAL
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FieUure 9.—Average seasonal distribution of sardine spawning, 1951-56, by area.

(Area 1 omitted: see footnote to

table 10.)
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The relation between sardine spawning in the
northern center and availability of sardines to
the commercial fishery during the subsequent fish-
ing season has been briefly mentioned for 1952
through 1954. The relation during the 5-year
period, 1952 through 1956, is given in the follow-
ing tabulation:

Estimated Commercial
abundance | Percentage fishing California
Spawnling season of eggsin of total season commercial
northern spawning (Oct. 1- cateh
spawning Feb. 1) (tons)
center
4X1012 3.2 | 1952-53 4,520
4102 .9 1953-54 3,170
137X1012 38.5 1954-55 67, 260
86X1012 52.7 1955-56 74. 960
26X1012 37.3 1956-57 32,650

Sardine spawning was negligible in the north-
ern cenfer in 1952 and 1953, and the commercial
catch was exceedingly poor. With the return of
a sizable spawning population to the northern
spawning center in 1954, the commercial catch
immediately jumped to 67,260 tons. It could
have been larger during this season, as a price
dispute delayed the opening of the San Pedro
season for about 5 weeks. The 1955-56 catch
was the best during the 5-year period. The catch
during the 1956-57 season started out well. Sar-
dines were moving southward during the brief
period of good fishing and were not available in
any numbers to the southern California fishery
during the remainder of the season.

SEASONAL DISTRIBUTION OF SPAWNING
195t-56

The monthly occurrences and abundance of sar-
dine eggs in different parts of the spawning range
are summarized in table 10 for the 6-year period,
1951-56. Average seasonal distributions are illus-
trated in figure 9. The 1950 season is not in-
cluded because the coverage of spawning areas
was less intensive and complete than in succeed-
ing years.

Southern California area (lines 80-93)

Approximately 98 percent of the eggs spawned
in this area have been obtained during the 4-
month period, April through July. The month of
peak spawning has been either May (1951, 1952,
1956), June (1954, 1955), or July (1953). Based
on totals for six seasons (1951-56), nearly 45 per-

FISHERY BULLETIN OF THE FISH AND WILDLIFE SERVICE

cent of the sardine eggs were obtained in May, 35
percent in June. There have been only three oc-
currences of sardine eggs in the months of August
through January. Some spawning has taken
place during February and March, but it
usually has been light; about 10 percent of the
occurrences off southern California were recorded
for these months, but only .about 2 percent of the
number of eggs spawned.

Northern Baja California area (lines 97-107)

The areas off southern California and northern
Baja California together constitute the northern
spawning center. As off southern California,
there have been only negligible amounts of spawn-
ing during August through January (six occur-
rences, (.11 percent of eggs spawned). Spawning
has occurred somewhat earlier in the year off
northern Baja California, however. More than
45 percent. of the sardine eggs were obtained dur-
ing February through April in this area, whereas
less than 8 percent were obtained during these
months off southern California. Since 1954, there
have been considerably more occurrences of eggs
in this area than off southern California. Based
on totals for the six seasons, approximately 30
percent of sardine eggs were obtained in April
and 33 percent in June.

Upper central Baja California area (lines 110-120)

Sardine eggs have been collected throughout the
year in this area. The composite seasonal dis-
tribution, based on the totals for 6 years, is
bimodal, with peaks in March and August.
Spawning during the first half of the year
usually has a much wider areal distribution than
spawning during the latter half. As is shown
later, spawning during the main spawning period
has taken place at temperatures that were only
slightly higher than those encountered in the
northern spawning center, but that were fully
2.5° C. lower than the average temperature of
spawning of the late-season group.

Late-season spawning usually is confined to the
southern end of Sebastian Viscaino Bay in the
upper central Baja California area (lines 110-
120) and to inshore stations along the coast in the
lower central Baja California area (lines 123-
137). Asis pointed out later, late-season spawners
may constitute a separate subpopulation of
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TasLE 10.—Occurrences and abundance of sardine eggs, by area and month, 195156

Occurrence of eggs Estimated number of eggs (in billions)
Area ! and month
1951 1952 1953 1954 1955 1956 Total 1951 1952 1953 1954 1955 1956 Total |Percent
Southern California
(lines :
0 1 0 0 0 [ 1 0 3 0 0 0 3| <o.01
1 0 2 2 0 0 5 0 0 20 19 0 39 .
2 3 (1} 1 3 3 12 211 139 0 2 1,761 7 2,190 1.93
6 4 1 13 5 1 30 202 498 2 5, 34 16 6, 344 5.59
4 7 3 1% 14 14 60 | 10,927 1,521 36 | 12,412 7,184 | 18,546 | 50,626 44.59
4] 2 3 18 15 8 52 4, 065 74 24 17,709 8,670 | 10,154 | 40,705 35.89
3 2 1 A 2 2 15 315 422 593 | 11,728 3 13,528 11.96
0 1 0 (1] [£) T [ 1 Q 8 (1% T | I PSRRI (RS 8 .01
(1} 0 Of....... O 0 0 ] [1 N PR [+ 2 P, 0 0
[ 0 )] 0 0 1 1 0 0 0 0 0 83 83 .07
0 0 {1 PRI N, 0 0 0 0 0 |- . 0 0 1] [1}
(1] R 0 o ] 0 0 [ 2 S 0 0 0 0 0
22 20 10 57 39 29 177 15,720 2, 663 675 18,062 | 29,250 | 113, 526 100. 00
0 0 0 2 1 0 3 0 0 [ 41 9 [ 50 .02
0 0 2 2 7 1 12 0 0 673 9, 385 27 | 10,135 4.10
3 3 2 19 12 19 88 61 1,501 11, 599 6, 668 7,186 | 27,309 11.05
6 2 2 28 24 11 73 2, 675 2 1,199 | 26,9756 | 38,443 5,706 | 75,030 30.36
8 1 2 17 14 11 53 2,355 26 21,628 12, 434 2,060 | 40,391 16. 34
T 2 2 16 9 7 43 | 13,546 71 51 23, 149 670 | 43,817 1, 304 32.90
1] 0 0 6 1 3 10 0 0 6,018 36 6,632 | 12,686 5.13
1 0 0 1 [ T 2 42 0 0 (1 P P 212 0.09
0 [+ J USRI [IPIPI, PRI P 0 0 L T P O B 0 0
0 1] 0 0 1] 0 0 0 0 0 0 [} 0 0 0
- 0 [ 2 RS DI S 0 0 Q [+ ) PRI PRNPIIPRE 0 0 0
December__.... .. [ LI PR, 0 0 1 0 1 [ LN P 0 0 8 0 8 <.0
Total_____..._. 25 8 10 n 69 52 255 | 18,679 1,630 3.205 | 89,630 | 67,653 | 66, 328 | 247,125. 99.99
Upper central Baja
California (lines
110-120):
January._._....... 2 4 1 10 7 2 26 2,502 | 43,929 4.92
3 5 7 20 10 9 54 6,282 | 123,907 13. 87
8 10 17 25 9 13 82 8, 515 | 163, 856 18.34
10 1 14 26 14 4 79 2,335 69, ~81
9 14 10 25 5 & 68 10, 321 76,913 8. 61
3 13 10 18 4 4 52 186 | 23, 526 2.63
2 & 2 4 4 3 20 64,162 | 134,411 15.04
3 7 4 3 ® 6 23 22,520 | 191,303 21. 41
1 4 1 U IR SR - 2 18 6,520 | 21,719 2.43
3 0 1 0 [ I ] ceeeeeo-| 33,072 3.70
2 ) U RO D, PR . 3 - 6, 944 .7
F: T 4 1 b2 10 .- 4. 224 .47
Total .. __._._.. 49 74 81 132 60 48 444 123, 433 | 893, 606 100. 01
Lower central Baja
California (lines
123-137):
January. .. 3 3 0 3 2 [} 11 10, 410 1, 460 0 3, 855 2,744 0 18, 459 2.68
February . 2 4 4 4 0 4 18| 17,262 1,138 3,006 | 37,180 (1] 7.179 | 65,775 9. 55
March_.__._.._. 5 13 9 4 1 3 35 | 177,801 10, 003 779 8,245 32 2,054 | 198,914 28. 87
April_____ ... 4 9 3 & 0 3 24 39, 687 7, 805 221 495 0 16,379 | 64,587 9. 37
May. . oo 3 4 ] 2 2 0 10 | 68 162 3, 262 800 2, 250 8,230 0] 82,7 12.02
June____.._. 0 4 3 3 1 2 13 0| 10,293 140 1,452 21 10,156 | 22,062 3.20
Juty_ ... 1 1 3 4 3 0 12 3,814 66 | 160,052 | 43,549 6, 45 0 | 213, 526 30.99
August___. 2 2 7 1 ) 1 13 2,705 8,819 2,683 13 }aiai- 1,063 15, 283 2.22
September__ 1 P2 I I PR 1] 3 7 3024 | oo e am 0 3,071 .45
October_.... 0 2 2 0 ) U 5 1} 536 1,350 0 62 ... 1,948 .28
November.. 0 1 - [ DR I .. 1 0 [ 3 PR P S I 8 <.01
December____.... ) S [P 0 2 k: 2N [P 6 F: L P, 0 341 2,267 | ... .. 2,648 .38
Total. ___..._.. 22 45 39 28 13 13 160 | 319,926 | 46,404 | 169,121 97. 390 19, 401 36,831 | 689,073 100. 01
Southern Baja Cali-
fornia (lines 140-
57):
January.___ .. ..o . eeoioo.- 1 [ 0| 15925 1,044 82 | 17.051 98, 37
February...._...| ..._... S | .. L5 3 A I, 434 75 502 3.35
- - R RN I | I (SRR 0 0
......... 0 0
80 .28
0 (1}
0 ol......... 0 o
15,925 1,478 157 17, 643 100. 00

J i zli‘;-;‘a 1 omitted. Only two collections containing sardine eggs were obtained in area 1 (to the north of Point Conception): One in June 1951, the other in
une .
2 Norpac.
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sardines. Although the separation of regular
spawning from the late-season spawning is much
sharper in some seasons than others, I am con-
sidering eggs spawned between January and June
in this area to belong to the regular spawning
group, and eggs spawned during July through
December to result from another spawning group.

Lower central Baja California area (lines 123-137)

The composite seasonal distribution of sardine
spawning in the lower central Baja California
area is bimodal with peaks in March and July.
In the 6-year period, 1951-56, about two-thirds
of the spawning in this area occurred during the
main spawning period, and one-third during the
late spawning period. Sampling has been less
intensive during the latter half of the year, con-
sequently abundance of eggs during these months
has been somewhat underestimated.

The lower central Baja California area de-
creased in importance as a spawning center be-
tween 1950 and 1956. In 1950 and 1951, approxi-
mately 50 percent of the total sardine spawning
occurred in this area, while in 1955 and 1956 less
than 15 percent of sardine eggs were taken here.

Southern Baja California area (lines 140-157)

During the 6-year period under consideration,
only 13 cruises extended into the area off southern
Baja California. Nine cruises were made in Jan-
nary through March, and the remaining four
were made during April, June, September, and
December. Sardine eggs were taken in 12 hauls.
6 made during January, 4 during February, and
2 during June. Collections in which eggs were
common were obtained only in January.

WATER TEMPERATURE AT TIME
OF SPAWNING

There have been no direct observations on sar-
dine spawning, consequently water temperatures
at time of spawning have been inferred from
temperature observations taken at stations where
sardine eggs were obtained.

Studies on vertical distribution of sardine eggs
have shown that the eggs are limited in their
distribution to the upper mixed layer and the
upper portion of the thermocline (Silliman 1943;
Ahlstrom 1959). The depth of the upper mixed
layer varies from station to station and also at a

given station on different occupancies. Sardine
eggs have been found to be variously distributed
within the mixed layer. In some situations they
have been concentrated near the surface or within
the upper 10 to 20 meters of depth, at other places
they have had a fairly wide distribution within
the upper mixed layer or they have been distri-
buted only in the lower portion of the layer.

Although no one level can be representative
of the depth distribution of sardine eggs under
all conditions, yet on the average the largest con-
centrations of eggs have been obtained between
the surface and about 20 meters. The tempera-
ture at a depth of 10 meters has been used in the
following dnalysis. The temperature at this level
is much less influenced by diurnal changes than
the surface temperature. It is much simpler to
obtain than an average temperature for the upper
mixed layer, although in many situations it would
be identical with such an average and seldom
would differ from it by as much as 0.5° C.

In the following analysis, the spawning season
has been divided into two parts: main spawning
period, extending from January through July in
the northern center, January through June in the
southern center, and late-season spawning, occur-
ring during July through December in the south-
ern center. Temperature observations are avail-
able for 913 collections of sardine eggs made dur-
ing the major spawning period in 1951 through
1956, and for 121 collections made during the
late spawning period.

The frequency of occurrence of sardine eggs
at different. temperatures is given in table 11 and
illustrated in figure 10. -Observations from the
several geographical areas are summarized sep-
arately. Temperature observations are grouped
by 0.5° C. intervals.

The temperature range over which sardine eggs
were obtained during the major spawning period
was from 11.0° to 21.2° (. Approximately 93
percent of the occurrences were at temperatures
between 13.0° and 17.9° C., and more than 50 per-
eent. of the oceurrences were within a 116° C.
range (145-15.99° C.). The mean, median, and
modal temperatures for the spawning range as
a whole fall in the same interval, 15.0-15.49° C.
The majority of occurrences at temperatures below
13° C. were in tlie adjacent 0.5° interval. So few
sardine eggs have been taken at temperatures be-
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TaBLE 11.—Relation betiween water temperature and occurrence of sardine eggs, 1951-56

Oecurrences of sardine eggs during—

Temperature at 10 meters (¢ C.)

Main spawning period on lines—

Late-season spawning on lines—

80-93 97-107 110-120 | 123-137 | 140-157 Total 1310-120 | 123-137 Total
11.0-10.40 . e emiiimanas 1 b P
11.5-11.99.___ 2 b [

120-1249.__._. L] 2
1251209 __ .. <] 6
13.0-13.40_____. 13 8
13.5-13.99_ .. 2 12
14,0-14.49____ .. 37 31
14.5-14.99__ 34 53

15.0-15.49 17 56 169 2 4

. 6 141 3 5

10 4 9

8 1 6

3 13

6 13

1 7

4 15

__________ 8

1 13

2 6

2 4

1 3

1 2

1 1

1 1

3 3

1 1

1) Y U AR 173 253 358 117 12 913 §1 40 121

AV e o o oo 14.7 15.1 15.4 15.7 18.7 15.2 18.1 18.0 18.1

low 13° C. that this temperature can be considered
a threshhold for Pacific sardine spawning.

During the late spawning period (July—De-
cember), sardine eggs were obtained at. tempera-
tures between 11.3° and 274° C. The average
temperature for the 6-year period was 18.1° C.
Thus, late-season spawning occurred, on the aver-
age, at temperatures which were 2.9 C. higher
than during the major spawning period. Less
than 3 percent of the occurrences during the ma-
jor spawning period were at temperatures above
18.0° C., while more than 50 percent of the occur-
rences during the late spawning period were at
temperatures of 18° C. or above.

This marked difference between the average
temperature at spawning of the major spawning
group of sardines and of the late-season spawn-
ing fish has raised the question of whether the
late-season spawners may not constitute a separate
subpopulation. The subpopulation problem in
the Pacific sardine is discussed by Marr (1957).
Although the question has been posed from a con-
sideration of time and temperature ditferences at
spawning, the problem will have to be solved by
other techniques such as genetic studies of spawn-
ing fish of the two groups, growth studies, and a
suitable tagging program.

If the late-season spawners off central Baja

‘alifornia do not constitute a separate subpopula-
tion, then one of two explanations must apply:
either spawning throughout the year oft central
Baja California is carried on by the same group
of fish, or the late-season spawning is carried on
principally by young fish spawning for the first
time, probably as 114-year-old fish. The latter ex-
planation is an appealing one, for if true, it would
mean that the late-season spawning could be used
to assess the strength of each year class when ap-
proximately 114 years of age.

It is important to know whether the late-season
spawners do constitute a separate subpopulation
or not. If they are a separate subpopulation with
different environmental requirements than the
main group of sardines, they may be largely un-
available’ to the California commercial fishery.
Because of this possibility, estimates of egg abun-
dance from late-season spawners have been sepa-
rated from those of the main spawning group in
table 12,

The fluctuation in abundance of eggs is consid-
erably greater during the late-season than during
the main spawning period. Sampling during
July-December off central Baja California was
about equally intensive in 1952 and 1953, yet the
estimate of abundance of 352X 10" eggs for 1953
was nearly 12 times as large as the estimate of



208 FISHERY BULLETIN OF THE FISH AND WILDLIFE SERVICE

SAN FRANCISGO

_J\
a0l —
-
it ,.r‘v_r’_{i \;
ol e
60 i AREA 2
[ | i
a0 j
20 T \
L R —/san DiEco
: wEA 3 el
0 -t | —
» o i -
S s0L M |
)
B — 2
w
z 60 . AREA 4
S -
E ]
< a0l .
[T — —
© 20 1
‘ﬂ) L i AREA 5
E Ol —
g:: 40[ —/
2
[&)
g 20l : _ /]
w B -
O 0L~ — r:':V_'_r—i_r m AREA 6
14 -
g 20 ‘/
3 | —]
o —~—r— —— —1
160 |_ ALL AREAS GOMBINED |
: ] :
120 _
so|. _
40| ﬂ
[o} E_!\,i |
o 'n 12 13 14 15 16 17 18 19 20 2 22

TEMPERATURE AT TEN METERS IN °C

FIGURE 10.—Temperature distribution of sardine eggs during the complete spawning period off southern California and
northern Baja California (areas 2 and 8) and during the main spawning period (January-June) off central Baja
California (areas 4 and 5) and southern Baja California (area 6).

2TX 10 eggs for 1952. The lowest estimate of
the group, that of 135X10" eggs for 1955, is an
underestimate, since collections within the late-
season spawning areas were not made during
August and September 1955.

Average temperatures at which sardine eggs

were obtained in different parts of the spawning
range are summarized for the major spawning
period by season and area in table 13. The aver-
age temperature increased from north to south.
For the 6-year period, 1951-56, the amount of the
increase going southward from one area to the
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TABLE 12..—Relative contribution to sardine egg estimates of eggs collected during the main spawning period and of eggs
collected during late-season spaiwning, 1951-56

1951 1952 1953 1954 1955 1956
Area
Estimated|Percent| Estimated | Percent| Estimated | Percent| Estimated | Percent| Estimated|Percent; Estimated| Percent
abun- |of total| abun- |of total| abun- [of total| abun- |of total} abun- |of total| abun- |of total
dance danee dance dance dance dance
Main spawning period:
North of Point Conception (lines 60—

b 7 ) - 0 0 n 0 [ 0 38 0.01 U] 0 0 [
Southern California (lines 80-03) . 15,720 2.57 2, 6563 1.96 675 0. 15 47,156 | 13.27 18,062 { 11.11 29, 250 1. 43
Northern Baja California (lines

107) s 18.679 3.06 1,630 120 3,205 .73 89,6830 | 25.22 67,653 | 41.60 66, 328 25.91
nger central Baja California, Jan.-

une (lines 110-1200_______.___._.... 183,254 | 30.00 70,404 | 51.75 79, 600 18.08 89,478 | 25.18 48,966  30.11 30, 231 11. 81
Lower central Baja California, Jan.-

June (lines 123-137) . ____. ._._._-.-. 313.322 | 51.29 33, 951 24. 96 5,036 1.14 53, 487 15. 05 11,027 6.78 35, 768 13.97
Southern Baja California, Jan.-June

(lines 140 & below).__ ... ___ 5N 0 83 0.06 0 U} 15,925 4.48 1,478 .91 157 .05

Total . 531,025 | 86.92 108, 731 79.93 88,516 | 20.10 | 295714 | 83.21 147,186 | 90.51 161, 734 63. 18

Late season spawning (Tuly-December):
Upper central Baja California_____.... 73,219 | 1.9 14,864 | 10.93 | 187,565 | 42.61 15, 741 4.43 7, 082 4,35 a3, 202 36. 41
Lower eentral Baja California. ... ... 6, 586 1.07 12, 453 9.15 | 164.085 | 37.30 43,903 | 12.35 8,374 5.15 1,063 .42
Total .l 79,785 | 13.06 27,317 | 20.08% | 351,650 | 79.91 59, 644 16.78 15, 456 9. 50 94, 265 36. 83

TABLE 13.—Temperature range and means for stations where sardine eggs were taken, by season and area, for main
spawning period

[Temperature {° C.) at 10 m.]'

1951 1952

1053 1054 1955 1956 Al years

Southern California (lines 80-93):
Number of observations___ ... 22
Temperature range..
Mean temperature

Northern Baja California (lines 97-107):

Number of observations__. ... __ ... ...
Temperature range____ .
Mean temperatire_ oo ooeooeoaoooo

Upper central Baja California (lines 110-120):

Number of observations.___..._._ .. ...
Temperature range.... . .
Mean temperature. ..o cememeao._ 15.3

Lower central Baja California (lines 123-137):
Number of ohservations.
Temperature range
Mean temperature

Summation (lines 80-13
Numbher of nhservations.
Temperature range.... .
Mean temperatire . oo icemmeee—e s 15.

Southern Baja California (lines 140-157):

Number of observations.._ ... ...
Temperature range__..__ -
Mean temperatlre . - oo oe o cmmeaeman

12.

10 39 173
11.3-16.9 12.8-17.9 11.3-20. 4
13.7 14.7 14.7

10 70 253
12.6-16.9 13.0-17.4 11.2-16 11.2-21.2
14.8 15.1 14 15.1

59 48
12.7-16. 5 13.0-16.5 12. 2-16.
15.1 15.2 14.

5

6

27 21 6 12
12.8-17.9 14.0-15.9 9
15.3 15.1

358
12.1-17.9
15. 4

117
12.3-19.9
15.7

106 289 163 901
11.3-17.9 11.5-21. 2 12.8-17.9 11.2-21.2
15.1 15.0 15.2

5 12
16.9-20. 6 16.9-20.6
18.3 18.9 18.7

oo
oco—
R
e
©oP
POPNT

20.
20.

next was roughly uniform at approximately 0.3°
C. between each of the four principal areas, but
jumped to 3.0° C. from lower central Baja Cali-
fornia to southern Baja California.

The average temperature at spawning off south-
ern California during the 6-year period was 14.7°
C. In only one year, 1953, did the mean temper-
ature depart from this average by more than 0.2°
C. The average temperature at spawning off
northern Baja California during 1951-56 was
15.1° C.; the range in average temperature values
for the individual years was from 14.5° to 15.6°
C. The average temperature at spawning in the
northern spawning center, which comprises the

above two geographical areas, was 14.9° C. during
these years.

Average temperatures at spawning for individ-
ual seasons in the upper central Baja California
area ranged from 14.6° to 15.9° C.; the average for
the 6-year period was 154° C. There was a
greater spread in the seasonal averages for lower
central Baja California, the lowest, 14.7° C. in
1956, being 1.8° C. below the highest, 16.5° C. in
1954. Although there was a 0.3° C. difference be-
tween the 6-year average temperatures in the up-
per and lower central Baja California areas, it
should be noted that the average temperatures
were almost identical during 4 seasons, and dif-
fered by 0.7° to 0.8° C. during the other 2 seasons.
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The average temperature at spawning in the
southern spawning center (upper and lower cen-
tral Baja California areas) during the 6-year
period was 15.5° C. Thus, the difference in aver-
age temperature at spawning in the two major
spawning centers was 0.6° C. during the years
1951-56. However, the ditference between indi-
vidual years was as small as 0.1° or 0.2° C. (1955
and 1956) and as large as 1.3° C. (1952), as can be
seen from the following summary :

Average temperature
(*C.) in—
Major spawning period Difference
Northern Southern ¢ C
spawnings spawning
center (lines | center (lines
80-107 110-137)
14.9 15.6 +0.7
145 15.8 +1.3
14,2 15.2 +1.0
15.3 15.8 +0.5
13.0 15.2 40.2
14.5 14.8 +0.1

It is interesting to note that in 1952 and 1953,
when there was limited spawning in the northern
center, the difference in temperatures between the
two centers during the period of spawning was
somewhat greater than in the other years.

Although the lowest average temperature in the
northern spawning center occurred in 1953, the
lowest average temperature throughout the
spawning range occurred in 1956 (14.6° C.). The
average temperature in the northern center in 1956
was the same as in 1952 and only 0.3° C. higher
than in 1953, yet spawning was widespread in the
center in 1956 and limited in both amount and ex-
tent in 1952 and 1953.

During the years under consideration, the
greater abundance of sardine spawning occurred
in areas where the average temperature was be-
tween 15.0° and 15.9° C. The only exception to
this statement is the 1956 season, when average
temperatures thronghout the spawning range were
helow 15° C.

Only a limited number of collections of sardine
eggs have been obtained off southern Baja Cali-
fornia. (lines 140-157). In the 6-year period,
1951-56, 12 hauls contained sardine eggs. The
temperature range at these stations was from 16.9°
to 20.6° C., the mean temperature was 18.7° C.
This value is 3° C. higher than the average tem-
perature in the lower central Baja California area
during the same period.

Actually, the average temperatures in the south-
ern Baja California area during January through
June were as high as the average temperatures
during the late-season spawning period, July
through December (table 14). If we postulate
that the late-season spawning was carried on by a
separate subpopulation and use as a major prem-
ise the difference in average temperatures between
the major spawning period and the late-season
spawning, then, by the same reasoning, we are
forced to conclude that the sardine spawners off
southern Baja California also constitutes a sepa-
rate subpopulation. T am merely pointing out
this fact for consistency, and hasten to add that
we have no definite evidence for or against the ex-
istence of a separate subpopulation in this area.
There is a possibility that the sardines from
southern Baja California are more closely allied
to sardines in the Gulf of California than to those
off central Baja California.

TaBLE 1+—Temperatire ranges and means for stations
where sardine eggs were taken, summarized by years
and areqa, for late-geason spawning

[Temperature (° C.) at 10 m.]

Lines 110-120 Lines 123-137
Year
Nnmber| Temper- Mean {Number| Temper- Mean
of obser- ature temper- | of obser- ature temper-
vations range ature | vations range ature
14 17.5-20.9 19.5 5 16. 5-23.9 20. 4
16| 11.3-021.4 17.3 8| 155-23.4 19.1
21 150219 182 12 14.0-23.9 18.9
R 16. 5-20. 4 18. 6 7 16.0-20.9 18.1
11 13.5-17.9 18.5 7 14.0-16.5 15.3
10| 18.5-20.4 18.6 1 27.0 27.0
81 11.3-21.9 18.1 40 14.0-27.0 18.0

A difficulty in comparing the average tempera-
tures of late-season spawning in different years
arises from the paucity of samples in some years.
The survey in 1955, for example, was limited to
October and December; hence the average tem-
peratures for this year are not strictly comparable
with any other year. This is unfortunate, for the
Iimited temperature observations available were
markedly lower than during any other season.

RELATION OF EGG ABUNDANCE
TO TEMPERATURE

In order to determine whether large concentra-
tions of sardine eggs were taken at temperatures
different. from those determined for sardine eggs
irrespective of abundance, average temperatures
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were obtained for those hauls containing 101 or
more eggs. The results are summarized by area
for the 1951-56 period :

All hauls of Hauls of 101 or
sardine eggs more sardine eggs
Area Station
lines Num- |Average| Num- |Average
ber of | temper-| het of | temper-
hauls ature hauls ature
(° C.) (¢ C
Southern California.._.... 80-93 173 14.7 51 149
Northern Baja California..| 97-107 253 15.1 32 15.2
Upper central Baja Cali- R
fornia._ ... _._....__.... 110-120 358 15.4 143 15.3
Lower central Baja Cali-
fornfa_ . ... oo ... 123-137 117 15.7 60 15. 6

The average temperature at which hauls con-
taining larger concentrations of sardine eggs were
made was very similar to the average for all hauls.
In only one instance was the temperature differ-
ence between the two groups of hauls as large
as0.2° C.

In an analysis of the relation of jack mackerel
larvae to temperature, Ahlstrom and Ball (1954),
using temperatures at 20-meter depths, found that
hauls containing a large number of larvae (101
larvae or more per haul) were associated with
a more limited temperature range, 12.5-17.0° C.,
and lower mean temperature, 14.75° C., than hauls
containing only 1 to 10 larvae. The temperature
range for the latter group was from 10.0° to
19.0° C., and the mean temperature was 15.45° C.

TEMPERATURE CONDITIONS IN 1940
AND 1941

Sardine spawning surveys made in 1940 and
1941 covered an area off southern California that
‘presently would be included in the southern Cali-
fornia area (Sette and Ahlstrom, 1948; Ahlstrom
1948). The ranges and means of water tempera-
tures at stations where sardine eggs were taken
during these years are summarized, by cruise, in
table 15. Temperature observations for 1940 were
taken from Sverdrup et al. (1944) ; for 1941 from
Sverdrup et al. (1947). The average tempera-
ture for the 1940 season was 15.1° C. and for the
1941 season 16.1° C. The average temperature at
which sardine eggs were taken in 1940 was 0.2° C.
higher than that off southern California during
any year between 1951 and 1956, and the average
temperature in 1941 was 1.2° C. higher. The
average temperature off southern California in

1941 was higher than the average temperature at
which sardine eggs were obtained off lower central
Baja California (lines 123-137) during 5 of 6
years between 1951 and 1956. We have no infor-
mation on either sardine spawning or water
temperatures off central Baja California in
1941, so cannot compare the temperatures in
that region in 1941 with those obtained off
southern California.

TasLe 15.—Temperature range and mean for stations
where sardine eggs were taken, summarized by criises,
1940 and 1941

[Temperature (° C.) at 10 m.]

Number Mean
Cruise number Date ofoceur- | Temperature |tempera-

rences range (° C.) ture

(¢ C)
III: 5-14 37 13, 65-16.00 15.2
III: 20-28 31 13. 83-15. 86 15.0
IV: 4-14 32 13.28-16.01 14,9
IV:22-v:3 31 12. 6818, 62 4.8
V:10-21 2 12, 50-18, 94 15.3
V:27-VI: 7 1% 13. 26-17.32 15.8
................ 1581 12. 58-18. 94 15.1
III: 21-30 41 14.98-17. 86 16.2
o] IV 1425 35 14, 10-16.90 15.4
V:8-17 27 14.57-18. 79 16.4
.| VI:2-12 18 13.80-18.13 15.7
.| VI:25-VII: 3 11 14.39-19. 14 16.5
VIIL: 21-28 5 13.47-20.11 18.2
................ 137 13. 47-20. 11 16.1

Temperatures during the 1941 spawning season
point up the fact that there can be greater tem-
perature differences between years in a geographi-
cal area, such as the southern California area, than
are normally encountered in different parts of the
spawning range during a spawning season.

SUMMARY

The distribution and abundance of sardine eggs
are discussed and illustrated for the years 1952
through 1956.

Distribution of spawning in 1952 and 1953 was
mostly confined to the southern spawning center,
off central Baja California.

In 1954, a marked change occurred in the dis-
tribution of sardine eggs: heavy and widespread
spawning occurred off southern California and ad-
jacent northern Baja California (northern spawn-
ing center), as well as in the area off central Baja
California. There was a ten-fold increase in the
extent of sardine spawning in the northern center
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in 1954 as compared with 1953, and a 35-fold in-
crease in the abundance of sardine eggs.

The extent. of sardine spawning in the northern
spawning center was greater than in the southern
center in both 1955 and 1956. Compared with
1954, however, there was a progressive decrease in
the areal distribution of spawning in these years.

Estimates of numbers of sardine eggs spawned
during 1952-56 were as follows: for 1952,
13610 2; for 1953, 436:X1012; for 1954, 355X
102; for 1955, 163X 1012; for 1956, 256 X 1032,
The estimate for 1955 is too low by perhaps 15
percent. because of lack of sampling in August
and September 1955, during the Norpac expedi-
tion.

The occurrences of sardine eggs in the northern
spawning center were mostly limited to the months
of February through July. Off southern Cali-
fornia, heavy spawning took place in May and
June, while off northern Baja California heavy
spawning commenced in April and continued
through June.

Sardine eggs were obtained throughout the year
in the southern spawning center. To the north of
Point San Eugenio (upper central Baja Cali-
fornia area), a composite seasonal distribution
showed peaks in March and August, while to the
south of Point San Eugenio (lower central Baja
California) the peaks occurred in March and July.

During the major spawning period, sardine eggs
have been collected at temperatures between 11.0°
and 21.2° C., with more than half of the observa-
tions occurring within a 114° C. range (14.5°-
15.99° C.). During the late spawning period
(July—December), sardine eggs have been col-
lected at temperatures between 11.3° and 27.4° C.
The mean temperature of 18.1° C. in the late
spawning period was 2.9° C. higher than the mean
temperature of 15.2° C. in the major spawning
period.

The average temperature at spawning off south-
ern California during the 6-year period was 14.7°
C.; off northern Baja California, 15.1° C.; off up-
per central Baja California, 15.4° C. (major
spawning period, January-June) ; and off lower
central Baja California, 15.7° C. (major spawn-
ing period, January-June). Thus, the average
temperature at which sardine spawning took place
increased from north to south in a fairly uniform
fashion.

The difference in temperatures between the two
principal spawning centers was found to be
greater in 1952 and 1953 than in the other years.

A limited number of samples of sardine eggs
off southern Baja California were collected at an
average temperature that was nearly 3° C. higher
than the average temperature in the southern
spawning center during the same period of the
year. '

When sardine eggs were grouped according to
abundance, no ditference was found in the tem-
peratures at which they occurred.

The average temperature at which sardine eggs
were obtained off southern California in 1940 was
slightly higher than in any year between 1951 and
1956, but the average temperature in 1941 was
more than 1° C. higher.
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ABSTRACT

Data are presented for 15 fishing seasons between 1941 and 1957 showing the year-
to-year trends of mean condition factor and mean length of the Pacific sardine
(Sardinops cacrulee) at San Pedro, and the trend of relative population size of the
sardine as measured by the California catch. The data for condition factor and
length are based on the four major months of the fishing season, October through
January.

There is a high degree of inverse correlation between condition factor and catch,
and between length and catch, and a high positive correlation between length and
condition factor for the 15 seasons. The correlation between condition factor and
catch remains high when the condition factor data are analyzed by restricted length
groups, but there is no significant within-season correlation hetween length and condi-
tion factor when the data for each of the 15 scasons are analyzed separately. The
high inverse correlation between condition factor and population size is interpreted
as a cause and effect relation. While population size may also affect length growth.
the primary factor causing the high inverse correlation between average length and
population size is probably that both length composition and size of the population
are affected by the size of the year-class of sardines just entering the population of
sardines exploited by the fishery. The positive between-season correlation between
condition factor and length is also considered to be a parallel correlation rather
than cause and effect.

v




RELATION BETWEEN FISH CONDITION AND POPULATION SIZE IN THE
SARDINE, SARDINOPS CAERULEA

- By JOHN S. MACGREGOR, Fishery Research Biologist, BUREAU OF COMMERCIAL FISHERIES

Stunted growth of some species of fresh-water
ﬁshes"_ in densely populated lakes and ponds is a
well-known phenomenon to fishery biologists.
Hile (1936) reviews in part the less voluminous
literature concerning the relation between density
of population and rate of growth of marine fishes.
I wish to describe the inverse correlation existing
between condition factor and population size in
a pelagic marine fish, the Pacific sardine (Sar-
dinops caerulea), a situation apparently parallel-
ing that of the stunting of fish under conditions
of high population density. Stunting reflects
growth conditions over a considerable period of
time and especially during preadult life. Condi-
tion factor reflects recent feeding conditions. Both
stunting and low condition factor may be caused
by a meager food supply which, in turn, may
result from a large population of fish.

This study is a byproduct of fecundity studies
(MacGregor 1957) conducted as part of the
broader studies of the California Cooperative
Oceanic Fisheries Investigations. The California
Cooperative Oceanic Fisheries Investigations are
carried out under the sponsorship of the California
Marine Research Committee by the Califérnia
Academy of Sciences, the California Department
of Fish and Game, the Hopkins Marine Station
of Stanford University, the Seripps Institution
of Oceanography of the University of California,
and the South Pacific Fishery Investigations of
the Bureau of Commercial Fisheries of the U.S
Fish and Wildlife Service. The number of eggs
spawned by a sardine appears to be more closely
related to the weight of the fish than to its length
or age. A sardine having a higher condition
factor will generally develop a greater number of
eggs than one having a lower condition factor,
when the two fish are of similar length and age.

NoTeE.—Approved for publication Sept. 26, 1958,
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Bulletin 166. ’

However, the increased relative fecundity of a
small population having high condition factors
does not compensate for the much larger absolute
number of eggs that are developed by a large
population having lower condition factors and
a lower relative fecundity. There is no apparent
correlation between year-class size (either abso-
lute or relative to the parent population) and the
condition factor of the population that produced
that year-class. Relative fecundity as related to
condition factor, which in turn is related to popu-
lation size, may be one component of a complex
of factors that tend to retard population fluctua-
tions, preventing unlimited expansion on the one
hand and extinction on the other.

I wish to thank the California Department of
Fish and Game for the sampling records, the staff
of the South Pacific Fishery Investigations, Bu-
reau of Commercial Fisheries, for helpful criti-
cisms and suggestions, and A. H. Vrooman for
preparing the illustrations. '

METHODS

Condition-factor data were derived from sam-
pling records compiled by the California Depart-
ment of Fish and Game. In making age and
length determinations of the commercial catch of
sardines, a number of samples of 50 sardines each
were obtained from the commercial catch each
season. Among the data obtained for each sam-
ple were the standard lengths of the individual
fish in millimeters and the total weight of the
sample of fish in kilograms. From these were ob-
tained the mean lengths and the mean weights of
the 50-fish samples.

W X107

L’
in which A'=condition factor, W=mean weight
of fish in grams and L*=cube of the mean stand-
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Condition factor may be defined as A=
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ard length of fish in millimeters. Multiplying
W by 107 changed A from a 7-place decimal to a
more easily handled 3-digit whole number.

Although the condition factor derived from the
mean length and mean weight of sardines in a
50-fish sample will differ from the mean of the
individual condition factors of the sardines in
the sample, the ditference is negligible. The fish
within any one sample tend to be approximately
the same size and have fairly similar condition
factors. Condition factors based on the mean
weight. and mean length of fish in a sample were
compared with the mean condition factors based
on the average of the 50 condition factors for the
individual fish for several samples in which in-
dividual fish weights were known. In no case
did the K value computed from the mean length
and mean weight differ from the mean X value
by as much as 1 percent. For example, in one
composite 50-fish sample consisting of ten differ-
ent 5-fish samples taken over a 1-month period,
individual condition factors ranged from 118 to
176 with a mean of 138; lengths ranged from 189
mm. to 256 mm. with a mean of 212 mm., and
weights ranged from 92 grams to 198 grams with
a mean of 132 grams. The condition factor based
on mean length and mean weight was 139 or only
one K unit higher than the mean condition factor.
Tlie condition factors used in this paper are based
on samples that are probably all considerably
more homogeneous as to length, weight and condi-
tion factor than the above composite sample.

The data used are from a period of 15 fishing
seasons, 194142 through 1956-57 at San Pedro;
for each season the observations cover the 4 prin-
cipal months, October through January. No
data are available for December 1953 and for the
entire season of 1944-45.

Condition factors are used as a measure of the
“fatness,” although not necessarily the fat content,
of fish. It is assumed that no appreciable change
occurs in the specific gravity of the fish. A values

may be compared not. only among fish of the same

length, but also, if it can be shown that there are
no changes in body proportions peculiar to any
length group within the size range studied, among
fish of different lengths.

A second formula often used by fishery workers,
and one related to the condition factor formula, is
that for weight-length relation. This formula

generally takes the form W= CL", in which W =
weight, ¢ = a constant determined by the data
and Z" = length raised to an exponent determined
by the data. This formula describes the weight-
length relationship of a sample of fish. Hile
(1936) discusses the uses of and the differences
between the two formulas in considerable detail.

The formula W = ('L" provides for the possi-
bility that changes in body proportions take place
at a constantly increasing or decreasing rate
throughout the range of data. This is not. neces-
sarily true, especially if the range of data includes
both immature and adult fish. Theoretically, if
n is less than 3, condition factors should decrease
with increase in length, and if n is greater than 3,
condition factors should increase with increase
in length. The value of 2 can be influenced by
sampling irregularities, such as including in the
sample fish from different environments or from
different years or months when the length ranges
of the fish are not comparable in the different
sample components. These irregularities, as well
as those caused by including immature and adult
fish in the same sample, generally show up as high
percentages of plus or minus deviations within one
or more restricted length ranges within the total
length range of the length-weight curve. - '

Clark (1928) determined the length-weight re-
lation of the Pacific sardine from data based on
fish from the commerecial catch at San Pedro from
January to April 1921, December 1924 to March
1925, November 1925 to March 1926, and Decem-
ber 1926 to May 1927. Alsoincluded were a series
of fish of less than 150 mm. standard length (70
to 150 mm.; a size range not represented in the
commerecial catch) taken from January to Decem-
ber 1921. The length range of the fish taken in
the commercial fishery samples is fairly well rep-
resented throughout each of the months and years
during which sampling was conducted. Clark
found that the value of # in the formula
W = CL" was 3.15 for this combined sample of
fish. She also concluded that sardines smaller
than 200 mm. have a different seasonal weight
cycle than sardines larger than 200 mm.

In a later paper Clark (1934) further demon-
strated that immature sardines have a different
seasonal fat cycle than adults. She also stated
(1) that the 3.15 value of n was reduced to 3.07
if fish smaller than 150 mm. are omitted ; (2) that
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there was no significant. difference between the
length-weight relationships of males and females;
(3) that the value of n for San Pedro sardines
(longer than 150 mm.) between May and Oectcber
1929 was 2.80 and (4) that the value of n for fe-
male sardines throughout an entire year, October
1928 to October 1929, was 2.94. These close ap-
proximations of # to the cube indicate that condi-
tion factors of sardines of different lengths are
comparable, at least within certain limits.

A second and more direct method of determin-
ing the comparability of condition factors of fish
of different lengths is to determine the trend of
K when plotted against fish length in a represent-
ative sample. Clark (1928) has done this for
each of the months January, February, and
March. Each. monthly sample consisted of fish
taken in four different years, but all lengths were
represented fairly well in each of the years. Her
data indicated an increase in & from a fish length
of about 155 mm. to 195 mm., no change in A be-
tween 195 mm. and 250 mm. and a slight decrease
in K between 250 and 280 mm. )

I have used no sardine samples having mean
lengths of less than 190 mm., nor samples having
mean lengths greater than 240 mm. A values of

sardines within this length range are comparable.

Measures of population size used in this paper
are (1) the California commercial catch in tons,
(2) the California catch in numbers of fish
(3) accumulated age estimates (numbers of fish)
Felin and Phillips, 1948 ; Mosher et al., 1949 ; Felin
et al,, 1949, 1950, 1951, 1952, 1953, 1954, 1955 (in
press) ; Wolf et al. (in press) ; Clark and Marr,
1955. The latter measure is a minimal popula-
tion estimate based on the Pacific coast commercial
catch. Data for additional years have been in-
cluded with that of Clark and Marr (1955) for
accumulated age estimates. The commercial catch
is believed to be a good relative measure of popu-
lation size off the California coast over the 15
seasons covered by the data because the fishery
has been intensive over this period. The catch has
fluctuated from almost 600,000 tons to about 3,000
tons during this period. The general trend in
cateh has been downward since the late 1930%s
with temporary increases in catch following the
entries of the relatively large 1946, 1947, 1948, and
and 1952 year-classes into the fishery. The use
of catch data as a relative measure of the size of
the sardine population is discussed at some length
by Clark and Marr (1955).

TABLE 1.—Ruaxic data for San Pedro commercial sardine fishery, 1941—42 through 1956-57 scasons

Mean condition factor Mean length Number of 50-fish samples
Season
Jan. 4;1'123:‘1';," Oct. | Nov. | Dec. | Jan. | Total
19 196 70 48 38 46 202
199 2 82 77 () 48 283
200 20 84 53 59 47 243
208 204 25 14 13 20 72
210 205 25 16 22 14 77
221 217 20 18 14 9 61
200 200 18 15 15 12 60
205 201 20 11 17 13 61
214 210 35 40 25 30 130
217 212 40 28 20 21 109
2 233 12 15 9 5 41
222 224 16 14 0 3 33
209 207 17 28 20 3 68
215 214 33 25 25 11
227 226 34 15 5 7 61

! Unweighted average.

CONDITION FACTOR TRENDS

The trends of condition factors of sardines taken
at San Pedro from October to January in each of
15 fishing seasons are shown in figure 1. Since the
sardine fishermen locate the sardine schools pri-
marily by bioluminescence, the fishery is carried
on at night during the dark of the moon. Because
of this, the monthly trends are somewhat in error;
sardines from portions of two fishing periods are

often included in 1 month, and fishing periods are
often divided between 2 months. Comparison of
fishing periods would also contain an error since
they do not occur at the same time-each year.
Nevertheless, the month-to-month trends and the
year-to-year changes in condition factors are well
marked. It is apparent that condition factors
generally decrease as the fishing season progresses,
although there is often an increase from December
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TaBLE 2.—California gardine catch data and extimated
population (by accumnlated age) for the fishing seasons
194142 through 1956-5%

California catch ! Estimated
population 2
Season .
Thousands | Billions Billions
of tons of fish of fish
585 5.34 1.5
502 3.96 9.1
475 3.48 7.0
551 3.81 58
399 2,81 3.6
228 1.86 1.7
110 0.93 1.4
180 1.50 2.7
334 2.75 4.3
351 2.59 3.7
127 0. 95 1.2
& .02 0.4
3 .02 0.7
67 .53 1.2
3 .52 0.8
33 A9

1 Felin and Phillips, 1948; Mosher et al., 1049; Felin et al., 1949, 1950, 1951,
1952, 1953, 1954, 1955 (in press): Wolf et al. (in press).
LG50 19545 el 199550 Sevsorts e on base o Toore reoent dta).
to January. At thebeginning of the fishing season
(October), the highest condition factor is 144
(1953) ; the lowest, 126 (1941 and 1942). At the
end of the fishing season (January), the highest
condition factor is 137 (1953); the lowest 117
(1942).

Over the range of A values observed, the rela-
tive measurement, /', equals the absolute measure-
ment, weight in grams, of a 21514 mm. sardine.

WXx10 w

That is, from A= —7i it follows that L= yd

X107, and when W=K, L*=10", and L=215%.
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A 21515 mm. sardine is near the midpoint of the
range of sardine lengths (190-240) in the samples
used.

Some condition factor data are available for
sardines landed at Monterey for 8 of the 16
seasons considered. These are compared with
San Pedro sardine condition factors for the cor-
responding months (fig. 2). The number of 50-
fish samples is given in parentheses for Monterey
condition factors whenever they are based on less
than 10 samples. The January, 1947-48, San
Pedro sample is based on nine 50-fish samples;
all other San Pedro condition factors are based
on 10 or more. Not only are the Monterey data
meager, but. also their relative abundance is great-
est during periods when the sardine population
was highest and condition factors lowest. It may
be seen (fig. 2) that the Monterey condition factor
trend generally follows that at San Pedro, but is
higher in value at the beginning of the season and
about the same toward the énd of the season.

The least squares regression of Monterey on
San Pedro condition factors for each of the four
months are shown in figure 3 and regression sta-
tistics and other data in table 3. Although these
correlations are based on small samples (numbers
of pairs of data), the probabilities (P) that such
high corre]ations would occur by chance alone are
relatively Jow.

TABLE 3.—Correlation between Monterey and San Pedro condition factors

Month [} b Number of | Observed {r when P!=_05-02 | r when P1=.02-01 | r when P)=.01-.001
samples r
1. 8794 7 . 876-. 951
1.0435 (]
L9798 8
. 8062 5

! Fisher and Yait.es, table VI, page 54.

The Monterey data for one point (1948) on the
Qctober correlation of fignre 3 are not included
in figure 2. This is a single 50-fish sample with
a mean i of 149 (mean length=196 mm.). That
this A" value is not aberrantly high is indicated by
the A" values of the two samples in the 180-189
mm. length group taken at Monterey at the same
time. One had a A" value of 151 (mean length
186 mm.) and the other, 141 (mean length 185
mm.).

Although the A trend appears to drop more
sharply from Oectober to January, and although
K values are noticeably higher at the beginning
of the season in Monterey, the San Pedro A values
do bear a relative relation to those of Monterey.
Therefore, it is logical to examine the relationship
between San Pedro A" values (for which the Jong-
est series of data are available) with the total
California cateh (which should be the best meas-
ure available of the total sardine population off
the coast of California).
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FISHING SEASONS

Freure 1.—Condition fuctor trends for San Pedro sardines.

CATCH, LENGTH, AND CONDITION
FACTOR RELATIONS

The year-to-year trend of the California sar-
dine catch (thousands of tons) and the inverse
trend of the +-month means of length and condi-
tion factor for the 194142 through 1956-57 fish-
ing seasons are shown in figure 4. The trends of
catch or estimated population in billions of fish
and the inverse trends of length and condition
factors for any of the 4 months considered sepa-
rately parallel those in this figure.

Figures 5, 6, and 7 show the least-squares re-
gressions of length and condition factor on each
of the three relative measurements of population,
and figure 8 shows that of condition factor on
length. The regression statistics and other data
are given in table 4. -All seven associations are
signiticant, but the three relationships involving

517548—59

2

condition factor and population have higher cor-
relation coeflicients than the three involving
length and population.

TaBLE 4—Regression gstatistics and other data for the re-
gressions of length and condition factor on each of three
relative population measurements and of condition fac-
tor on length.

[Ct=California catch in thousands of tons; Ch=California catch in billions

of fish: EP=estimated population in billions of fish; L=length; K'=Con-
dition factor.)

X Y | N l u | b r P

L 15 220. 185 —. 04359 —. 788 <. 001
K 15 136. 188 —. 02573 —. 603 <. 001
L 15 219.952 | —5.36347 —. 797 <.0m
K 15 136.005 | —3.13440 —. 905 <. 001
L 14 216. 244 | —2.06723 —. 685 <0

K 14 134.641 | —1.37874 —. 865 <.001
K i 15 37. 667 0. 44067 B56 <.001

The regressions involving length are more ac-
curately described by curves than by straight
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FISHING - SEASONS

Fieure 2.—Comparison of San Pedro and Monterey condition factor trends.

lines, even apart from the fact that the lower
length limit “was arbitrarily ‘taken” at’ 190 mm:
For example, in figure 9, the cuivilinear regres

sion ¥'=193. 11+35 08 ( Y ) ﬁts the plots of

length (I ) on catch in bllhons of ﬁsh (X ) better
than the rectilinear regression ¥ =219.95—5.363X"
and the coefficient of correlation is increased from
0.797 to 0.907. However, the rectilinear regres-
sion demonstrates the existence of a significant
correlation, which is sufficient for the present
purposes. '

The length and condition factor data taken for
each month separately also show high, degrees of
correlation with one another and with the three
rvelative population measurements.

It now remains to be determined which of the
above groups of correlations may représent cause

and "effect and wluch are prob‘lbly pa,rfl.llel or ac-
eompanymg phenomen.m w

DISCUSSION - .+ 11 .

One result of’ mtenswe ﬁshmg of a stock’of ‘na-
rine fishes is'often décreased catch zwcompa.med by
decreased fish size (length) In the sardme data, :
decreases in catch under 111te11s1ve fishing are ac-
compa,med by increases in average fish lengt,h, and
increases in catch are accompanled by decreases
in average fish length The reasons for this ap-
pear to result from the interaction of two factors:
(1) any year-class of s'\.rdlr_\es con_tllbutes. by far
the greatest tonnage to the fishery.in its third and
fourth years of life (i.e., fish.whose scales show,
respectively, 2 and 3 annual growth rings), and
(2) strength.of year-classes fluctuates greatly



SARDINE GROWTH 'AND POPULATION DENSITY 221
P:%I’ L} T T T | 1 T 1} T I T I 1 & ==T T T T l T | LS 1 | 1 1 T 1 | T I'
L OCTOBER NOVEMBER :
1457 _-4
140 | __
i |
RPN 4
o 135 | ]
l._ » _
2' B
2 _ J
=z B ]
O 130 |- _
= i . |
5 I i
= I
Z J
o | i o i
> OpF —Tit il
LJ
o DECEMBER JANUARY 7
W . -
'_.
=z
o)
=

FIGURE 3——Regress1ons of ‘\rIonterey .on Sar Pedro (‘Oﬂdltlon fac-tors by months

from. year to year.

third and fourth years of life.

relatively small. : On the other ‘hand, small

catches are associated with small year-classes in-

their third and fourth years, together with rela-
tively high' percentages of largér, older fish froin
seme former large year-cliss. -According to.data
presented by Clark and Marr (1955), which

Thus, the large cmtches ‘are
associated with large year-classes of fish:in their:
.These. fish are-

covers- the penod 1932—33 through 1952-53, the
size of the year-class entering the fishery (as 2-
ring fish) has averaged 91 percent of the adult
population size to which it has been added, and

" has ranged from 10 percent (1949 year-class in the

1951-52 - season) -to 286 pelcent (1946 yefu'-cl.xss
in the 1948-49 season).

In the 16-season period (1941-42) through
1956-57) the sardine age at San Pedro, as meas-
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Fi1gure 4—Trend of California sardine catch and inverse trends of length and condition factor at San Pedro

194142 through 1956-57.

ured by mean number of annual scale rings, has
ranged from 2,01 (194647) to 441 (1952-53).
me 1941—4" through 1945-46 mean number of
...... Two- and 3-
rmg ﬁsh domma,ted the catch w1th 2-ring fish
generally more abundant, In 194647, l-ring

fish dominated the catch for the only time during

the 16 seasons and mean age dropped to 2.01. In
the following four seasons it agam increased to
2.73, and during this time 2-ring fish again
dominated the catch. From 1950-51 through
1952-53 the mean number of annuli increased from
2.73 to 441 and dropped slightly tc 4.21 in the
1953-54 season. During these four seasons the
1948 year-class dominated the catch as 2-, 8-, 4-,
and 5-ring fish, respectively. This was caused by
the almost complete failure of the 1949, 1950 and
1951 year-classes.

Of secondary importance were sardines in the

1947 year-class as 4-, 5- and 6-ring fish in the first
three seasons and the 1950 year-class as 3-ring
fish in the 1953-54 season. In the 195455 season
3-ring fish became dominant, and the mean num-
ber of annuli dropped to 3.22 but again increased
to 3.78 by-1956-57. The relatively, but not en-
tirely abundant 1952 year-class was of secondary
importance in 1954-55 as 2-ring fish, and domi-
nated the catch in the two following seasons as
8- and 4-ring fish, respectively. In the 1956-57
season the persistent 1948 year-class was fourth
in abundance as 8-ring fish. During the first 10
seasons (194142 through 1950-51) of the 16-year
period the California sardine catch averaged 2.90
billions of fish and ranged from 0.93 billions to
5.34 billions ; the mean number of annuli averaged
2.46 and ranged from 2.01 to 2.73. During the
next six seasons (1951-52) through 1956-57),; the
catch averaged 0.37 billions and ranged from 0.02
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Fiaure 8—Regression of condition factor on length (October through January means at San Pedro for
seasons 194142 through 1956-57).

billions to 0.96 billions; mean number of annuli
averaged 3.71 and ranged from 3.22 to 441.

The lack of direct correlation between condition
factor and length is demonstrated by the data in
table 5. When the means of A" and length for
Junuary of each of the 15 years are correlated
» is high and 2 is less than 0.001, but when K
and length are correlated for the individual sam-
ples for January of each of the 15 years, » is gen-
erally low and 2 is high. By using the data for
a single month, ervors arising from the seasonal
K trends are minimized. Data from any of the
other 3 months gives similar results.. The data
for the years 1954 and 1955 are meaningless be-
cause /V is too small and the length range is too
restricted. A is also too small to have significance
in the year 1953. -

The fact that 12 out of 15 of the correlation
.coefficients have a positive value might indicate

TaBLE 5.—Correlation of condition factor and length for
each of 15 seasons (by individual samples) and seasons
combined (mean values) for the month of January at
San Perdro

Length range
Season N r P
(January)
Minimum | Maximum
mne. mm.

190 210 | 46 —.217 >.1
190 214 48 .183 > 1
190 225 | 47 .321 | .05>.02
193 220 | 20 . 292 >.1
168 227 14 . 000 >.1
204 231 9 . 304 >.1
191 211 12 . 050 >.1
194 213 | 13 LA75 1 .02>.01
208 221 [ 30 .173 >.1
202 241 21 . 134 >.1
228 239 5 LR >.1
221 222 3 .318 >.1
208 209 3 -. 316 >.1
210 220 11 .070 >.1
221 232 9 L7710 ] .02>.01
196 [ 233 | 15 (means) . 858 <. 001

that there is a slight tendency for 4 to increase
with length, but this could also arise from other
causes. For example, there appears to be a tend-
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ency for the sardine population off the California
coast to move southward during the course of the
fishing season, and there is also a tendency for the
more northern fish to be of larger size. However,
this does not. explain the highly significant correla-

tion of A" and the length for all years, or the
general lack of significance for the individual
years. Mean length is strongly influenced by the
size of the last large year-class, which in turn
determines in large measure the population size
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(as measured by catch). Also, condition factor
is apparently determined to a considerable degree
by population size, and hence, there has been, over
the 15-year period, an apparent correlation be-
tween length and A. That this correlation is of
a parallel nature rather than cause and effect is
in agreement with Clark’s (1928, 1934) findings
that the weight-length relationships of the sardine
closely approximate the cubic form.

Table 6 presents the data illustrating the cor-
relation of California sardine catch and A" for Jan-
uary at San Pedro for the years 1942 through
1947. The data include the means for all fish and
for each of the five 10-mm. length groups observed
during the period. The value of » is high in each
- of the six groups and P is greater than 0.001 only

in those two in which ¥ is very low. This consti-
tutes additional evidence that changes in A are
probably associated with population size, and not
length.

It is probable that the growth rate in terms of
length is also greater for the sardine in times of
low population density than in times of high popu-
lation density. Of the 15 year-classes 1939 through
1952, five averaged less than 200 mm. in length
as 2-ring fish. The estimated size of these five
year-classes (1939, 1940, 1941, 1946, and 1947)
(Clark and Marr, 1955) ranged from 1.9 billion
fish to 7.2 billion fish and averaged 3.34 billion
fish. Ten-year-classes averaged 200 mm. or larger
as 2-ring fish. Seven of these year-classes ranged
in estimated size from 0.1 to 2.3 billion fish and
averaged 1.04 billion fish. Data for the other three
year-classes (1951, 1952, and 1953) are incomplete,
but they were well within the range of the other
seven and would not markedly affect the average.

There are several complicating factors in the
apparent association between ye&i,r-cla_ss size and
length growth. The size of the remaining popula-
tion is not taken into account. Also, length
reflects cumulative growing conditions over the
life of the fish, while the condition factor more
closely reflects current conditions, A year-class
originating primarily in Sebastian-Viscaino Bay

.off Baja California probably has a different
growth pattern than one originating off southern
California, and one originating from a peak
March spawning probably has a different growth
pattern than one originating from a peak June
spawning.

FISHERY BULLETIN OF THE FISH AND WILDLIFE SERVICE

TABLE 6.—Correlation data for condition factor (by length
groups) at San Pedro in January and California sardine
catch (thousands of tons) for the years 1942-57

Length group 'N T P
7 ~.859 .02>.01
11 -.913 <. 001
10 —. 546 <.001
. 9 —. 046 <. 001
230-239_ . .. R 4 —-. 072 05>.02
Alllengths .. ... ... 15 —. 954 <001

! Each K value is a mean of all January samples for that year.

One possible explanation of the high degree of
inverse correlation between population size, as
measured by the California catch, and condition
factor is that there is a southward shift of the en-
tire population (possibly owing to hydrographic
conditions) in years of small population and a
northward shift during years of large population.
The data of figure 2 shows that the condition fac-
tors at Monterey tend to run higher than at San
Pedro. However, the high degree of inverse cor-
relation between catch and condition factor for
January, when Monterey and San Pedro condi-
tion factors tend to be most nearly the same, does
not substantiate this hypothesis.

Although the range of the California sardine
extends farther to the north in years of large
population and contracts toward the south in
years of small population, sardine schools are
not uniformly distributed throughout their range.
During good years the population density is much
greater within the 1'a.lige, also seasonal concen-
trations of schools occur within the range. Al-
though the range of the sardine is bounded by
land bnly on the east, it is probable that it is also
bounded on the other sides by oceanographic fea-
tures, so that as populat-ion size in_creiises,' within-
range density increases more rapidly than the
total range. Therefore, the inverse correlation
of A and population (as measured by cateh) could
result from less available food-per-fish in times
of large population and vice versa if the total
amount of food available within the area did not
vary considerably from year to year. If this
hypothesis is true, it implies that the adult sar-
dines have little interspecific (_-.ompetit-i_on for food.

Other similar-sized sc-hqoling species whose
ranges overlap that of the sardine in California
waters are the anchovy (Engraulis mordax), the
Pacific mackerel (Pnrenmatophorus diego) and
the jack mackerel (Trachurus symmetricus).
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Anchovies have been abundant during the past
few years, while the sardine population has been
small. To a certain extent anchovies tend to fre-
quent areas where sardines are not present and
vice versa, although they are sometimes found
schooling together. The largest anchovy catch
in the years 1916 through 1955 occurred in 1953,
when 43 thousund tons were taken by the com-
mercial fishery and 6,000 tons by the live-bait
fishery (Miller 1956). The anchovy stock is not
fished intensively.

Landings of jack mackerel reached a peak of
67,000 tons in 1950 (Fitch 1956a). The popu-
lation is probably not being intensively exploited
by the fishery. Both the anchovy and jack mack-
erel were not fished to any great degree until the
decline of the sardine population caused these two
species to be sought as substitutes for canning
purposes.

The Pacific mackerel has been intensively fished
off the California coast over the 1940-41 to
1956-57 period covered by the sardine data. The
highest catch in this period was 54,000 tons in the
1940-41 season (Fitch 1956b), although higher
tonnages were landed in two seasons in the previ-
ous decade. I.arge year-classes of Pacific mack-
erel seem to have a slight tendency to coincide
with large year-classes of sardines.

The anchovy appears to be a filter-feeder,
whereas the two mackerels are selective feeders.
Fitch (1956a) found that jack mackerel feed to a
large extent on small crustaceans and also at times
on juvenile squid and anchovies. Fitch (1956b)
also stated that examination of 228 Pacific mack-
erel stomachs revealed that they feed largely on
larval and juvenile fish and small erustaceans.

Lewis (1929) stated that the sardine is a filter-
feeder, but Radovich (1952) concluded that it is
also a particulate feeder. He found one occur-
rence of sardines feeding on juvenile anchovies.
Sardines kept in tanks or large aquaria have
been observed feeding selectively on numerous
occasions.

Nothing is known about interspecific food com-
petition between the adult anchovy and sardine.
There is probably competition between the mack-
erels and the sardine as, in fact, they are not in-

frequently found in mixed schools and, at times,
apparently feeding on much the same types of
organisms. However, very little information is
available on foéd competition among these and
other local marine species, and such relationships
must remain a matfer of conjecture for the pres-
ent, at least. A second way in which population
size might affect feeding and condition factor is
by its effect on school size. Large populations
could result in large schools and smaller popula-
tions in smaller schools. It seems logical that a
small school could feed more efficiently per indi-
vidual fish than a large school.

SUMMARY

Low population levels of the Pacific sardine
(Nardinops caerulea) (as indicated by the Cali-
fornia catch) are associated with higher condition
factors and greater average lengths of these fish
and, conversely, high population levels are as-
sociated with lower condition factors and smaller
average lengths.

The high degree of inverse correlation between
population size and condition factor is interpreted
as a cause and effect relation; that is, high popu-
lation levels result in less available food-per-fish
and lower condition factors, while low population
levels result in more available food-per-fish and
higher condition factors.

The inverse correlation between population size
and fish length appears to result from the en-
trance of large year-classes into the population.
When this occurs, average size (and age) is re-
duced as population size is increased. When
small year-classes enter the population, average
size (and age) is increased (because of the rela-
tively high proportion of large, old fish in the
population) as population size is decreased.

The apparent positive correlation between
condition factor and length over the 15 seasons is
not of a cause and effect type, but rather a parallel
phenomenon. In years when high condition fac-
tors prevailed, all fish had high condition factors
regardless of size and, conversely, in years when
condition factors were low, all fish had low con-
dition factors regardless of size.
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'ABSTRACT

Certain aspects of larval tuna sampling were studied by an analysis of the catches
of the 0, 0-60, T0-130, 140-200, and 0—200 meter plankton tows mide on 15 cruises in
Hawaii, the equatorial Pacific, and French Qceania. The use of paired nets showed
that the catch of a single net could he duplicated, and that plankton nets were there-
fore reliable tools for sampling the abundance of tuna larvae.

Moxst larval tuna were captured between the surface and 60 meters, with 2025 per-
cent more between 70 and 130 m., and practically none between 140 and 200 m.
Marked night-day differences in catch occurred at the surface but became less at
greater depths. Most of these differences were attributable to vertical migration
rather than net-dodging. The 0200 m. tow, fishing through the entire depth range
of larval tuna, was regarded as the best of the tows tested.

Larval skipjack and frigate mackerel were rarely captured during the day by the
0 and 0-G0 m. tows, but this was not true for yellowfin. Both skipjack and yellowfin
began to appear at the surface in the afternoon but disappeared at sunset, to reappear
somewhat later. This disappearance from the surface was cofrelated with the rise
of the deep scattering layer.’

The deminant size group in the larval tuna calch measured from 4.0-4.9 mm. total
length. Many larvae of 2.0-29 mm. total length were presumed to have escaped
through the net meshes, while larvae longer than 5 mm. may have escaped by dodging.

No significant relations were found between the numbers of adult yellowfin and
skipjack and their respective larvae.




ESTIMATES OF LARVAL TUNA ABUNDANCE IN THE CENTRAL PACIFIC

By Doxarp W. Strassvra, Fishery Resewrch Biologist.
Bureav or CoMMFERCIAL FISHERIES

For the past several years the Pacific Oceanic
Fishery Investigations (POFI), of the U. S. Fish
and Wildlife Service, has saumpled adult tuna
stocks as a means of evaluating the tuna resources
ot the central Pacific Ocean. Deep-swimming
tunas, such as large yellowfin (Neothunnus mac-
ropterus), higeye (Parathunnus xibi), and alba-
core (Germo alalunga), were taken by longlining,
and surface dwelling tunas, such as skipjack
(Hatswwonus pelmmis), and small yellowfin and
albacore, have been captured by live-bait. fishing,
gillnetting, and trolling. The catches obtained
by these methods were used as indices of the
availability, distribution, and abundance of the
tuna, and the biological studies of adult fish con-
tributed information on reproductive cycles, food
habits, growth rates, and other phenomena.

For some of the above operations, good fishing
localities could frequently be judged by the pres-
ence of sen birds, knowledge of the circulation
featurves, water of a certain color or temperature,
or other factors, but in the absence of such guides,
fishing sites were more or less randomly selected.
In areas where sea birds were scarce or absent,
such as a large part. of the open ocean, our knowl-
edge of surface tuna abundance was scanty, thus
raising the question of the reliability of the sev-
eral guides. Another inadequacy of the sampling
method was that running ripe fish were rarely
caught, either because of their migration from
the fishing grounds, cessation of feeding during
spawning, or the breaking up of schools during
the reproductive period. There was little precise
information, therefore, on the time and place of
spawning except for the general trends evident
from gonadal studies.

It was believed that a study of the eggs, larvae,
and juveniles of tuna would be of considerable
aid in filling certain gaps in our knowledge. The

NoTE.—Released for publication I'eh, 27, 1959, PFishery Bul-
letin 167.

POTT was redegignated Bureau of Commercial Fisheries Labo-
ratory, Jan. 1. 1959,

occurrence of eggs and larvae, as collected in
plankton tows, should indicate the recent or con-
tinuing presence of adult fish independently of
external indicators, and should prescribe the time
and place of spawning with aceuracy, depending
on current drift. and ontogenetic age. With re-
liable estimates of abundance, it should be pos-
sible to determine the numerical relations between
adult tuna, their eggs, and larvae.

Before these major problems could be studied
effectively it was necessary to consider the sam-
pling methods employed. Among other things, it
was requisite to know the reliability of a plank-
ton tow as a method of capturing tuna eggs and
larvae, and also to standardize the time and depth
of tow so that meaningful comparisons could be
made hetween samples. Because of its occasion-
ally profound effect on the catch, it was desirable
to understand the rudiments of larval tuna be-
havior. A study of these problems resulted in the
present report, but becaunse tuna eggs are not
presently identifiable, its scope is limited to larval
and juvenile forms. I should like to express my
gratitude to Walter Matsumoto for his help in
identifying tuna larvae, and to other POFT staff
members who aided in eollecting and processing
the samples and in reviewing the manuseript.

METHODS

Collecting

ANl Tarvae reported upon were collected by
plankton tows made from the POFT vessels Hugh
M. Smith and Charles H. (filbert. Three cruises
were limited to the Hawaiian area, and 12 took
place in the equatorial Pacific with some empha-
sis on the waters of French Oceania. Matsumoto
(1958) has already presented data for 8 of these
15 cruises (Hugh M. Smith cruises 5, 6, 7, 8, 11,
14, 15, and 18). The operational areas of the
remaining 7 cruises arve shown in figure 1, and
appendix tables 5 through 11 summarize catch
and effort. for each station.

231
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ATl plankton nets employed were 1 meter
diameter at the mouth and 5 meters in length.
The nets were of two types, open and closing, the
structural details of which are given by King and
Demond (1953) and King and others (1957). On
early cruises the nets were fubricated ot Dufours
bolting silk ov silk grit ganze (30XXX body and
56X XX rear section), but these materials were
Iater replaced by nylon (#656 Nitex body and
#308 Nitex rear section) ; for all nets, mesh aper-
tures were (.66 mm. in width in the body and
0.31 mm. in the rear section and bag. The nets
were equipped with flowmeters to measure the
amount of water strained.

Three types of plankton tows were made: hori-
zontal open net tows, oblique open net tows, and
oblique closing net tows. For this study only
those horizontal open net. tows which fished at the
surface were considered, and these can be termed
simply surface or O-meter tows. They fished just
deeply enough so that the nets did not break the
surface. Oblique open net tows were made from
the surface to about 60 m. and from the surface
to about. 200 m.; for brevity these are designated
as 0-60 m. and 0-200 m. tows. The oblique clos-
ing net tows involved a string of three nets, the
upper one being an open net fishing from the sur-
face to approximately 60 m., the middle a closing
net fishing from about. 70 to 130 m., and the lower
a closing net fishing from about 140 to 200 m.
These are designated as 0-60 m., 70-130 m., and
140-200 m. tows, with the first being indistin-
guishable from the 0-60 m. oblique open net tow.
Ordinarily, tows were l4-hour in duration, but
some were as short as 15 minutes or as long as
1 hour, at towing speeds of 2.5 to 3.5 knots.

Processing

At the completion of each tow the nets were
hanled aboard, hosed down to remove plankton
residues, and the samples transferred to glass
fruit jars and preserved in 10-percent. horax-
neutralized formalin. As soon as possible after
returning to the Iaboratory all fish and fish eggs
were removed, and, from these, all yonng tuna
were sorted and transferred to clean formalin for
storage.
Identification

Larval tuna were identified principally with
reference to Matsumoto’s two recent papers

(Matsumoto 1958 and 1959). POFI’s extensive
collections provided comparative material, and in
some cases Matsumoto examined the specimens.
The vast majority of specimens were referable to
skipjack (Katswwonus pelamis), yellowfin (Neo-
thunnus macropterus), frigate mackerel (duawis
thazard and Awais sp.), and little tunny (Evthyn-
nus yaito) ; these are designated by their common
names throughout the balance of this report. Of
the unidentified material, a few specimens be-
Jonged to species for which the larvae are
undetermined, and the remainder were severely
mutilated.

Terminology

Larva denotes a specimen lacking the full com-
plement of vertical fin spines and rays. This
term includes most individuals below about 11
mm. in total length.

Length is total length, measured from the tip
of the snout to the end of the longest caudal ray;
where the caudal is forked, length is fork length.

Abundance is expressed as the number of lar-
vae per thousand cubic meters of water strained,
and also as the number of larvae beneath 10
square meters of sea surface.

Time is expressed in terms of the 24-hour clock,
with zone time being used in each case.

Invertebrate plankton volume is the displace-
ment. volume measured subsequent. to the removal
of all fish, fish eggs, and organisms larger than
5 em. longest dimension.

RELIABILITY OF A SINGLE SAMPLE

It was reasoned that if the catch made by one
plankton net could be duplicated by another fish-
ing at the same time and place, then plankton
nets are reliable tools for sampling larval tuna
within certain limitations of the sampling method.
Reliahility was first tested on Churles H. Gilbert
cruise 30 to the Marquesas Islands. Two surface
nets were launched simultaneously at 2000 hours
each night; they fished about 20 feet apart for
one-half hour after which they were retrieved,
rinsed, the cod-ends replaced, and the procedure
repeated for a second half-hour. Fourteen sta-
tions, each including a 4-haul series, were occu-
pied, but the sampling was apparently done in
the off-season (Aug.—Sept.) with respect to Mar-
quesan tuna spawning, and few larvae were col-
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lected. A second test was made during January-
March on Hugh L. Smith cruise 38 to French
Oceanin. Here, two half-hour tows were taken
each night, one immediately following the other,
so that members of a pair of samples differed
slightly in time and space. The data obtained

Tarti 1.—— Nwumbers of larval Luna caplured by paired night surface tows,

[ log( .
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from these tests are listed in detail in the ap-
pendix and in summary form in table 1. With
respect to the latter, it should be noted that all
species of tuna larvae were combined and that
only those stations were considered where larvae
were taken by one or more nets.

with analyses of variance hased on transformed dala

Io-:olmﬂ) ]

Charles H. Qilber! cruise 30

Hugh M. Smith cruise 38

Time Time
Station Nno. Position Station No.
First Second First Sccond
L3 hr. 13 hr. 1, hr, 14 hr.

3 JPort . 3 1 9 18

""""""""""""""" I\tdrho ard_ 1 2 2 1]

- JPort _______ 1 0 11 4

Db bbb bbbk bkt |Starhoard.__ 1 2 0 2

{l’ort ....... 1 0 4 1

"""""""""""""" Starboard ... - 0 0 7 47

f 2 1 13 21

1 2 2 1

1} 1} 3 1

1 [} 2 2

0 0 16 4

0 1 56 il

14 13 10 13
""""""""""""" 17 26
_____ 4 1
"""""""""""" 2 1
_________ 0 0
"""""""""""" 2 0
t _________ 5 2
B2 e lsmrhoard _______________ 1 4

Analysis of varfance Analysis of variance
Source Degrees of Sum of Mecan square Source Degrees of Sum of Mean square
freedom sfuares freedom squares

Time (T) . o oo 1 0. N18’5 0, 0185 1 0. 0023 0. 0023

Stations S)_____ Q 4, 5071 **0. 5008 12 8. R160 0, 4680

Positions (P)_. - 1 0. 0168 0. 0168 12 0. 9542 0. 07495
TXS. .o ... 9 0. 1549 0.0172

TP __ - 1 0.1102 0.1102 Total . el 25 G.587T25 (o
SAP___ - 9 0. 2258 (1. 1251
TXSXP . el 9 0. 2540 0. 0232

Total L 39 L0 v 2 P

**Indlcates a significant F value ( p<0.01).

A preliminary examination of the data indi-
cated that they were skewed, and this was verified
by plotting station variances against station
means for the Charles H. Gilbert samples (fig. 2).
A logarithmic transformation was accordingly
performed, using the expression " =log (I—I_l_,—l
where 17 is the volume of water strained in ten-
thousand cubic meters. The use of the quantity
(# + 1) eliminated all zero terms. An analysis
of variance was made on the transformed data
(table 1). Interaction terms were assumed to be
negligible, and were used to test significance.

3y

The analysis of variance produced no significant
F-values except for the “stations™ category. Be-
cause the station interval varied from 90 to 200
miles, significant. differences are not surprising,
particularly in view of the extended geographical
coverage of the two cruises (fig. 1). However,
hetween-station differences are of less interest. than
are those types of variability leading to errors in
estimating spatial and temporal abundance.

It is difficult to conceive of a biological situa-
tion leading to statistically different port and
starboard catches, for any such differences would
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VARIANCE
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I
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Fieure 2.—Unadjusted larval tuna catches showing rela-
tion bhetween means and variances. Data from surface
tows taken on Charles H. Gilbert cruise 30 (table 1),
stratified by station.

tend to be canceled in random sampling. On an a
priori basis one could almost say that the statisti-
cal test. was unwarranted, but before concluding
that the catches of the two nets were duplicates
it is well to consider additional information avail-
able from table 1. The fact that a logarithmic
transformation was necessary implies contagion,
or in other words, tuna larvae are not randomly
distributed in the ocean. They apparently occur
in patches, perhaps resulting from spotty spawn-
ing, early attempts to school or form feeding
aggregations, or other factors. Under these cir-
cumstances a single measurement is not too re-
liable an estimate of larval abundance. It is pos-
sible to set fiducial limits to the ecatch listed in
table 1 by use of the error terms’ mean squares,
these being estimates of the population parameter,
o®.  Ninety-five percent (2) confidence limits

were selected, and these were converted to ratios

by use of their antilogs. For the Charles H. Gil-
bert data, the 95-percent. limits were 46 percent
(100 X 1/2.17) and 217 percent. (100 X 2.17), while
for the Hugh M. Swmith samples the limits were
27 and 366 percent. For one tow to differ signifi-
cantly from another, its eatch would have to be
either less than about 1% (14), or greater than
2 (3) times the catch of the second tow.

No statistical ditferences were found between
samples taken a half-hour apart at night; the
subject of a change in catch with the advance of
night is discussed later in this report.

527188 0—60——2

VARIATIONS IN THE DISTRIBUTION OF
LARVAL TUNA

General Vertical Distribution

Wade (1951) and, more recently, Matsumoto
(1958) have demonstrated marked differences in
larval tuna uabundance bhetween day and night
surface catches. Matsumoto suggested that these
differences were caused by a vertical diurnal mi-
gration of tuna larvag, with the fish rising to the
surface at night and descending to depths prob-
ably not greater than 50 meters during the day.
In addition to vertical migration, this diurnal
variation in the catch could also be produced by
the larvae dodging the net. Larvae should be able
to see an approaching plankton net more clearly
during the day than at night.

In order to compare the relative importance of
migration and dodging in larval tuna sampling,
a study was made of the night and day. catches
of nets fishing at several depths. The data for all
species of tuna larvae were pooled, and an aver-
age catch was caleulated from all available sam-
ples (Hugh M. Smith cruises 4,5, 6,7, 8, 11, 14,
15, 18, 31, 33, and 38; Charles H. Gilbert cruises
30, 32, and 34). The data were derived princi-
pally from samples containing at least one tuna
larva, as it was reasoned that the inclusion of
zero catches would introduce another variable,
namely the complete absence of larvae, as opposed
to merely not catching them. Where more than
one net. was used at a station, all samples, includ-
ing zero catches, were considered when any net
caught a tuna larva. Histograms showing the
average catch per thousand cubic meters of water
strained are presented in figure 3.

Of the several tendencies apparent in figure 3
perhaps the most noteworthy is the over-all de-
cline in catch with depth. About 75-80 percent
of the larvae oceurred between the surface and
60 m., about 20-25 percent. between 70 and 130

~m., and practically none below this depth (closing

nets operating from 332-127 m., and from 812-355
m. failed to capture tuna larvae on Hugh M.
Smith cruise 33). In the night hauls a marked
decrease was evident. between the surface, 0-60,
70-130, and 140-200 m. captures, with the catches
of the 0-200 m. tows being midway in number
between those from the surface and 140-200 m.
In the day hauls, on the other hand, there was a
slight increase in catch with depth between the
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F1eUBE 3.—Night and day variation in larval tuna catch
with depth. Number of tows is shown in parentheses.
The number of larvae obtained at euch depth were as
follows: 0 m—-927: 0—650 m.—432: 0-200 m-5H92: 70-130
m.—20: and 140200 ., 2.

surface, 0-60, and 0-200 m. tows. This illustrates
an additional point as follows: the increase with
depth may indicate a reduction in the amount of
dodging with a decrease in illumination, or it may
represent. a downward migration during the day-
light hours. This contrasts with the situation
found for night catches where the density of lar-
vae was much greater toward the surface. Such
a change in abundance obviously signifies vertical
migration, and, although dodging is a factor, we

believe that migration is of greater importance in

determining the number of larvae captured at a
given depth and time. '

Another tendency shown in figure 3 is the night-
day ditference in catch at various depths. This
difference is most marked in the surface tows, less
hetween 0 and 60 m., of dubious status at 70-130
m. because of the small numbers involved, and

apparently lacking at 140-200 m. The average
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catch of the 0-200 m. tows (which encompassed
this entire range) showed no night-day ditference.
The fact that the night-day ratio decreased with
depth cannot be used to evaluate the separate
effects of vertical migration and net-dodging, and
it is of interest here chiefly because of its bearing
on sampling vagaries. Shallow tows (0 or 0-60
m.) ecaught about half as many tuna larvae dur-
ing the day as at night, whereas 0-200 m. tows
caught the same number during each period.
Deep closing-net tows (70-130 and 140-200 m.)
showed little or no night-day differences, but. their
catches were too small for good comparisons.

In comparing the catches made at different
towing depths the question arises as to whether
larval tuna arve at times restricted to the upper
layers by temperature. Some evidence that they
are restricted in this manner is given in figure 4,
where the temperatures at various depths are
plotted against closing net catches from these
depths (sampling was completely stratified in
time and space). Here the larvae can be seen to
abound in the warm surface layers, and all cap-
tures at 70-130 m. were made where the water
was 60°F. or warmer. One of the two larvae
taken at 140-200 m. was captured at a station
where a tongue of 60°F. water projected well
down into this depth range, but no explanation.

TT T T 1T T I T 111 rrr T T TrTrTITrTTorTd

—O0—60M.

8

L-70-130M.

DEPTH (FEET)

8

H40-200M.

N T N U T N T T . Y o B
2345678 900128272621222423121819201314 1516 17
STATION NUMBERS

F1cUke 4. —Isotherm depths at plankton stations, Hugh M.
~Smith cruise 38. Stations are ranked from north to
gouth: temperature and depth measurements derived
from bathythermograph traces. Idots represent closing
net tows yielding tuna larvae.
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is offered for the larva taken in 52-55°F. water
between 140 and 200 m. Aside from this one in-
stance, it appears that 60°F. is the minimum tem-
perature at which tuna larvae oceur.

Tasre 2.—Correlution between larval tuna calches made
by O wmeler, 0-60 ne., and 0-200 m. tows on Hugh M.
Smith cruise 38

[Analyses performerd on data transformed by z’

I+1

= log
10,00 m?3 of water strained
Number of | Calculated
Comparison between— stations r-value

considered
FirstOm. and 0-200 meters. ... ... .. ..... 12 —0.03
Second 0 m. and 0-200 meters. 13 0.1
First 0 m. and 0-60 meters._ .. 14 **0. 67
Second 0 m. wnd 0-G60 meters 14 *0. 60
0-60 meters and 0-200 meters_ . _ 14 0.22

*Indicates a significant r-value (p<0.05).

**Inddieates n highly signifieant 7-value (p<0.01).

The above data on vertical distribution and
night-day variations are of aid in selecting sam-
pling times and depths, but the basic reason for
sampling larval tuna is to obtain estimates of their
abundance. In order for these estimates to be
meaningful it is requisite that they reflect the
presence of all tuna larvae, or, in other words, one
should be able to say that there are @ larvae be-
neath y aveal units of sea surface. If a plankton
tow samples all of the larvae beneath a given sur-
face area then its catch provides an estimate of
absolute abundance. If the tow captures a fixed
percentage of the larvae, then an abundance esti-
mate can be made providing a conversion factor
is available. Obvriously a tow which catches no
set portion of the larvae is useless in furnishing a
reliable abundance estimate. With these points
in mind it is well to consider the utility of the
information afforded by the various plankton
tows discussed above.

It has already been shown that larval tuna
oceur from the surtace to depths of 140 to 200 m.
Of the several tows considered, the 0-200 m. is
the only one sampling this entire distribution, so
that its catch is the best reference for comparative
purposes. On cruise 38 of the Hugh M. Smith,
0-60 and 0-200 m. tows were taken simultaneously
(from the same towing cable) each night, and
these were followed by two successive one-half
hour surface tows. Although these tows differed
slightly from each other with respect to time and
space they are the best available for the compari-
son, and correlation methods were used to deter-

mine the proportionality of their catches. The
correlation analyses are summarized in table 2,
where all species of tuna larvae were pooled and
stations were disregarded if neither net captured
a larval tuna. As in the analysis of reliability,

the data were heteroscedastic, and a transformation
x+ 1

in the form »” = 1og(lO,OOO m3 water st-rained)

was necessary.

The data in table 2 show that neither the sur-
face nor the 0-60 m. tow captured a fixed frac-
tion of the 0-200 m. catch. There were signifi-
cant correlations hetween the surface and 0-60 m.
captures, but these are of little importance be-
cause neither net sampled the entire vertical dis-
tribution of the fish. In the 0-60 m. and 0-200 m.
tows, at least, the deep net sampled depths fished
more extensively by the shallower net, and one
would accordingly expect a “part-whole™ correla-
tion hetween their catches.

Figure 5 shows the tracks and catches of 0-60
and 0-200 m. tows at two stations where these
nets were used simultaneously; at one station the
catches were equal, at the other they differed
considerably. Fishing depths were calculated
from observed wire-angles, and thermocline
depths from bathythermograph records. The
dashed intercept lines of figure 5 delimit the time
intervals in which the 0-200 m. tow fished in the
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IFraure 5. —Catch-depth-time relations for two stations
where 0-60 m. and 0-200 m. tows were operated simul-
tuneously at night (Hugh M. Smith cruise 38, stations
45 and 82). Left tigure shows situation where catches
wore the sine, right figure shows situation where catches
were considerably different. Circled values represent
cateh (total tuna larvae per 1,000 cubic meters strained).
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depth range of the 0-i0 m. tow, these amounting
to 12 minutes for each station. For the left panel
of figure 5, the total 0-200 m. catch should be
twelve-eighteenths of the 0-60 ni. catch plus an
additional catch, ¢/, taken at depths greater than
those fished by the 0-60 m. net. For the right
panel, the comparable expression would be 12/19.5
X (0-60 m. catch) + C'». Substituting the 0-60
m. catch values, these expressions reduce to 1.5
+ ¢ and 11.0 4+ (s larvae/1000 cubic meters.
The former is a reasonable approximation of the
actual 0-200 m. catch of 2.4 larvae/1000 cubic me-
ters, whereas the latter differs decidedly from the
actual catch of 1.0 larvae. The majority of 12
other stations similarly analyzed also showed
marked differences, suggesting that the dispro-
portionality between the 0-60 m. and 0-200 m.
catches may be caused hy a spotty distribution
of tuna Iavvae. Thermocline depth did not ap-
pear to be related to the catch, although there
were indications of a catch decline when the 0-200
m. net fished deeper than the 60° isotherm.

In the preceding discussion the abundance of
larval tuna was expressed in terms of the volume
of water strained. The conversion of this measure
to one based on areal units of sea surface was
accomplished with the aid of the following con-
ventions. It seemed obvious that only those tows
fishing throughout the vertical range of tuna
larvae could furnish. accurate information on the
number of larvae heneath a given surface area.
Of the various tows studied, the 0-200 m. was
the only one meeting this depth requirement,
with a special situation existing for 3-level clos-
- ing nets. Transformation of the 0-200 m. data
involved multiplying the numher of larvae per
enthie meter strained by 200 (the depth of tow in
meters) fto give the number heneath 1 square
meter of surface, and then multiplying this value
by 10 to give the number bheneath 10 square
meters. (This area of sea surface was selected
as a standard since it gave abundance estimates
of about the same magnitude as the number of
larvae captured per tow.) Multiplication by
depth presupposed that sampling was equally in-
tense at all depths, an assumption borne out. by
the relatively smooth tracks of the 0-200 m. nets
shown in figure 5.

POFT's 3-level closing nets fished at depths of
approximately 0-60, 70-130, and 140-200 m., so
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that essentially the entire 0200 m. depth range
was sampled. The cumulative areal abundance
estimate furnished by these 3 nets should nearly
equal that of a 0-200 m. net if a similar conver-
sion were made. In this case, however, the depth
multiplier for each net was 60 (meters), and the
“surface™ oceurred at 0, 70, and 140 m., respec-
tively.

Figure 6 depicts the 0-60, 70-130, 140-200, and
0-200 m. data of figure 3 expressed as the number
of larvae beneath 10 square meters of sea surtace.
It. is apparent from figure 6 that the sum of the
catches of the triple-net tows was less than the
0-200 m. eatch, particularly during the day. Be-
cause of the two 10 m. gaps in the triple nets’
depth range one might expect about a 10-percent
differential (20/200) hetween the two catches.
Because the inequality was 36 percent for the
night hauls and 76 percent for the day hauls a
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Fieukre 6.—Night-day variation in larval tuna catch with
depth. expresseld in terws of areal catch. Number of
tows is shown in parentheses. The number of larvae
obtained at each depth was as follows: 0-60 m.—32;
70-130 =20 140-200 m.-2: and 0200 m.-d92.
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poor sampling stratification is suggested. The
same caleulations made for the stations where
0200 m. and triple-net tows were made together
(Hugh M. Smith cruise 33, stations 18, 20, 26,
and 28) produced a similar disparity (1.78 lar-
vae/10m?* for night 0-200 m. tows, and 0.91
larvae/10m? for night triple-net tows). How
much of this is sampling artifact and how much
is real can only be determined with more data.

It would appear that, of the various hauls em-
ployed, the 0200 m. tow, by sampling the com-
plete vertical range of larval tuna, produced the
most. useful information on their abundance. In
addition, night-day catch variations were sup-
pressed in this tow, althongh this might not be
true in regions where a limiting isotherm, such
as 602, lies deeper than 200 m. Disadvantages of
the 0=200 m. tow are that it may fish too deeply
and its catch consists of relatively small numbers

“in surface or 0-60 m. tows.
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of tuna lirvae (large numbers are frequently
needed for statistical or other reasons). In an
attempt to obtain a more representative sample
of Jarval tuna POFT is presently testing a 0-140
m. oblique open-net tow. It is believed that the
0-140 m. sampling range covers the vertical dis-
tribution of tuna larvae, that day-night variations
in catch will be small or absent, and that the
number of captures can be increased by taking
two half-hour samples per station. Where the
major sampling goal is the capture of large num-
bers of larvae, then shallow tows at night are a
better choice. In table 3, which shows the fre-
quency of occurrence of catches of different mag-
nitude hy the several types of tow, it is apparent
that our largest catches were obtained at night
The noticeable
species differences in day-night catch are dis-
cussed in the following section.

TABLE 3.— Frequency of occurrence of calches of different magnitude in various types of tows

Number of larvae/1000ms3 strained

Species and where caught When eaught

0.1to | 4.0to
@ 7.9

o | 16.0 to | 20.0 to | 30.0

.0t 0.0to | 40 to 6to | 100 to
.9 19.9 20.9 39.9 g

58 9 199

SKIPJIACE

T-130m

140-200 m

. Y ELLOW FIN
Surfaee. oo oo

-0 M iiaea-
O-nm. o a-
T-1somo ...
140-200 m

FRIGATE MaACKEREL

Surface. . 1)
Night.
R0 I eiaea- Day. .
Night.
200 Mo ool Day__..
Night.
-1Bom. . Day___.
Night.
Ho-200m._ Lo ... Day___.
Night-.________.__.

Diurnal Variation in Shallow-Tow Catches
(‘onsidering diurnal fluctuations in abundance,
Wade (1951) found skipjack in 17 percent of his
night surface samples but in only 3.6 percent of
his day surface samples. He found a similar
situation for what he termed Ewthynnus yaito

(little tunny), which was in reality frigate mack-
erel (Matsumoto, personal communication), but
not for yellowfin. For the latter species, day and
night tows were equally successful in capturing
larvae, and high catches occurred randomly
throughout a 24-hour period. Matsumoto (1958)
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noted a striking day and night disparity in the
catch of “tuna larvae™ (three species plus an un-
identified category, combined) taken by surface
tow, but any differences between skipjack and
frigate mackerel, on the one hand, and yellowfin,
on the other, were masked by his pooling of
species. Actually his data (see below) included
nearly 50 percent more skipjack and frigate
mackerel, combined, than yellowfin.

The catch of tuna larvae at various times of
day and at two sampling depths is shown in
figure 7. Included are Matsumoto's data from
Hugh M. Smith cruise 6, excluding his uniden-
tified category, It is obvious that skipjack and
frigate mackerel were infrequently captured at
the surface during the day but were often taken
there in numbers at night. Yellowfin were ir-
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F1eURE T.—Larval tuna witch by surface and 0-60 m. tows
at various times of day. Al data are from Hawaiian
waters.
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regularly distributed throughout a 24-hour period,
with low surface catches occurring chiefly at
mid-morning. Skipjack showed about the same
diurnal distribution in the 0-60 m. catches as in
the surface captures, whereas the 0-60 m. frigate
mackerel captures were much greater than at the
surface. The 0-60 m. yellowtfin catch was irregu-
larly distributed and showed no clear relation to
the surface catch. This pattern of an increase in
catch at night could be caused by either vertical
migration or less successful dodging as discussed
previously. If dodging only were involved one
would expect the catch to be essentially constant
during the hours of darkness. In the case of
skipjack this is manifestly not so, for the catch
inereased markedly between 1800-2000 and 0200-
0400 hours, during which time illumination re-
mained the same. Vertical migration therefore
appears to be the major factor causing the in-
crease in surface catch at night.

Another point illustrated by figure 7 is that
surface captures of yellowfin and skipjack com-
menced in the afternoon, with yellowfin appear-
ing in the catch earlier than skipjack. During
the period from 1800-2000 hours, however, both
species were uncommon or lacking in the surface
catches. This is the time of sunset, and it also
marks the beginning of the ascent of the deep-
scattering layer and of invertebrate plankton.
Subsequent to sunset, the larvae of both tunas
increased in the surface catches. In order to
investigate the effects of sunset on larval tuna
abundance, 6 half-hour surface tows were taken
off Oahu just before and after sunset on each of
two consecutive days. An EDO depth recorder
was used to measure the depth of the various
scattering layers, but good traces were obtained
by this instrument on only one night. The larval
tuna and invertebrate plankton catches made dur-
ing the two nights, along with the EDQ traces
obtained on one night, are shown in figure 8. It
should be pointed out that in the figure, the plot-
ted times of capture for larval tuna and inverte-
brate plankton represent the midpoints of the
half-hour towing intervals.

The larval tuna ecatches shown in figure 8 indi-
cate a late afternoon increase in surface abun-
dance for yellowfin but not for skipjack. The
invertebrate plankton volumes peaked just after
sunset, and declined thereafter. The two deep
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scattering layer traces obtained became insepara-
ble from each other and from the surface trace at
about the time when plankton volumes were
greatest and the larval tuna catch the least. It
seems evident that the change in environmental
conditions accompanying sunset had marked ef-
fect on the surface abundance of tuna larvae and
invertebrate plankton, and on the position of the
deep scattering layer. It is likely that these
items are themselves interrelated.

Some contemporary thought holds that euphau-
siids and other erustacean plankters ave the prin-
cipal components of this layer (Boden 1950,
Moore 1950). Our data showing an increase in
surface planktoh concurrent with the rise of the
deep scattering layer are in accord with this idea,
although copepods and other small crustacea were
considerably -more abundant than euphausiids in
the samples under consideration. Supposedly
these plankters are phototaxic and migrate to
maintain position at a weak state of illumination,
with their movement to the surface at twilight
being a response to fading light (Clarke and
Backus, 1956). Although this explanation ac-
counts for the twilight peaking .in surface plank-
ton it does not explain the marked decline oc-
curring shortly after sunset. This decline is real,
for it was found on two successive days in the
present study and has been noted several times
by E. I.. Nakamura.!

The question now arises whether tuna larvae
are important constituents of the deep scattering
layer. The following lines of evidence indicate
that they are not: the surface abundance of larval
tuna was complementary to that of the deep
scattering layer of invertebrate plankton at sun-
set: larval skipjack and yellowfin were commonly
taken at the surface during the afternoon, well
hefore the deep scattering layer arrived at the
surface; and our deep closing net samples indi-
cated extremely scanty abundance of tuna larvae
at 140-200 m., so that it is unlikely that they
oceur at the 350-550 meter depths occupied by
the deep scattering layer prior to ascent.

Relation of Larval Tuna to Invertebrate Plankton

It was noted that larval tuna and invertebrate
plankton were complementary in abundance at
twilight, and it was deemed worthwhile to ex-
amine this relation further. A plot of the larval
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Ficure 8.—Effect of sunset on larval tuna and inverte-
brate plankton catches, and depth of deep-scattering
Iayer, as observed on Charlex H. Gilbert cruise 34, sta-
tions 4 and 13, June 21-22, 1957, Plotted time for larval
tuna and plankton catches is midpoint of towing interval.

tuna catch (skipjack and yellowfin combined)
with the accompanying invertebrate plankton vol-
umes is given in figure 9. The plankton data
were obtained from the report of King and Hida
(1954) (Huwgh M. Smith cruises 4 and 6) and
from unpublished information in the POFI files
(Hugh 2. Smith cruise 38 and Charles H. G'il-
bert cruises 30, 32, and 34). The dotted line in
figure 9 was fitted by eye to enclose the maximal
situations of abundance.

1 Unpublished data in POFI files, Bureau of Commercial Fish-
eries Lahoratory.
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F1cURE 9—Number of larval skipjack and yellowfin (com-
bined) in relation to accompanying invertebrate plank-
ton volumes., Data derived from 177 samples taken at
0 m. or 0G0 m. hetween evening and dawn. Curve fitted
by eye to include maximal points.

In figure 9 it is seen that all of the large
catches of tuna larvae were accompanied by small
or moderate volumes of invertebrate plankton
(roughly 10 to 60 ml./1000 cubic meters). The
catches lowest in plankton contained few larvae,
as did those richest in plankton. A similar but
more marked situation obtained for frigate mack-
erel (not shown). It might be hypothesized that
the low plankton concentrations were associated
with either low-nutrient water or with enriched
water so new to the euphotic zone that it had not
been exploited biologically. In neither case
would larval tuna be expected to abound. At
the other extreme, large numbers of invertebrate
plankters could represent both successful biologi-
sal exploitation and a low level of grazing by
higher forms. Many plankton feeders, such as
small fish, squid, and erustaceans are of value to
adult tuna as food (Reintjes and King, 1953;
King and Tkehara, 1956), so that in their ab-
sence few adult tuna would hbe present, and logi-
cally there would he a paucity of tuna larvae
(unless tuna spawn in areas of poor forage).

FISH AND WILDLIFE SERVICE

The shape and skewness of the dotted line
(fig. 9) were evident in the data segregated by
species and by cruise, and pooling was only done
to emphasize the maximal (limiting?) situations.
The nearly vertical ascent of the left limb stood
in contrast to the gradual descent of the right.

" Whether the right-hand slope represents inverte-

brates grazing on larval tuna is not known, but
there is some evidence that the left slope does
not. depict tuna larvae feeding on invertebrates.
Clemens (1956) found that juvenile tunas re-
jected invertebrate plankters as food but avidly
fed on softer-bodied larval fish, and the single
larval tuna containing food, an 8 mm. skipjack,
dissected by the writer had eaten a’fish larva
one-third its length.

The apparent incompatability between larval
tuna and invertebrate plankton reminds one of
the exclusion hypothesis of Hardy (1935). In
the present investigation, it would seem more
likely that the two groups of animals are showing
a differential response to some stimulus, such as
light intensity, rather than actively avoiding
each other.

Length Distribution of Larval Tuna by Depth and Time

Knowledge of the relative abundance of various
size groups is of considerable importance in the
problem of sampling larval tuna. It is desirable
to know the minimum size which can be captured
by a given mesh, and the maximum size which
can be taken at a certain towing speed. From
the standpoint of tuna biology, relative size abun-
dance provides information on growth and mor-
tality.

For this report, size was expressed in terms of
length, and’ total length was selected from the
several length measurements nsed for fish (p. 233).
Length was measured with the aid of a binocular
dissecting microscope fitted with an ocular mi-
crometer. Measurements were made to the near-
est. micrometer unit (0.095 mm.), and then con-
verted to millimeters and tenths of millimeters.
Because of body distortion and frayed fins these
measurements were sometimes overly precise, but
this has been remedied by grouping the fish in
1-mm. length categories.

The percentage frequency of occurrence by
1-mm. length groups of skipjack and yellowfin is
shown in figure 10 for specimens collected on
Hugh M. Smith cruises 4, 6, 31, and 33, and
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Charles H. Gilbert cruise 34. Larvae between
3.0 and 5.9 nuh. dominated the catch of both
species. Sinece tuna Jarvae are thought fo measure
between 2.4 and 3.0 mm. at. hatching (Matsumoto
1958) one would expect the 2.0-2.% mm. category
to predominate, and the fact that it did not do so
indicates either an erroncous impression of hatch-
ing size, a different habitat for this group, or,
mote likely, escapement. through the net meshes.
These factors may also apply to the 3.0-3.9 mm.
group, for it was exceeded in number by the
4.0—.9 mm. category in most. instances. The nets
employed in capturing these fish had aperture
widths of 0.66 mm. (body) and (.31 mm. (rear
section and bag). Large larvae (> 5 mm.) com-
prised only a small portion of the ecatch, and
although this stems in part from their being
fewer in number, it also reflects their increased
agility and net-dodging powers.

Although the surface, 0-60 and T0-130 n. tows
yielded similar length frequeney distributions for
yellowfin they did not do so for skipjack. The
0-60 m. samples contained more large skipjack
larvae than those from the surface, whereas the
70-130 m. collections had more small skipjack
larvae than either shallow tow. In the c¢ase of the
70-130 m. data, however, the small sample size
tends to discredit any conclusions drawn.

Because samples from deeper than 60 m. con-
tained few tuna larvae of any kind, the discussion
of the temporal aspects of length distribution is
limited to the surface and the 0-60 m. catches.
These were segregated into day and night hauls
and replotted as figure 11. Except. for the yellow-
fin surface data the day samples contained few
fish, and the slight contrasts may not he real. In
general terms there appeared to be little ditfer-
ence between the day and night length distribu-
tions of the surface catches, but in the 0-60 m.
data the two species were more variable. Here
there was a tendency for more large skipjack to
be taken-at night than during the day, whereas
in yellowfin the reverse was true. If these phe-
nomena are not sampling artifacts they may rep-
resent. hehavior having to do with differential
vertical migration and net-dodging. Some evi-
dence points to the existence of different migra-
tional patterns between skipjack and yellowfin,
for in figure 7 it was shown that yellowfin were
more commonly caught at the surface during the
day than skipjack. These captures could also
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F1eure 10.—Size variation of skipjack and yellowfin larvae
in sumples taken at various towing depths.  Samples
waré collected at all thmes of day ; percentuges derived
frow the tfollowing catches: skipjack, 190 at 0 m.; 172
at 0=60 11, ; 14 at TO0-130 nu. : and 1 at 140-200 m. ; yellow-
fin, 311 at 0 m.; 183 at 0-60 m.: 7 at 7T0-130 m.: and
0 at 140-200 m.

have resulted from yellowfin being less adept at
net-dodging, although this variable is diflicult to
assay.

Of the maximal sizes captured by surface tows,
yellowfin were generally larger "than skipjack
(fig. 12); the difference in length between the
yellowfin and skipjack larvae was fairly constant
with various sampling times; and larger sizes of
both species were taken with the advent of night.
The last point indicates less successful dodging
atter dark, while the first two show that at a
given time of day larger yellowtin than the skip-
jack can be captured, thus implying that yellow-
fin are slightly, but consistently, poorer dodgers.
On the basis of casual observations of the adult
swimming speeds, larval yellowfin may be slower
swimmers than skipjack. The 0-60 nm. data vary
irregularly with sampling time but generally
point out the diminishing effects of dodging as
greater (darker) depths are snmpled.
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ADULT VERSUS LARVAL TUNA
ABUNDANCE

The determination of a numerical larval-adult
tuna relation is of considerable practical value,

Data derived from following

for if a definite numerieal relation could be estab-
lished it might result in the substitution of plank-
ton nets for poles and longlines to provide esti-
mates of abundance in exploratory fishing. An
obvious limitation of this approach is that larvae
contribute information only about the presence
of spawning fish. In caleulations of the larva/
adult ratio particular attention must therefore be
paid to the size of the adults caught, for it would
be pointless to correlate the presence of larvae
and immature adults.

It was shown earlier that of the various plank-
ton tows employed, the 0-200 m. tow was the only
one which sampled the entire vertical range of
larval tuna. Where possible this sampling method
has been used to provide estimates of larval abun-
dance, with the catches being converted to the
number of larvae beneath 10 square meters of
sea surface, and the day and night samples being
considered of equal reliahbility.

Yellowfin arve sexually mature in appreciable
numbers only at lengths greater than 120 em.
(Yuen and June, 1957) ; fish of this size are deep-
swimming and best sampled by longlining (Mur-
phy and Shomura, 1953). For yellowfin, there-
fore, only longline captures were considered, and
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these were expressed as catch per hundred hooks.
The data examined were taken from the reports
of Murphy and Shomura (1953, 1955) dealing
with the catches made on cruises 5, 7, 11, and 18
of the Hugh M. Smith. During these four cruises
longline stations were accompanied by a 0-200 m.
plankton tow on 55 occasions (see Matsumoto
1958). At 13 of these stations both larval and
adult yellowfin were captured, at 25 stations only
adults were taken, at 3 stations only larvae were
captured, and at 14 stations neither larvae nor
adults were taken. Only the 13 stations yielding
both adults and larvae were analyzed, as it was
reasoned that the absence of larvae might connote
non-spawning (the absence of adults in the pres-
ence of larvae was infrequent and is not pres-
ently explicable). The data examined are pre-
sented in table 4. As previously shown, the
larval data are skewed, and as pointed out by
Murphy and Elliott. (1954), so are those for adult
vellowfin captured by longline. The data in table
4 were made approximately normal by transform-
ing them logarithmically, and were analyzed by
correlation methods which yielded a non-signifi-
cant  r-value of 0.423  (r,=0.553, Snedecor
1946: 149). It would appear from this, that for
yellowfin either the larva/adult relation is not
well defined, or that the individual catches are
not reliable estimates of abundance.

TaBLE 4.—Larval and adill yellowfin captured at the same

slation
Hugh M. Smith, cruise No. Station | Larvae per | Adults per
10 m? 100 hnoks

2 1.5 3.2

18 0.9 2.3

24 1.3 3.4

4 2.9 1.2

[ 1.4 0.8

8 5.2 a5

9 4.1 5.0

10 57 15.7

11 8.2 10.3

12 2.1 7.9

22 4.6 29.3

23 1.5 13.0

4 3.2 0.4

Considerable difficulty was experienced in re-
lating the abundance of iavval and adult skip-
jack. The adults are essentially surface fish, so
that it was necessary to derive abundance figures
from the techniques peculiar to a live-bait fishery.
This fishery provides two measures of abundance,
one based on catch, the other on the number of
schools sighted during scouting. Adult-larval
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satch correlations could not be calculated because
of a lack of plankton data, for in scouting, those
observations attended by adequate plankton tows
were generally secondary to other work programs.
The available abundance estimates furnished by
scouting thus suffer from inconsistency of effort
and insuflicient data on the number of fish com-
prising a school.

Despite these inadequacies there seemed to ex-
ist a rough relation between the numbers of lar-
vae captured and schools seen, an example of
which is shown in figure 13. The data used in
this figure were derived from Hugh M. Smith
cruises 33 and 38 (both primarily oceanographic)
and Charles H. Gilbert cruise 32 (live-bait
fishing). All three cruises investigated the
waters of French Oceania and the central equa-
torial Pacific in January-March, the local skip-
jack season. For this study the region was di-
vided into 13 areas (fig. 13) in accordance with
the vessel tracks and certain oceanographic fea-
tures. The number of hours of scouting and
number of skipjack schools sighted were recorded
by area, and from these figures a measure of
abundance, expressed as the average number of
skipjack schools sighted per 100 hours, was ob-
tained. The data on adult abundance resulted
from a total of 1,035 scouting hours in which 140
definitely identified skipjack schools were seen.

It would have been desirable to extract larval
skipjack abundance figures from the captures
made by 0-200 m. plankton tows, but unfortu-
nately these tows were infrequent. on the above
cruises. As a consequence it was necessary to use
the night catches of the 0 m. and 0-60 m. tows,
both of which yielded about the same numbers of
larval skipjack per station (see appendix tables
7, S, and 10). As with the adult calculations,
larval catch and effort were summarized by area,
providing abundance estimates in terms of the
average number of skipjack larvae per 1,000
cubic meters strained. The larval tuna data were
hased on a total of 406 skipjack larvae captured
hy straining 149,408 cubic meters of water.

The occurrence of larval skipjack coincided
with that of adult schools, except. for areas 6 and
11 (fig. 13). In addition, there was a general
proportionality between the two variables, so that.
aren § had large numbers of adults and larvae,
the surrounding areas had small or moderate
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Freurk 13.—Relation between numbers of larval and adult skipjack. Data from Hugh M. Smith cruises 33 and 38 and

(harles H. Gilbert crnise 32

numbers of each, and the peripheral areas fre-
quently lacked both. As with yellowfin, the data
were transformed logarithmically and analyzed
by correlation methods. Ignoring the zero rec-
ords, a non-significant r-value of 0.611 was ob-
tained (7.5 = 0.754, Snedecor 1946: 149). Again
it could not be determined whether the lack of
correlation resulted from a real lack of inter-rela-
tion or merely reflected the inadequacy of the
estimates.

SUMMARY

(1) Asa prelude to the collection and interpre-
tation of data on larval tuna abundance, it was
considered necessary to know the reliability of

See text for details.

the sampling methods, to standardize the time
and depth of sampling for comparative purposes,
and to understand certain facies of larval tuna
behavior. This report deals with these problems
by an analysis of the larval tuna catches made by
0, 0-60, 70-130, 140-200, and 0-200 m. plankton
tows. These tows were taken during 15 POFI
cruises in the waters of the Hawaiian Islands,
the equatorial Pacific, and French Oceania.

(2) The use of paired plankton nets showed
that the catch made by a single net could be
duplicated and was therefore reliable within the
limitations of the sampling method.

(3) Most. tuna larvae were captured between
the surface and 60 m. depth, with about 20-23
percént of the catch between 70 and 130 m., and
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practically none between 140 and 200 m. There
were marked night-day differences in catch at the
surface but these became less as greater depths
were sampled, and were not present in the 0-200
m. catches. Diurnal catch differences were at-
tributed to migration to the surface at night and
to dodging the nets during the day, with the
former being of greater importance to the catch.
Some evidence suggested that the 60°F. isotherm
may be limiting to the occurrence of tuna larvae.

(4) When larval tuna catches were referred to
areal units of sea surface it appeared that the
0-200 m. plankton tow, by sampling the complete
vertical distribution of the fish, produced the
most. reliable abundance estimates. There was
no apparent relation between the catch of this
tow and of shallower tows made at the same time.

(8) Catch data from 0 and 0-60 m. tows
showed that skipjack and frigate mackerel larvae
were rarely captured during the day but were
common at night. This tendency was less marked
for yellowfin, particularly in the 0—60 m. tows.

(6) Both skipjack and yellowfin began to ap-
pear in the surface catch in the afternoon, but
practically none were caught near sunset. Their
temporary disappearance was correlated with the
evening rise of the deep scattering layer and its
associated invertebrate plankton. Further study
showed an inverse relation between the numbers
of larval tuna and invertebrate plankton volumes.
Larval tuna did not appear to be constituents of
the deep scattering layer.

(‘T) Measurements of larval tuna demonstrated
that the dominant length group in the catch was
from 4.0 to 4.9 mm. in total length. This size
range predominated at each depth sampled, with
slight non-modal shifts between day and night
and hetween certain depths. Many larvae of the
2.0-2.9 mm. group may have passed through the
net. meshes, as may some of the 3.0-3.9 mm. cate-
gory, and fish larger than 5 mm. were not com-
mon. Evidence derived from the larger larvae
indicated that yellowfin were poorer dodgers than
skipjack.

(8) No significant relation was found between
the number of yellowfin taken by longline and
the number of their larvae captured by 0-200 m.
plankton tows. Similarly no significant relation
was obtained between the number of skipjack
schools sighted per 100 hours scouting and the
number of larvae taken by 0 m. and 0-60 m. tows.
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APPENDIX

TarLE 5.— Larral {une coltecled from surface hauls of cne-hour duration on cruise 4 of the Hugh M. 8mith in Hawaiian
walers
[All data except for larval tuna are from King and Hida. 1954; only skipjack and yellowfin larvas considered]
Position Water Number of fish in sample
Station No. Date Time strained
started (m# B
North latitude West longitude Skipjack | Yellowfin Total
5/16/50 0934 2,256.3 0 1 1
5/16{50 1722 2,604.7 6 7 13
5/17/50 0240 2,504. 5 0 0 (]
517150 0925 2,699.9 [ 2 2
5/17/50 1640 2,124.9 0 0 1]
5/18/50 0028 2,231.5 2 0 2
H/18/560 1048 2,271.9 0 0 0
5/18/50 1835 2,967.4 0 0 0
5/19/50 0255 2,472.3 A 4 2
5/19/50 1000 2,585, 2 1 1 2
5/15/50 1456 2,742.2 0 0 0
5{15/50 2316 2,704.2 12 0 12
5/15/50 0503 2,642.3 0 0 0
5/21/50 0150 2, 906, 2 16 0 16
5/21/50 10056 2,265.3 0 0 ]
5/21/50 1610 2,950.2 0 ¢ 0
5/21/50 2253 3,017. 4 2 0 2
5/22/50 05346 2,504.0 0 0 0
5/22/50 1531 2,768.9 0 2 2
5[23/50 0018 3,007.3 0 0 Q
5/23(50 0911 3,346.3 0 1 1
5/23/50 1548 2,739.9 0 1 1
5/24/50 0120 2,705.6 13 ] 18
5/14/50 1852 2,181. 5 2 0 2
5/14/50 0820 1,254.7 0 0 0
5/24/50 1333 2,644, 7 0 0 0
5[24/50 2107 2,815.1 L) 1 ]
5/25/50 0214 3,098.8 ] 0 5
5/25/50 1740 3,169.4 0 0 0

TABLE 6.— Larval tuna collecled by 3-level closing nets on cruise 31 of the Hugh M. Smith (numerous samples nol

processed)

[All data, except larval counts, from King and others, 1957]

Position Numter of fish in sample
i Water
Station No. Depth of tow Date Time strained
(meters) 1955 started tm?¥) Skin- | Yellow-| Frigate) Uniden-
Latitude Longitude . jack fin mae}t- tified | Total
v ere

157°49" W 1501 (410 0 1 0 0 1
: 0 1} 0 0 0
i} 1 0 (] 1
0 0 0 0 1]
12902' N. 0 1} 0 0 n
0 0 0 0 0
Q Q [\] (] Q
0 0 0 3 3
0 0 0 0 0
1 0 0 0 1
0 0 n 0 0
0 0 0 0 0
155°16° W _ 2 4 0 0 []
154°54" W __ 1 [}] 2 1] 3
0 [ D] )} 0
1} 0 0 0 1}
1 0 0 1] 1
2 3 0 (] 5
0 0 [ 0 0
[1} 0 0 0 0
5 o 0 0 5

! Data not reported hy King et al. because of damage or malfunctioning of gear or other reasons. Most of these data not inco