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ON THE CLARIFICATION OF LARVAL TUNA IDENTIFICATION
PARTICULARLY IN THE GENUS Thunnus

WALTER M. MaTsumoTo," ELBERT H. AHLSTROM,* S. JONES,*

WirrtoLp L. Krawg,! WiLLiAM J. RICHARDS," AND SHOJI UEYANAGI®

ABSTRACT

A Larval Tuna Identification Workshop was held at the Bureau of Commercial Fisheries Biological
Laboratory (now the National Marine Fisheries Service, Southwest Fisheries Center), Honolulu,
Hawaii, on March 2-6, 1970, to resolve conflicting views on the identification of larvae of Thunnus
alalunga and T. albacares and to clarify the status of larval identification of other Thunnus species.

The identification of T. alalunga (Yabe and Ueyanagi, 1962), T. albacares (Matsumoto, 1958), T.
obesus (Matsumoto, 1962), and T. thynnus (Yabe, Ueyanagi, and Watanabe, 1966) was agreed upon
as correct, except that the description of T. albacares should include the appearance of black pigmen-
tation at the tip of the lower jaw when the larva attains a length of about 4.5 mm SL and that the
lower size limit of reliable identification of 7. alalunga be set at about 4.5 mm SL until further studies
indicate more precisely whether the black pigmentation at the tip of the lower jaw in T. albacares
appears earlier, There was no difference in appearance of 7. thynnus larvae from the Atlantic and
Indo-Pacific Oceans. The identification of T. tonggol and T. maccoyii larvae was not conclusive. The
larvae of T'. atlanticus required further study.

The workshop further concurred that juveniles (13-200 mm SL) of several species of Thunnus may
be separated by internal and external characters: 7. atlanticus by vertebral count, T. alalunga by
shape of first elongate haemal spine and arrangement of pterygiophores of the second dorsal fin rel-
ative to two adjacent neural spines, and T, thynnus by configuration of lateral line and arrangement
of pterygiophores of the second dorsal fin; and that juveniles of 7' obesus and T. albacares may be sep-
arated from the previous three species by arrangement of pterygiophores of the second dorsal fin, but

not from each other.

The proper identification of larval tunas has
been a perplexing and difficult problem for many
years. Although progress in the past two dec-
ades has resulted in agreement on the identifica-
tion of larvae of a number of species (Katsu-
wonus pelamis, Euthynnus alletteratus, E. af-
finis, E. lineatus, Thunnus thynnus, T. obesus,
and Auxis spp.), there is still some disagreement
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and confusion on the identity and description of
T. alalunga and T. albacares. At the present
time there are two different descriptions given
for T. alalunga (Matsumoto, 1962; Yabe and
Ueyanagi, 1962). The identity of other tunas,
such as T'. tonggol, T. maccoyii, and T. atlanticus,
has yet to be confirmed or resolved,

One of the chief problems in larval tuna iden-
tification is the difficulty in obtaining good series
of larvae for study. Tuna larvae are seldom
taken in sufficient numbers by the usual collect-
ing methods, and individuals over 10 mm stan-
dard length (SL) are taken rather infrequently.
Additionally, although the young of a number
of tuna species are found together in many parts
of the ocean, some species are localized in certain
areas. Consequently, it is extremely difficult for
workers in different parts of the world to have



at hand a complete series of larvae of more than
two to four species.

In an attempt to resolve the conflicting views
on T. alalunga and to review the identification
of larvae of other species of tunas, a Larval Tuna
Identification Workshop was held at the Bureau
of Commercial Fisheries (BCF) Biological Lab-
oratory (now the National Marine Fisheries
Service, Southwest Fisheries Center), Honoluly,
Hawaii, on March 2-6, 1970. The workshop also
afforded an opportunity to workers specializing
on larval tuna identification to assemble speci-
mens of the various species of tunas and to ex-
amine these together. The procedure followed
at the workshop was (1) to summarize the
status of larval tuna identification to date by
species and (2) to evaluate the identifying char-
acters by examining larval specimens. As time
permitted, the status of juvenile tuna identifi-
cation was also examined.

The participants included:

Mr. Walter M. Matsumoto, Convenor
Dr. Elbert H. Ahlstrom, Advisor
Dr. Santhappan Jones

Mr. Witold L. Klawe

Dr. William J. Richards

Dr. Shoji Ueyanagi

Dr. Jean-Yves Le Gall of the Centre Océan-
ologique de Bretagne, Brest, France, attended
the workshop as an observer.

The sessions were conducted informally with
a summary of the present status of larval tuna
identification, including recent developments,
followed by evaluation of the various characters
that could be relied upon for positive identifica~
tion. Most of the sessions were devoted to direct
examination of larval specimens of the various
species and discussions of unpublished data of-
fered by participants.

This report summarizes the proceedings and
results of the workshop.

RECENT DEVELOPMENTS IN THE
IDENTITY OF Thunnus alalunga

Two differing versions of the identity and de-
seription of T. alalunga had arisen from reliance
on black pigmentation in different parts of the
body. Matsumoto (1962) relied upon black pig-
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mentation on the dorsal and ventral edges of
the trunk forward of the caudal fin base, where-
as Yabe and Ueyanagi (1962) relied upon black
pigmentation on the tips of the upper and lower
jaws and the absence of pigmentation on the
trunk.

The lack of sufficient larvae fitting Matsu-
moto’s description from areas presumed to be
spawning grounds on the basis of gonad studies
casts some doubt on his identification. On the
other hand, good correspondence in the occur-
rence of larvae fitting Yabe and Ueyanagi’s de-
scription with ecatches of adult T. alalunga in
various areas in the Pacific seemed to support
the latter identification. A study of red pigment
patterns in larvae prior to preservation (Ueya-
nagi, 1966) reinforced Yabe and Ueyanagi’s
identification and description. Additional ob-
servations on red pigmentation by Matsumoto
(see later discussion) confirmed Ueyanagi’s re-
sults and also provided more data to enhance
the reliability of red pigmentation as a supple-
mentary character for identifying T. alalunga.

IDENTIFICATION OF TUNA LARVAE

With the problem of differences in the identity
and description of 7. alalunga larvae fairly well
settled at the outset, there remained the tasks of
evaluating the various identifying characters,
not only for this species but for other tunas as
well, and of describing the species at various
size categories.

DEFINITION OF LARVA

In tunas, as in many other fish, it is difficult
to clearly separate the larval from the juvenile
stages because there is no marked metamor-
phosis and the usual adult characters used for
species identification develop gradually and sep-
arately. Itis generally accepted among workers
in larval tunas that the larval stage ends when
the larva has developed the full complement of
spines and rays in all the fins, all the vertebrae
have ossified, and the anal opening has moved
back near the origin of the anal fin, For nearly
all tuna species, these developments occur when
the larva has attained 10 to 13 mm SL. We use
this as our definition, also.
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EVALUATION OF CHARACTERS

In identifying fish larvae collected in plankton
nets, the easiest and perhaps the only recourse
is to identify the largest stage and work down
to the smallest. Unfortunately, very few tuna
larvae above 9 mm SL are taken in plankton
net tows so that this process cannot be followed
at all times and identification, therefore, must
depend upon those nonadult characters that are
the most distinetive and consistent throughout
the size range.

Characters that have been used in the past
were reviewed and evaluated. A résumé of the
usefulness of the various characters follows.

Meristic

The number of myomeres is useful in sepa-
rating Katsuwonus pelamis (42-43) and Euthyn-
nus lineatus (88-39) from other tunas, including
other species of Euthynnus, all of which have
similar numbers of myomeres (40-41). The
number of fin rays and spines are not useful for
separation of Thunnus because all species are
similar in this respect.

Morphological

Shape of first dorsal fin, when completely
formed, is useful to distinguish late larval stages
of K. pelamis, Euthynnus, and Auxis from those
of Thunnus. Preopercular spines are unreliable
because they undergo rapid growth changes and
position of eye relative to longitudinal axis of
body needs to be determined more accurately.
Distribution (number and position) of pterygio-
phores in the second dorsal fin in relation to
neural spines is useful in separating several
Thunnus species, but only after these bones
have ossified in larvae longer than 10 mm SL.
Other characters of the axial skeleton useful in
identification, such as the position of the first
haemal arch and the position of the zygapophyses
on the vertebrae, also form late.

Measurements

Morphometrics have not been used extensively
to date, although’ there may be some with good
possibilities, such as the relations of body depth
to standard length, snout length to head length,

and snout length to orbit diameter. Some of
the reasons for not using measurement data are
that the larvae not only shrink in preservatives,
but the degree of shrinkage varies in different
preservatives and with duration of preservation;
the distortion of the body at the time of fixing
cannot be controlled; and, more important, there
are too few larvae in undistorted condition for
reliable measurements. Added to these are other
sources of variability such as rapid changes in
body parts due to growth, changes which often
occur in spurts, and distension of the abdomen,
as well as stretching of the body at each feeding.

Pigmentation

For the most part black pigment patterns
have been the most widely used and accepted
character in identifying tuna larvae. There are
variations and changes in black pigment patterns
on tuna larvae due to growth, but in certain
areas of the body these patterns have been found
to be consistent enough for identification pur-
poses. This is particularly true of pigment pat-
terns on the first dorsal fin, posterior half of the
trunk, forebrain, and tips of both jaws. The
larval size at which black pigment cells appear
in certain areas of the body, especially at the
upper and lower jaw tips, may be useful in sep-
arating T. albacares from T. alalunga. Red pig-
ment patterns, although not species specific, have
been useful in confirming the identification of
T. alalunga when used in conjunction with black
pigment patterns.

Of all the characters reviewed and examined,
pigment patterns, both black and red, were con-
sidered to be the most reliable for identification
of the larval stages, despite their known varia-
bility, when supplemented by the use of certain
morphological characters such as the distribu-
tion of pterygiophores in the second dorsal fin
and characteristics of the vertebral column,
whenever these are developed.

VERIFICATION OF RED PIGMENTATION

Ueyanagi (1966) reported on the usefulness
of red pigmentation in identifying tuna larvae.
Up to then identification of tuna larvae by pig-
mentation had been based on black pigment only.



Ueyanagi examined 350 larvae and concluded
that 7. albacares and T. alalunga, which are
difficult to identify by the usual diagnostic char-
acters, could be distinguished by differences in
red pigment patterns: larvae of T. alalunga
consistently had more red pigment spots on the
dorsal and ventral edges of the body and along
the mid-lateral line forward of the caudal pe-
duncle than larvae of T. albacares; red pigment
patterns in larvae of T. thynnus and T. obesus
were intermediate between those of T. alalunga
and 7. albacares; the red pigment pattern in
Allothunnus fallai was similar to that in Thun-
nus; and the pattern in K. pelamis resembled
that in Auxis spp. and E. affinis but differed
from that in Thunnus.

To confirm these results and to provide addi-
tional information on red pigmentation in tuna
larvae, the results of observations made on 432
larvae taken in Hawaiian waters during August
and September 1967 were presented. Tables 1
and 2 give the number of red pigment cells along
the dorsal, ventral, and lateral lines on the pos-
terior half of the trunk and a summary of the
number of larvae examined, the number of larvae
observed with red pigmentation, and the mean
numbers of red pigment cells at the three sites.
In Table 2, the number of red pigment cells ob-
served most frequently are given in bold face
type and those observed occasionally or seldom
are enclosed in parentheses.

The pigment patterns agreed generally with
those reported by Ueyanagi for the species listed
in the tables. Differences in the patterns were
noticeable mainly in the dorsal edge of the trunk
and, to a lesser extent, in the mid-lateral line.
There was no significant difference in the num-
ber of pigment cells between the left and right
sides of the body.

The appearance and extent of red pigment
cells varied in larvae taken in night and day
tows. In larvae taken at night the pigment cells
were numerous, distinet, and brightly colored,
whereas in larvae taken during the day the pig-
ment cells were faintly colored, often not visible,
and in many instances the pigment spots were
united, forming single continuous lines. Of the
species taken in both day and night tows (T. al-
bacares, T. obesus, and K. pelamis), red pigmen-
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tation was not visible in 41.5% of the larvae
taken during the day, compared with only 3.6%
of the larvae taken at night. Thus, observations
of red pigment cells must be made largely on
larvae taken at night to reduce the effects of
diel variations.

Despite the variations, red pigmentation is a
useful supplementary character to either sepa-
rate certain species or verify the identification
made on the basis of other characters. That the
red pigment pattern is not species specific is
clearly seen in the similarity among K. pelamis,
Auzxis spp., and E. affinis and between T. obesus
and 7. albacares; however, it is useful in sepa-
rating 7. alalunga from the other kinds of
Thunnus.

EXAMINATION AND DISCUSSION
OF SPECIES

Thunnus alalunga and T. albacares

Larvae of these two species were examined
together because they are the only species lack-
ing black pigment cells on the trunk, exclusive
of the caudal fin and abdomen (Yabe and Ueya-
nagi, 1962). Characters, including some that
have not been used in the past, for separating
the two species are summarized in Table 8. The
larval stage was divided into two size categories,
small larvae less than 10 mm SL and larger lar-
vae 10 to 13 mm SL, because the characters used
in differentiating small larvae became ineffective
or obscured with growth. As mentioned earlier,
pigmentation, particularly the presence of black
pigment cells at the tips of the upper and lower
jaws and the amount of red pigment cells on the
trunk, was the most reliable character in sepa-
rating larvae of the two species.

In small larvae, black pigment cells on the
lower jaw tip were first observed in larvae of T.
albacares about 4.5 to 6.0 mm SL, and often as
small as 3.8 mm SL; those on the upper jaw tip
were first observed in larvae about 7.0 mm SL
(Figures 1 and 2, reproduced from Matsumoto,
1958"). In T. alalunga these pigment cells were

" The difference in developmental stages per given
size in the figures by Matsumoto (1958) and Ueyanagi
(1969) is due to method of preservation: Matsumoto’s
figures are of larvae preserved in 10% Formalin; Ueya-
nagi’s figures are of larvae preserved in 70% alcohol.



TABLE 1.—Frequency of red pigment cells in larval tunas from Hawaiian waters, August-September 1967.

N . Thunnus albacares Thunnus obesus Thunnus alalunga Ratsuwonus pelamis Auxis spp. Euthynnus affinis .
. o. © .

Part of body pigment . Percent ight Percent ; Percent ight Fercent . Percent " Percent

el e W con ol W oemm BT own SR ewn WU e PR e

Dorsal edge trunk 0 56 52 519 26 26 57.7 _— - — 86 87 99.4 49 20 94.5 8 7 100.0
1 42 32 35.6 16 18 377 _— -— - — — — 2 2 55 - - —

2 10 9 9.1 4 — 4.4 3 3 46.1 1 1 0.6 - — — - . -—

3 4 2 29 — -— -_— 3 3 46.1 — -— -— — - - - — -

4 — 1 0.5 _— — — 1 — 77 - — — — — - — - _—

Total 112 96 — 46 44 — 7 6 —_— 87 88 _— S1 22 -— 8 7 -
Mid-lateral line trunk o] 4 9 63 n 8 216 - — - 85 86 97.7 35 16 70.0 6 7 86.7
1 12 1 1.2 é 8 15.9 _— - - 1 - 0.6 13 5 24.6 - - -

2 45 34 383 1 13 273 — 1 77 1 1 1.1 2 1 4.1 1 - 6.7

3 31 24 26.7 10 8 20.4 3 2 38.4 — 1 0.6 1 — 1.4 1 — 6.7

4 14 14 13.6 7 S5 13.6 3 3 46.1 - — - - - — -— _— -

5 4 3 34 — 1 11 1 — 7.7 - - - — - — — - —

6 1 — 0.5 — - - - — — - — — - — - _— - —

Total 1t 95 - 45 43 - 7 6 — 87 88 -— 51 22 — 8 7 —
Ventral edge trunk 0 1 _— 05 - 1 1.2 _— —_— _— 1 _— 0.6 - . _— — - _—
1 — - _— 2 — 24 — — — 2 2 2.3 — — - - — —

2 1 - 0.5 1 — 1.2 - _— - 3 S 4.6 4 2 8.2 _— _— —

3 2 7 4.6 3 4 8.6 _ — -— 5 5 5.7 4 . 5.5 - - —

4 6 9 77 7 5 14.8 - _— -— [ 4 57 3 1 5.5 - 1 6.7

5 13 16 14.9 12 10 27.1 1 — 77 9 12 12.0 2 5 9.6 1 3 26.7

6 19 14 17.0 8 10 22.1 2 _— 154 8 8 9.0 3 1 55 3 _— 20.0

7 22 14 18.5 5 4 11.1 1 3 308 17 8 143 5 2 9.6 _— 1 6.7

8 14 12 134 4 3 8.6 2 . 15.4 7 12 10.8 10 3 17.8 1 2 20.0

9 [ 7 6.7 — 1 1.2 — 1 7.7 12 10 12.6 3 1 5.5 2 — 13.3

10 7 ) 6.2 _— — -— . 1 77 6 10 9.1 8 4 16.4 1 — 6.7

11 3 2 26 _— - -— _— - — [ S 6.3 1 1 2.7 - - -

12 3 1 2.1 _— 1 1.2 1 1 15.4 1 4 3.9 6 1 9.6 - _— -

13 1 - 0.5 — -— _— — - - —-— 1 0.6 - 1 14 - _— -

14 2 1 1.5 —_— _— - _— -— - 2 1 17 2 — 2.7 - — -

15 - 2 1.0 _— — - _— - — _— - - — _ — - - -

16 1 — 0.5 _— - - - _— _— 1 1 1.1 _— - — _— — _—

17 _— - - -— - - — — - 1 — 0.6 — - — - — _—

18 - — - — - _— _— — _— _— - — — — — - — -

19 - - _ —_— — - - — — — _— -— - - . — - -

20 1 1 1.0 _— - -— — — —— _— _— _— _— _— —— —-— - -

Total 103 91 - 42 39 - 7 6 — 87 88 - 51 22 — 8 7 -

1 Percent occurrence refers to left and right sides combined.
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TABLE 2.—Summary of red pigment cells in larval tunas from Hawaiian waters, August-September 1967.

Red pigment cells on posterior half of trunk

Number Larvae
Species larvae with red Dorsal edge Mid-lateral line Ventral edge
examined pigment
Number?® Mean Number® Mean Number? Mean
Thunnus albacares 130 112 0, 1,2 3) 0.6 0), 1,2, 3,4, (5 24 3-12 7.0
Thunnus obesus 63 47 0,1, (2) 0.5 0,1,23, 4 1.9 1-8 53
Thunnus alalunga 6 6 2,3, (4) 2.6 (2), 3, 4, (5) 3.5 5-12 8.0
Katsuwonus pelamis 138 88 0 0.0 0 0.0 1-12 72
Auxis spp. 72 51 0, (1) 0.0, 0,1, (2) 0.4 2-14 7.6
Euthynnus affinis 23 8 0 0.0/ 0, (2), (3) 0.3 4-10 6.7
Total 432 312
1 Less than 2% occurrence omitted.
(e i
, ({7 mnunu-/@\"f
===
ST
f L

6.5mm

Ficure 1.—Larval stages of Thunnus albacares, I.
(From Matsumoto, 1958, Lengths have been converted
from total to standard.)

first observed on the upper jaw tip in larvae
about 5.0 mm SL and on the lower jaw tip at
about 9.0 to 10.0 mm SL (Figures 3 and 4, re-
produced from Ueyanagi, 1969). Consequently,

6

‘13.4mm

FIGURE 2.—Larval stages of Thunnus albacares, II.
(From Matsumoto, 1958, Lengths have been converted
from total to standard.)

all larvae between 4.5 and 7.0 mm SL having
black pigment cells only on the lower jaw tip,
and larvae between 7.0 and 9.0 mm SL having
black pigment cells on the tips of both jaws were
considered as T. albacares. All larvae between
5.0 and 9.0 mm SL having black pigment cells
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7.0mm

9.Imm

FIGURE 3.—Larval stages of Thunnus alalunga, 1.
(From Ueyanagi, 1969. Lengths have been converted
from total to standard.)

only on the upper jaw tip were considered as
© T. alalunga. Larvae of the two species from 9.0
to 10.8 mm SL were separated by the position
of black pigment cells on the lower jaw tip: in
T. albacares the pigment cells were located on
the inner, and sometimes outer, margins in
larvae up to 10.8 mm SL, but in 7. alalunga they
were found only on the outer margin. It is
suspected that the black pigment cells on the
inner margin of the jaw in 7. albacares migrate
to the outer margin with further growth of the
larvae.

Red pigmentation was accepted as a good sup-
plementary character for separating T'. albacares
from T alalunga (Tables 1 and 2). The distinc-

F1GURE 4.—Larval stages of Thunnus alalunga, II.
(From Ueyanagi, 1969. Lengths have been converted
from total to standard.)

tive patterns were located along the dorsal mar-
gin of the trunk from about the midpoint of the
second dorsal fin base to the caudal peduncle. In
T. albacares there was usually none or one red
pigment cell at the caudal peduncle. Two pig-
ment cells occurred seldom and three or four
pigment cells occurred only rarely. Generally,
these pigment cells were clustered at the caudal
peduncle region. In 7. alalunga there were usu-
ally two or three pigment cells, sometimes as
many as four." Unlike those in T. albacares,
these pigment cells were well spaced, extending
forward to the middle of the second dorsal fin
base. Only minor differences were noted in the
red pigment cells along the mid-lateral line.

In larger larvae (10-13 mm SL) differences
in the two species were noted in the distribution
of pterygiophores of the second dorsal fin on
cleared and stained specimens (Table 3). In
T. albacares the two successive single pterygio-
phores between two adjoining neural spines oc-
curred at the posterior end, whereas in 7. ala-
lunga they were at the anterior end. Addition-
ally, the first haemal arch was on the 11th verte-
bra in 7. albacares and on the 10th vertebra in
T. alalunga.



TABLE 3.—Characters to separate larvae of Thunnus
albacares and Thunnus alalunga.

Choracters T. albacares T. alalunga

Smal} larvae (4-10 mm SL):
Black pigmentation:

Upper jaw Appears at about 5:8 Appears at about 5.0
mm SL, mostly after mm SL
6.0 mm

Lower jow Appears at 4.5-6.0 Appears at 9-10
mm SL mm

At tip on inner edge; At tip on outer edge
migrate 1o outer edge

with further growth

Red pigmentation:

0, 1,2 (3
[mean = 0.6]; near
cauda! peduncle

2, 3, (4) [mean =
2.6] from peduncle to
mid-second dorsal fin
base

Dorsal edge body,
postanus

Lateral line, postanus (0), 1, 2, 3, 4, (5) (2), 3, 4, (5)
[mean = 2.4] [mean = 3.5]

Ventral edge body, 3-12 [mean = 7.0] 5-12 {mean = B8.0]

postanus

Large larvae (>>10 mm SL):

Array of 1Da 1,2 2 2,83 2, 1,1, 2,2, 2,3,
pterygiophores 1,1 2,1

between two adjacent

neural spines

Position of first 1th 10th

haemal arch (vertebra
number)

1 D3 refers to second dorsal fin.

Other Thunnus species

These species, which include 7. thynnus (T.
thynnus thynnus of Atlantic and T'. thynnus or-
ientalis of Pacific), T. tonggol, T. maccoyii, and
T'. obesus, have been identified mainly by black
pigmentation on the trunk other than that over
the abdominal wall.

In small 7. thynnus of both Atlantic and Pa-
cific Oceans (larvae between 8 and 10 mm SL),
one or two large black pigment cells are present
on the dorsal edge of the trunk between the sec-
ond dorsal and caudal fins (Table 4, Figures 5
and 6), the anterior one usually being the larger.
There may also be one to four black pigment cells
on the ventral edge of the trunk between the
anus and the caudal fin. Black pigmentation in
T. thynnus from both oceans agrees quite well,
except that in 5 out of 10 Atlantic specimens
one or two tiny black pigment cells were noted
along the mid-lateral line of the body near the
pectoral fin, and in two instances a single tiny
black pigment cell was found on the mid-lateral
line beneath the posterior end of the second dor-
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sal fin, These pigment cells were not considered
reliable for identification purposes.

Observation of red pigmentstion on larvae of
Atlantic and Pacific T. thynnus is incomplete.
Only one Atlantic T'. thynnus larvae was exam-
ined for this character, but unfortunately the
specimen was taken in a day tow so that the
pigmentation appeared as a continuous streak
on both the dorsal and ventral edges of the trunk
as well as on the ventral surface of the lower
jaw. In Pacific T. thynnus there were one to five
red pigment cells, usually three, on the dorsal
edge of the trunk. The number of red pigment
cells on the mid-lateral line and ventral edge of
the trunk has not been recorded, but according
to the lllustration by Ueyanagi (1966), the pig-
ment pattern may be similar to that of 7. obesus.
On the basis of black and red pigmentation, the
Atlantic and Pacific T. thynnus were not sep-
arable.

The identification of T. tonggol, based on size
series of 4.2 to 7.3 mm, has yet to be confirmed.
Following the description of the species by Ma-
tsumoto (1962), larvae similar to these having
the anteriormost black pigment cell on the dorsal
edge of the body ahead of the second dorsal fin
origin have been found in 1963 in the mid-South
Atlantic Ocean near Ascension Island. Confir-
mation of the species description requires the
finding of adults within this area and the finding
of additional larvae to extend the identified size
range.

The identification of T. maccoyii, which was
first deseribed as having black pigment pattern
similar to that of T. thynnus (Yabe, Ueyanagi,
and Watanabe, 1966) and later as having the
black pigment cells on the dorsal edge of the
trunk reduced to pinpoints (Ueyanagi, 1969),
also needs verification (see discussion on 7. thyn-
nus). The correspondence of published descrip-
tions based on eight specimens and observations
of larvae identified as this species were not con-
clusive.

T. obesus was easily separated from T'. thyn-
nus by the absence of black pigmentation on the
bases of the anterior dorsal finlets. Sometimes
a single small black pigment cell was present
along the ventral edge of the trunk near the
caudal peduncle, but more often one to three pig-



MATSUMOTO ET AL.: LARVAL TUNA IDENTIFICATION

TABLE 4.—Characters used to separate larvae of Thunnus species having black pigmentation on trunk.

Characters

Thunnus thynnus
(Atlantic)

Thunnus thynnus
(Pacific)

Thunnus tonggol

Thunnus maccoyii

Thunnus obesus

Small larvae (3-10 mm SL):
Number of black pigment

cells:

Upper jaw tip
Lower jaw tip

Dorsal edge trunk

Lateral line

Ventral edge trunk
Number of red pigment

cells:

Dorsal edge trunk

Lateral line

Ventral edge trunk

No observation
2 on inner edge

lor2
0-2 near mid-trunk
14

Streak on caudal
peduncle?

Indistinct?

Streak anus to caudal

Appears above 6 mm
SL

2 on inner edge
above 4 mm SL
1or2

None

2 or more

1-5, mostly 3

Number not availoble

Number not available

No observation

No observation

1. 2, or more
None

2 or more

No observation

No observation

No observation

Appears above 5 mm
SL
Appears above 4 mm
sl

1 or 2, very smal}
0 or 1 near mid-trunk
1.3

No observation

No observation

No observation

Few spots above 5 mm
SL

02 on inner edge
below 4 mm

None

None

1 or more

0,1, (2)

01,23 4
1-8 [mean = 53]

pedunclel

2 well spaced on

Lower jaw ventral Streak along margin
i anterior half

view anterior halt of jaw
and midline!

Large larvae (310 mm SL):

Array of 2Da pterygio- 1,2,2,3,2,2,1,1 No observation
phores between two

adjacent neural spines

No observation No observation 1 on each side near tip

No observation No observation 1,2223,2 1,1

2 S e ke i Tqday tow was examined.
ment cells were present along the base of the
posterior half of the anal fin, Red pigmentation
did not differ from that in 7. albacares.

In larger larvae (10-183 mm SL) the array of
pterygiophores of the second dorsal fin between
two adjacent neural spines was sufficient to sep-
arate T. thynnus from T. obesus and both species
from T. alalunge (Tables 2 and 8). In T. thyn-
nus the greatest number of pterygiophores (3)
between two adjacent neural spines appeared in
the fourth position in the array, whereas in 7.
obesus and T. alalunga it appeared in the fifth
and sixth positions, respectively. T. obesus was
not distinguishable from T. albacares by this
character.

The identification of T. atlanticus was not re-
solved. No larvae from the distributional range
of this species (tropical western Atlantic) have
been found which are distinguishable from any
of the species considered above. One of us
(Richards) suspects that 7. atlanticus larvae
are very similar to larvae of 7. obesus. This
suspicion is based on the great abundance of
larvae resembling those of T. obesus in this area,
particularly at times and places where 7. obesus

adults are rarely found or absent. Further

studies are needed.

SUMMARY OF LARVAL IDENTIFICATION

On the basis of the examination and discussion
above, the workshop agreed that:

1. The description of T. albacares by Matsu-
moto (1958) was correct (see Figures 1 and 2),
but that the “appearance of black pigmentation
at the tip of the lower jaw at about 4.5 mm SL”
should be included.

2. The description of T. alalunga by Yabe and
Ueyanagi (1962) and illustrations by Ueyanagi
(1969) were correct (see Figures 8 and 4), but
that the lower size limit should be set at about
4.5 mm SL until further studies indicate more
precisely the earlier appearance of black pig-
mentation at the tip of the lower jaw in 7. al-
bacares. .

3. It is not possible to separate larvae of T.
albacares from T. alalunge below 4.5 mm SL,
prior to the appearance of black pigment cells
at the tip of the lower jaw in T. albacares.

4. The description of 7. thynnus by Yabe,
Ueyanagi, and Watanabe (1966) was correct



3.6mm

4.4mm

FISHERY BULLETIN: VOL. 70, NO. 1

6.6mm

9.6mm

6.1mm

FIGURE 6.—Larval stages of Thunnusg thynnus, I. (From
Yabe, Ueyanagi, and Watanabe, 1966, Lengths have
been converted from total to standard.)

(see Figures 5 and 6), and that there was no
difference in 7. thynnus from the Atlantic and
Pacific Oceans,

5. The identification of T. tonggol was not
substantiated by an adequate size series.

6. The description of T. maccoyii, based on
tiny melanophores on the dorsal edge of the
trunk, was not conclusive.

7. The description of T. obesus by Matsumoto
(1962) was correct, though it needed to be aug-
mented by illustrations of a complete size series.
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F1cure 6.—Larval stages of Thunnus thynnus, II. (From
Yabe, Ueyanagi, and Watanabe, 1966, Lengths have
been converted from total to standard.)

8. The identity of T. atlanticus larvae is un-
resolved.

IDENTIFICATION OF JUVENILES

In spite of the intention of the workshop to
assemble as many specimens of juvenile tunas
as possible, only a few juveniles of 7. albacares
and 7. obesus, not nearly enough to warrant
their detailed examination, were available for
study. The discussion on juvenile tuna identifi-
cation, therefore, dealt mainly with published
reports and with contributed data, resulting in
a summary of identifying characters which the
workshop considered useful and reliable,
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Once the young tuna has acquired the full
complement of spines and rays in all the fins,
complete ossification of all the vertebrae, and the
relocation of the anus near the origin of the anal
fin, it is generally considered a juvenile of the
species. Certain characters such as the full num-
ber of gill rakers, however, develop much later,
when the juvenile has attained a length of 40
or 45 mm SI. If we consider juveniles to in-
clude all sizes up to the time of full gonad de-
velopment signified by initial spawning, the size
range of the juvenile stage would extend from
about 13 mm SL to 700 mm FL (fork length) in
T. albacares (Yuen and June, 1957) and to 860
mm FL in 7. alalunga (Otsu and Hansen, 1962).
For the purpose of clarifying species identifi-
cation of the young, however, individuals beyond
200 mm SL need not be included. The term ju-
venile, as used here, thus refers to tunas between
13 and 200 mm SL,.

EVALUATION OF CHARACTERS

The greatest difficulty in identifying juveniles
of Thunnus is that the most useful characters
are located internally. Except for the flattened
first elongate haemal spine in 7. alalunga, there
is no single character that is peculiar to each
of the species; but by using a combination of
characters it should be possible to identify most
of the other species. A summary of the most
useful characters discussed is listed in Table 5.

The size of juvenile at which each of the char-
acters can be observed is listed also. Those char-
acters whose usefulness in the early juvenile
stages has not been shown conclusively are indi-
cated by a question mark (?). The general
formula of distribution of pterygiophores of the
second dorsal fin has not been used before.

The counts and descriptions given for those
characters listed with a question mark gener-
ally are those of the adults. These have not yet
been substantiated for juveniles as well.
Changes in the position of the first haemal arch
with growth, for example, have been known to
exist in other closely related fish such as the
wahoo, Acanthocybium solandri (Matsumoto,
1967). This could be true of the tunas also.

Comparisons of body parts, particularly of or-
bit diameter, body depth at origins of the first
dorsal and anal fins, preanal and postanal dis-
tances, and snout length, have not been jnvesti-
gated sufficiently in the past. The unavailability
of specimens in sufficient numbers as well as the
nonuniformity of body lengths (fork and stan-
dard) used have contributed greatly to this ne-
glect. Acceptance of standard length as the
standard measure of body length and publishing
of actual measurements in the future should help
in the accumulation of sufficient data for anal-
yses. This has to be done by all workers in this
field of study, since the juveniles are not easily
taken in large numbers,

TABLE 5.—Characters for separating juveniles of Thunnus species.

Useful on

juveniles above Thunnus thynnus

Character

Thunnus alalunga

Thunnus atlanticus Thunnus obesus Thunnus albacares

First haemal arch

?

10

10

n

11

Ceratobranchial 40 mm SL 1720 15-16 12-13 15-16 15-16

including angle -

Vertebrae 13 mm SL 18 4+ 21 18 4+ 21 19 4- 20 18 4 21 18 4- 21

Array of 1Da pterygio- 10 mm SL 1,2,2,3,2, 1,1,2,2,2,3, 1,2,22,3, 2, 1,2, 2, 2,3, 1,2,2,2,3,

phores between two 2,1,1 2,1 1 2, 1,1 , 1,1

adjacent neural spines

First prezygapophysis ? 15, 16, 17, high 15, 16, high 16, 17, low 15, 16, high 13, 14, low

and position on haemal

arch

Postzygapophysis near ? Short, directed Short, directed long, directed Short, directed Long, directed

first prezygopophysis posterior posterior vertical or posterior vertical, some

slightly anterior slightly anterior

First haemal spine 30 mm SL Winglike ot some  Extremely wing- Winglike at some — —
stages ike stages

Lateral line above 25 mm SL Acute, nearly 90°  Obtuse Obtuse Obtuse Obtuse

base of pectoral fin

* Da refers to second dorsal fin.

11



DISCUSSION AND SUMMARY

T. thynnus below 25 mm SL can be separated
from the other Thunnus species by the array of
pterygiophores of the second dorsal fin, the last
four positions containing 2, 2, 1, 1 pterygio-
phores; in T. alalunga the sequence is 2, 3, 2, 1,
and in T. atlanticus, T. obesus, and T. albacares
itis 3,2,1,1., T.thynnus above 25 mm SL can
be separated from all other Thunnus by the
sharp angle (nearly 90°) which the lateral line
follows near the base of the pectoral fin; in all
other species this angle is obtuse. In juveniles
above 40 to 45 mm SL, T. thynnus has the highest
number of gill rakers on the ceratobranchial, in-
cluding that at the angle (Potthoff and Richards,
1970).

T. alalunga below 30 mm SL can be separated
from other Thunnus species by the distribution
of pterygiophores of the second dorsal fin. Above
30 mm SL, T. alalunga is the only species whose
first elongated haemal spine is flattened laterally
and appears extremely winglike.

T. atlanticus as small as 18 mm SL can be sep-
arated from other Thunnus species by its dis-
tinetive precaudal and caudal vertebral counts.
It is the only species having 19 precaudal and
20 caudal vertebrae. Above 40 to 45 mm SL,
this species can be separated from the others by
the low (12-13) gill raker count on the cerato-
branchial (Potthoff and Richards, 1970), in ad-
dition to the vertebral formula.

T. obesus and T. albacares are the only two
species that cannot be distinguished from each
other on the basis of internal characters. Com-
parisons of body parts, i.e., orbit diameter, body
depth or preanal and postanal distances, may
have to be used.
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THE FERTILIZATION OF GREAT CENTRAL LAKE.
I. EFFECT OF PRIMARY PRODUCTION

T. R. Parsons,' K. STEPHENS,? AND M, TAKAHASHT!

ABSTRACT

Commercial fertilizer was added at a rate of 5 tons per week to a lake (51 km2, mean depth 200 m) over
a period of 5 months from May to October 1970, As a result of these additions, surface primary produc-
tion was increased approximately tenfold while the primary production of the euphotic zone was doubled.
The standing stock of primary producers and water clarity were substantially the same as in the pre-
vious year when no fertilizer was added. The productive index (mg C/mg Chl e¢/hr) was increased,

especially in the immediate area of nutrient enrichment.

However, the principal phytoplankton species

were very similar at locations near and distant from the area of fertilization, In conclusion, it appears
that as a result of adding nutrients at a low but sustained level, primary productivity was increased
without substantially changing the nature of the food chain at the primary level of production.

In the Pacific northwest, an earlier study (Nel-
son and Edmondson, 1955) on the fertilization of
a small salmon-producing lake in Alaska showed
that the addition of phosphate and nitrate fer-
tilizer increased the production of sockeye salm-
on (Oncorhynchus merka); in more recent
studies by Donaldson et al. (1968), an increase
in the production of steelhead trout (Sailmo
gairdneri) was demonstrated in a small lake in
the state of Washington. The natural fertiliza-
tion of lakes from decomposing salmon carcasses
has been discussed by Krokhin (1967), who has
suggested that the potential deficit from salmon
removed by the fishery should be replaced by ar-
tificial fertilization. In the report presented
here we have carried out a fertilization experi-
ment which differs from the two previous reports
(Nelson and Edmondson, 1955; Donaldson et al.,
1968) in several respects. These include the
size scale of the experiment which was very
much larger than any previous experiments, the
application of fertilizer as a solution, control of
the N: P ratio, and, finally, sustained weekly nu-
trient additions over a period of 5 months.

* Fisheries Research Board of Canada, Biological Sta-
tion, Nanaimo, B.C.; present address: Institute of
Oceanograghy, University of British Columbia, Van-
couver, B.C., Canada.

4 Fisheries Research Board of Canada, Biological Sta-
tion, Nanaimo, B.C., Canada.

Manuscript accepted September 1971.
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Preliminary results of our experiment have
been reported (Parsons et al., in press) together
with our conclusion that lake production was
increased by the addition of fertilizer and that
this was achieved without causing a condition
of eutrophication. The following account deals
specifically with the effect of nutrient enrich-
ment on the primary level of production. Inten-
sive studies on the effect of nutrient additions
were carried out during the period May to
August 1970 while a more general monitor pro-
gram has been maintained from 1969 to the
present (March 1971). The first sustained nu-
trient additions were made during the period
June to October 1970 and further additions are
planned for the next 5 years.

The primary purpose in this study is to in-
crease levels of production in an oligotrophic
lake, but not to change the trophic relationships
which lead to the production of young sockeye
salmon. In this respect the ultimate desideratum
of the experiment is to produce larger sockeye
smolts at their time of seaward migration;
earlier reports have demonstrated that there is
a close positive relationship between smolt size
and survival (Ruggles, 1965; Johnson, 1965).
Since previous studies (Parsons et al,, in press)
have shown that the migrant smolts from Great
Central Lake are small (63 = 1 mm) and that
the primary productivity is very low (ca. 5 g
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N

C/m?/year), application of nutrients at a level
that would increase primary and secondary pro-
duction seemed reasonable.

Data used in this presentation have been ob-
tained from Stephens et al. (1969°) and Kennedy
et al. (1971%).

METHODS

ANALYTICAL PROCEDURES

Chlorophyll @, nutrients, oxygen, and total
CO; were all measured as described/ previously
(Strickland and Parsons, 1968); bacteria were
enumerated from plate counts after 24 hr in-
cubation at room temperature on Millipore uni-
versal medium; major phytoplankton species
were enumerated after settling preserved sam-
ples; conductivity was measured using a Beck-
man Solu Bridge (Cedar Grove, N.J.). Primary
productivity was measured as the difference in
uptake of “CO; in light and dark bottles; how-
ever, on a few days the dark-bottle uptake was
exceptionally high and this requires further in-
vestigation. For the purpose of this presenta-
tion, data have been used only for days when
the dark-bottle uptake was less than 20% of the
maximum light-bottle uptake.

Radiation was measured with an Epply pyra-
nometer and corrected to give photosynthetically
available radiation (PAR) as described previ-
ously (Parsons and Anderson, 1970). Light
attenuation was routinely measured with a
Secchi dise (SD), and an empirical relationship
between SD depth (m) and the vertical extine-
tion coefficient was established using a Schiiler
meter (maximum response at 430 nm). This
relationship for light at 430 nm was:

430 2.1
10 = mep

The (total) extinction coefficient for the water
column was then found from Jerlov’s (1957)

® Stephens, K., R, Neuman, and S. Sheehan. 1969.
Chemical and physical limnological observations, Babine
Lake, British Columbia, 1963 and 1969, and Great Cen-
tral Lake, British Columbia, 1969. Fish, Res. Board
Can,, Manuscr, Rep. 1065: 41-52.

¢ Kennedy, O. D., K. Stephens, R. J. LeBrasseur, T. R.
Parsons, and M, Takahashi., 1971. Primary and sec-
ondary production data for Great Central Lake, B.C.,

1970, Fish, Res. Board Can., Manuser. Rep. 1127, 879p.
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light attenuation curves. Mean radiation (In)
for the water column of depth (d.) was deter-
mined from the expression

I = Iy (1—e%d4,)

m= T
where I, was the surface radiation and k& was
the attenuation coefficient for light below the
surface meter. The expression was also used
to determine the light at various depths in re-
lation to the photosynthetic activity at those
depths.

NUTRIENT ADDITIONS

The choice of a suitable fertilizer for the
waters of Great Central Lake has been discussed
previously (Parsons et al., in press). The nu-
trient addition consisted of a commercial grade
of ammonium phosphate and ammonium nitrate
which contained trace quantities of other ele-
ments essential for plant growth. The mixture
is known commercially as 27-14-0 (27% N;
14% P:0s; 0% K:0) and has an N:P ratio of
10:1.

The ammonium nitrate and ammonium phos-
phate were dissolved separately in 5-ton amounts
(total) and the concentrated solutions mixed be-
fore distribution. A small quantity of organic
material was added to the dissolved inorganic
fertilizer at a dilution of 6 liters of fish solubles
(obtained from B.C. Packers Ltd.) for every
2 tons of nutrient solution. The dissolved ferti-
lizer was distributed at 10 gal/min (38 liters/
min) in the wake of a vessel travelling at approx-
imately 8 knots. The area of nutrient additions
is shown in Figure 1, together with sampling
stations 1, 2, and 3. Station 1 was sampled dur-
ing 1969 and 1970, Station 2 was sampled during
1970, and Station 8 was sampled sporadically
during 1970 in order to check on the flow of
nutrients in a westerly direction; in addition,
areal surveys for chlorophyll @, transparency,
and bacteria were carried out over the whole lake
in order to determine within-lake variation.

The area over which nutrients were added
represented ca. 8 sq mi (8 km?) of lake surface;
however, from studies on lake circulation it was
apparent that the material was transported east
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FIcURE 1.—Great Central Lake showing principal sam-
pling stations (1, 2, and 3) and area of nutrient en-
richment (crosshatched).

and west at rates of up to 6 miles per day or
ca. 10 km/day (Parsons et al,, in press). Thus
while Station 2 was generally under the most
immediate influence of the nutrient additions,
Stations 1 and 3 also received an accumulative
enrichment. Fertilizer was added at the rate of
5 tons per week from June through to October
1970. During May 1970 approximately 2 tons of
fertilizer were added in experiments to deter-
mine the rate of mixing and distribution of nu-
trients in the vessel’s wake.

RESULTS
LAKE MORPHOMETRY

Great Central Lake is located on Vancouver
Island, B.C., at lat 49°20’ N on an east/west axis
between long 125°00’ W and 125°25’ W (Figure
1), Itis a long narrow lake (ca. 33 X 1.5 km)
with steep sides and a mean depth of 200 m.
The yearly mean discharge is approximately 6
% 10°m?/day with a range from 0.4 x 10¢ to
32 x 10°m3/day.

TEMPERATURE

The temperature structure at Station 1 is
shown in Figure 2. The results are representa-
tive for the open waters of the whole lake, and
it is apparent that the lake was isothermal dur-
ing January and February; a thermocline
started to form during March and was well
established by May. Maximum surface tem-
perature during July was 21.2° C; surface cool-
ing started in September but a thermocline of
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F1GURE 2,—Temperature (°C) stratification at Station 1.

10° persisted through October and the lake did
not become isothermal until January of the fol-
lowing year.

RADIATION

Changes in photosynthetically active radiation
(PAR) at the lake surface are shown in Figure 8
together with the mean radiation for the water
column 0 to 20 m, calculated on a 24-hr basis.

PAR 1y/day

FIGURE 3.—(A) Surface photosynthetically active ra-
diation (PAR) and (B) 15-day mean PAR in the first
20 m.

From the latter results it is apparent that radi-
ation in the water column increased by 50% from
the beginning of May until the middle of June;
the decrease in radiation during the second part
of June was due to a combination of higher ex-
tinction coefficients and lower surface radiation.
The average radiation remained virtually con-
stant during July and decreased by 20% during
the latter half of August.

CHLOROPHYLL 4

Surface chlorophyll a concentrations are pre-
sented in Figure 5 in the same way and for the
same stations and years as SD data in Figure 4.
The two figures have some mirrored similarities;
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FIGURE 5.—Surface chlorophyll ¢ data at Stations 1 and
2, 1970, and Station 1, 1969. (Mean and standard de-
v1at10n of values from areal surveys shown as bars.)

thus Station 2 chlorophyll « values from June to
August were generally higher than either Sta-
tion 1 data for 1969 or 1970; minimum mean SD
data (8 to 10 m) occurred between June and
July during a maximum in the mean chlorophyll
a concentration. However, 1969 chlorophyll a
data at Station 1 do not appear to be significantly
different from 1970 chlorophyll a data at the
same station.

The depth distribution of chlorophyll a gen-
erally showed a maximum between 10 and 20 m
following stratification and nutrient depletion in
the surface layers.
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pH, CALCIUM, TOTAL CO:;, AND
CONDUCTIVITY

pH values were generally between 7.1 and 8.3
with some indication of a seasonal cycle towards
higher pH values in summer. Several assays
for caleium showed a concentration of 5 mg/liter
while specific conductivity was very consistent
at 33 p mhos/cm, except in the immediate vi-
cinity of small streams entering the lake; total
carbon dioxide varied over a range from about
2.2 to 4.2 mg C/liter.

OXYGEN

Oxygen profiles to 200 m showed that surface
oxygen concentrations were between 80 and 90 %
saturation during winter and up to 110% sat-
uration during summer. Deepwater oxygen
concentrations appeared constant at around
10 mg/liter or about 80% saturation. An oxy-
gen maximum occurred at ca. 20 m during the
summer.,

NITRATE, AMMONIA, PHOSPHATE,
AND SILICATE

Nitrate depth profiles at Station 1 during May
to October, 1969 and 1970, are shown in Figure 6.
The general form of the two profiles is similar;
thus a depletion in the winter level of nitrate
(1.0 to 2.0 ug at./liter) becomes apparent to-
wards the end of May and by the end of June
about 1 pg at, NO;N/liter has been removed from
the water column, 0 to 10 m., During July and
August nitrate in the first 10 to 15 m is close to
the limit of detection, but there is a partial return
to winter levels during September and October.
Some difference in the form of these events is
apparent between 1969 and 1970; the utilization
of nitrate was more rapid and apparently more
complete during 1970; in addition, surface ni-
trates did not increase in September-October
1970 as they did in 1969.

Starting from a winter level of 2 ug at. NO3-N/
liter, the total utilization of nitrate in the water
column has been determined for the periods Feb-
ruary to May, June, and July-August using data
shown in Figure 7. The accumulative amount
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Ficure 6.—Nitrate (ug at./liter) profiles at Station 1,
May to October 1969 and 1970.
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Ficure 7.—N utilization at Station 1.

of inorganic nitrogen added as fertilizer (ex-
pressed per m? for the entire 51 km? lake sur-
face) is also shown; since this was utilized with-
in hours following each addition, the total ni-
trogen budget is represented as the sum of the
natural and added inorganic nitrogen. Some
mixing occurred during September and October,
and the utilization of inorganic N during this
period is shown as an indefinite extrapolation of
the nitrogen utilized by the end of August. From

LAKE FERTILIZATION. I.

these curves and Figure 5 it may be seen that
the fertilizer was the principal source of new
nitrogen during the period July-August when
the lake nitrate was practically exhausted in the
euphotic zone.

Ammonia values tended to show sporadie in-
creases during 1970, and at times ammonia may
have been the principal inorganic form of ni-
trogen in the lake, probably through being re-
cycled as excretory products of the zooplankton
(Beers, 1962). However, due to analytical dif-
ficulties with this radical, further investigation
of its seasonal behavior is required, especially
with reference to the verification of high values.
Phosphate showed similar variations to nitrate
although the depletion of phosphate was less reg-
ular. Seasonal concentrations ranged from
<0.01 to 0.04 ug at. P/liter with about 3% of
the values falling in a much higher range of 0.1
to 0.6 pg at./liter. A determination of phos-
phate utilized and phosphate added (similar to
the inorganic N budget shown in Figure 7) was
difficult to describe because of the unpredictable
occurrence of phosphate throughout the summer;
this may have been due to phosphate regener-
ation. As an overall assessment, however, if a
winter level of 0.03 ug at. P/liter were complete-
ly utilized in the water column 0 to 30 m, the
addition of 100 tons of 27-14-0 would increase
the supply of phosphate over the whole lake
by a factor of about 450% compared with the
increase in the inorganic nitrogen budget of ap-
proximately 100% (Figure 7).

From winter to summer, silicate concentra-
tions ranged from about 1.8 to 3.0 mg silica/
liter. According to Lund (1965) silicate be-
comes rate limiting for diatoms at about 0.5 mg/
liter, which is considerably lower than the sea-
sonal range for Great Central Lake.

BACTERIA

Plate counts of bacterial colonies per 100 ml
are shown in Figure 8, together with the range
of counts obtained on several days when areal
surveys were made. During May, the total num-
ber of colonies per 100 ml was generally below
the mean value of ca. 9,000 reported by Henrici
(1940) for oligotrophic lakes; however, there is
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Ficure 8.—Bacterial colonies per 100 ml surface lake
water (O) Station 2; (e) Station 1; (5) number of
samples in areal survey and range, I,

some indication in the data that bacterial num-
bers increased by one or two orders of magnitude
during the latter part of June through to August.
Summer increases in bacterial flora have been
widely observed in lakes (e.g., Snow and Fred,
1926; Nauwerck, 1963), and while nutrient level
could have affected this increase (e.g., see Bosset,
1965), we have no previous data on which to
judge the effect.

PHYTOPLANKTON SPECIES

Principal phytoplankton species from surface
samples at Station 1 and 2 during 1970 are shown
in Figure 9 on a relative scale. From these re-
sults it is apparent that the predominant algae
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during May and early June were Dinobryon,
Rhizosolenia, and Nitzschia. During June and
July Gymnodinium, Cyclotella, and the euglenoid
Phacus reached maximum numbers but tended
to decline by August. Predominant algae of late
summer and autumn were the chlorophyte Nan-
nochloris and the cyanophyte Chroococcus. Sec-
ond maxima in Dinobryon, Rhizosolenia, and
Cyclotella occurred during the winter together
with a maximum in Tabellaria.

Two studies (May and _June) on the depth
distribution of the principal species showed that
maxima in Rhizosolenia, Tabellaria, and Phacus
were found at the bottom of the thermocline (ca.
20 m); Cyclotella and Gymnodinium maxima
occurred at the top of the thermocline (ca. 10 m)
while Nannochloris, Dinobryon, Nitzschia, and
Chroococcus showed maxima within the top 0
to 10 m.

PRIMARY PRODUCTION

Surface primary production values at Station
1 during 1969 and 1970 and at Station 2 during
1970 are shown in Figure 10; the mean and co-
efficient of variation of surface primary pro-
duction for the months of June to August are also
shown on each figure. The total average pri-
mary production in the water column 0 to 30 m
at Stations 1 and 2 during 1970 was approxi-
mately 12 g C/m?/year compared with approx-
imately 6 g C/m?/year at Station 1 during 1969,

Primary production per unit of chlorophyll a
at different depths for Station 1, 1969 and 1970,
and Station 2, 1970, are shown plotted against
the light intensity at the same depths in Figure
11. A considerable amount of scatter is appar-
ent in the data which is partly due to differences
in environmental factors as well as to the lack
of precision in attempting to establish photo-
synthesis versus light intensity relationships on
the basis of ecological rather than experimental
data. Polynomial curves were fitted to each set
of data using an IBM computer. The shape of
these curves is consistent with P vs. I relation-
ships obtained by physiologists under experi-
mental laboratory conditions and differences in
asymptotic values reflectdifferences in the nu-
trient supply (Ichimura and Aruga, 1964).
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However the degree of scatter in the ecological
data requires some expression of confidence
limits. At Station 1 (1969), which was located
at a considerable distance from the area of fertil-
ization, 95% confidence limits for the asymptotic
value of 1.03 mg C/mg Chl a/hr were 0.84 and
1.22; for 1970 at the same station the 95% con-
fidence limits for the asymptotic value of 1.55

Fi1cUrE 11.—Productivity indices plotted against light
intensity at Station 1, 1969 and 1970, and Station 2, 1970
(O——O0 computed best fitting polynomial curve).
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mg C/mg Chl a/hr were 1.12 and 1.98. At Sta-
tion 2 in 1970, however, the scatter of points is
so great that 95% confidence limits become very
large., The probable reason for this is that the
station was sometimes in the area to which nu-
trients were first added, and sometimes the move-
ment of water containing freshly added nutrients
was away from Station 2 (Figure 1). If in fact
it is assumed that there were only two alter-
natives in such a narrow lake (i.e., movement
of nutrients towards or away from Station 2)

then the 50% confidence limits for the asymp-

totic value of 4.17 mg C/mg Chl a/hr were 2.26
and 6.07.

DISCUSSION

The principal purpose of this report is fo
establish the effect of inorganic nutrient enrich-
ment on the primary production of Great Central
Lake. From data in Figure 10 it is quite ap-
parent that primary productivity was increased
in surface samples during 1970 compared with
1969, both at Station 1 and particularly at Sta-
tion 2, which was very close to the area of re-
peated enrichment, However, while the effect of
nutrient enrichment was apparent to the extent
of a tenfold increase in surface primary pro-
ductivity, the integrated productivity for the
water column only showed an approximate dou-
bling in primary productivity during the first 3
months of nutrient enrichment (see Parsons
et al,, in press, for primary production depth pro-
files). This result is in keeping with the fact
that the total inorganic nitrogen addition to the
lake (Figure 7) was only sufficient to approx-
imately double the natural reservoir of inorganic
nitrogen in the upper 10 m, based on winter ni-
trate levels. However, it does not take into ac-
count nitrogen fixation by the blue-green alga,
Chroococeus, which may have taken arvantage
of the increased supply of phosphate to become
one of the predominant summer plankters.

The question is, whether some factor other
than fertilization could have accounted for the
increased primary productivity? Firstly, it is
apparent that since the largest increase in pri-
mary produetivity occurred at the surface, it can-
not be argued that the increased primary produc-

tivity was due to greater enrichment of the water
column from the hypolimnion, especially in view
of the high degree of stratification (Figure 3)
and apparent nitrate depletion in the epilimnion
(Figure 6). It might be argued that the in-
creased productivity was due to an inerease in
standing stock of primary producers and in-
creased radiation. Data in Figure 5 indicate
that the standing stock of primary producers
at Station 2 was generally higher than at Station
1 during 1969, although the effect is within a
959% probability of being due to within-lake
variations in standing stock of chlorophyll a.
However, in order to examine this question in
more detail, primary productivity data for Sta-
tions I and 2 in 1970 and Station 1 in 1969 have
been expressed as the production per unit chlor-
ophyll a and plotted against the calculated light
intensity at various depths (Figure 11). This
presentation of data has been used by Ichimura
and Aruga (1964) to compare the productivity
of oligotrophic, mesotrophie, and eutrophie lakes
under conditions of different standing stocks of
primary producers, light conditions, and photo-
synthesis. From their findings it was concluded
that oligotrophic lakes had a productive index
of between 0.1 and 1.0 mg C/mg Chl a/hr, which
is very similar to the range of values computed
from the data in Figure 11 for Station 1 during
1969. The computed range for Station 1 during
1970 was appreciably higher, however, and en-
ters the classification for mesotrophic lakes
which have a photosynthetic index of up to 2 mg
C/mg Chl a/hr; finally the asymptotic value
(4.17) from Station 2 in 1970 is within Ichi-
mura’s and Aruga’s (1964) range for eutrophic
lakes, which the authors report as having photo-
synthetic indices of up to 6 mg C/mg Chl a/hr.
Since the only basis for this classification is the
effect of nutrient enrichment in enhancing the
photosynthetic response, it may be concluded
that our observed increase in primary produe-
tivity was determined by the artificial addition
of fertilizer.

Secondary effects of nutrient enrichment may
also have influenced the primary formation of
particulate material through a heterotrophic
cycle. Unfortunately, our evidence for this is
not substantial and rests mainly on the increase
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in bacterial numbers (Figure 8) and the fact
that very high dark uptake of "C-bicarbonate
(up to 509% of the light bottle uptake) were
encountered during the summer at some stations
following fertilization. We are at present not
sure of the accuracy of this result, however, and
it will be reinvestigated during 1971. Nauwerck
(1963) has concluded that the heterotrophie for-
mation of particulate material is a principal
mechanism for supplying food to particle feeders
in some lakes and one might expect this mech-
anism to be enhanced by the additional avail-
ability of nitrogen and phosphorus.

The most interesting aspect of changes in the
species composition of the principal primary
producers is that in spite of differences in sur-
face primary productivity at Stations 1 and 2
during 1970 (Figure 10) the relative abundance
of principal species at these two stations (and
on several occasions at Station 3) was substan-
tially the same (Figure 9). This was important
because it was intended that there should be no
change in the species composition of organisms
leading up the food chain to young salmon, but
only an increase in their productivity. In ad-
dition, the occurrence of the Cyclotella~-Chroococ-
cus association is characteristic of oligotrophic
lakes (Hutchinson, 1967) which indicates that
the general classification of the lake (based on
species association) had not been changed by
fertilization. However, some eutrophic species
of phytoplankton, such as Ceratium, Peridinium,
and Scenedesmus, were also observed as minor
constituents of the plankton, especially during
the summer.

In conclusion, it appears that the fertilization
of Great Central Lake resuited in an increased
primary production but did not substantially
change the standing stock of primary producers,
water clarity, or the principal phytoplankton
species at locations near and distant from the
site of nutrient enrichment. The effect of zoo-
plankton on the primary producers was essen-
tially to suppress the increase in standing stock
of phytoplankton while the standing stock of
zooplankton itself increased by almost an order
of magnitude. Zooplankton growth and distri-
bution are deseribed in the second paper in this
series (LeBrasseur and Kennedy, 1972).
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THE FERTILIZATION OF GREAT CENTRAL LAKE
II. ZOOPLANKTON STANDING STOCK

R. J. LEBRASSEUR AND O. D. KENNEDY'

ABSTRACT

The regional, vertical, and seasonal abundance of the dominant zooplankton species were studied in con-
junction with a series of nutrient additions to Great Central Lake. Two rotifer species, Kellicottia spp.,
Conochilus unicornis, three cladocera species, Bosmina coregoni, Holopedium gibberwm, and Daphnia
longiremis, and three copepod species, Cyclops bicuspidatus thomusi, Epischura nevadensis, and Diap-

tomus oregonensis were the most numerically abundant zooplankton species.

The introduction of the

fertilizer and the consequent higher rate of primary production produced no changes in the species com-
position. The zooplankton exhibited a relatively uniform horizontal distribution within the upper 20 m

along the lake, a factor which was attributed to the lake circulation,

All eight species were concentrated

in the euphotic zone (upper 40 m), and five were most abundant in the upper 10 m. The center of abun-

dance for the remaining three species was between 20

and 30 m depth. The respective depths of maximum

abundance for the various species showed little variation between daylight and darkness, Seasonally,
there were two periods, June to July and September to October, of maximum abundance for most spe-
cies. The cause for somewhat lower levels of abundance in August is not known. The average zoo-
plankton biomass showed a similar seasonal pattern with a maximum weight in July which exceeded

8 g/m?2,

than 10 times greater than for the comparable period prior to fertilization in 1969).

The average biomass over a 6-month period, May through October, exceeded 5 g/m2 (more

In contrast to

the high standing stock of zooplankton, the estimated growth rate for underyearling sockeye salmon,
the principal predator species in the lake, was only slightly improved over 1969 (1.2 vs. 0.9%/day).
In comparison with other lakes producing young salmon the growth rates appear low with respect to
the zooplankton stock. It was suggested that the temperature structure of the lake, 14° to 23°C above
the thermocline and 4° to 6°C below the thermocline, may reduce availability and prevent the efficient
utilization of the zooplankton by the underyearling sockeye salmon.

The following account is the second in a series
of papers which report on the effects of sustained
nutrient additions to an oligotrophic lake. In
the first report, Parsons et al. (1972) showed
that an inereased primary productivity resulted
from nutrient additions made to Great Central
Lake, B.C.; the objective of this report is to de-
termine if nutrient additions affected the stand-
ing stock and diversity of secondary produc-

ers.

The overall purpose of these studies has beén
to determine if nutrient additions will increase
sockeye salmon (Oncorhynchus nerka) produc-
tion; zooplankton, as the principal food of under-
yearling sockeye salmon, occupy a central posi-
tion in the food chain of young sockeye during
lake residence. Previous studies (Ivlev, 1961;

! Fisheries Research Board of Canada, Biological Sta-
tion, Nanaimo, B.C., Canada.

Manuscript accepted September 1971,
FISHERY BULLETIN: VOL. 70, NO. 1, 1972.

Johnson, 1965; Brocksen et al., 1970) have sug-
gested that prey density and availability may
limit the predator biomass. The latter authors
compiled data for several sockeye nursery lakes
with which they were able to demonstrate a
direct relationship between mean zooplankton
biomass (prey) and the mean growth rate and
biomass of underyearling sockeye salmon (pred-
ator). Other studies (Ricker, 1962) have indi-
cated that the ocean survival, i.e. the return to
coastal waters of adult sockeye salmon, can be
directly correlated in many instances with the
size at which the sockeye as year-old migrants
leave the nursery lakes to enter the ocean for
2 or more years. While the above studies
rely heavily upon circumstantial data, as well
as data which were collected for other purposes,
they serve as a rational basis for attempting to
increase the available zooplankton biomass for
the enhancement of salmon growth.
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METHODS

Sampling of zooplankton was initiated in mid-
1969, using a 0.25 m?2 mouth area cylinder-cone
net with 100 micron mesh aperture, hauled ver-
tically from 20 m or 50 m. The samples were
collected at infrequent intervals during 1969 and
the first 14 weeks in 1970; thereafter vertical
net hauls were made at two locations at least
once every 4 days until the first week of No-
vember. Additional vertical net hauls were
made once or twice each month from the lake
bottom, 200 m, to the surface. Miller nets (Mil-
ler, 1961) with 0.01 m? mouth area and 100 mi-
cron mesh aperture were used at weekly intervals
during the period June through August and
thereafter at monthly intervals to determine the
areal and vertical distribution of zooplankton.
The areal sampling at 18 locations along the
lake consisted of 5 min oblique tows from 20 m
to the surface while underway at 2 m/sec. The
daylight vertical distribution of zooplankton was
monitored at 18 depths between the surface and
65 m by making three consecutive tows each with
six Miller nets at 2 m/sec at one location, Ad-
ditional tows were made to sample other depths
and also at other periods of the day. Details
of the sampling and sampling locations are re-
ported elsewhere (Kennedy et al., 1971°%).

? Kennedy, O. D., K, Stephens, R. J, LeBrasseur, T. R.
Parsons, and M. Takahashi. 1971 Primary and sec-
ondary productivity data for Great Central Lake, B.C,,
%%0 Fish. Res. Board Can., Manuscr. Rep. No. 1127,

p.
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In the analyses of samples special effort was
made to maintain up to date species counts and
measurements for comparison with other events
as they were occurring in the lake. The common
zooplankton constituents were identified, mea-
sured into size categories, and counted from an
aliquot of the total sample; fractions of 1/50 or
1/100 using a Stempel pipette were used de-
pending upon the sample size. The size cate-
gories (length in microns) reported in Table 1
were based upon individual measurements for
different stages of development of the respective
species. It is to be noted that the lengths refer
to mean sizes of organisms during the spring
and summer growing period. Individual length
measurements for the different species and for
different times of the year may be found in the
MS data report (see footnote 2).

Species counts in vertical net hauls are re-
ported as number per m? in oblique and hori-
zontal tows as number per m3. In this report,
unless otherwise indicated, counts all refer to
numbers of individuals which fall within the size
range occupied by mature (Stage VI) copepods
and egg-bearing cladocera; these were usually
the two largest size groups for the species re-
ported in Table 1.

RESULTS
SPECIES
Table 2 lists the species of zooplankton which

have been found in Great Central Lake. Addi-
tional species may be present as minor constitu-

TABLE 1.—Zooplankton size ranges for species sorting in Great Central Lake.

Group
Species
f " i v v vi vil
Size range
Cyclops bicuspidatus Egg 125-275 375-550 550- 750 750- 850 850- 950 950-1,100
C. vernalis Egg 275-375 750- 900 900-1,100 1,100-1,350
Epischura nevadensis Egg 275-450 450-650 650- 900 200-1,100 1,100-T,350 1,350-2,250
Diaptomus oregonensis Egg 125275 450-750 750- 900 900-1,100 1,100-1,350
D. kenai Egg 650-1,100 1,100-1,750 1,750-2,500
Bosmina Egg 125-225 225-325 325. 450 450- 650 650- 800
Holopedium Egg 375-450 450-750 750-1,100 1,100-1,750
Dagphnia longiremis Egg 450-750 450-750 750-1,100 1,100-1,750
D. pulex Egg 450-650 450-750 750-1,100 1,100-1,750 1,750-2,500
Kellicottia Egg ca. 80
Conochilus Egg ca. 80
Keratella Egg ca. 80
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TaLE 2.—Zooplankton species found in Great Central
Lake, 1970.

Copepoda

Rotifera

*Cyclops bicuspidatus thomasi
C. vernalis

*Kellicottia spp.
Keratella cochlearis

K. quadrata *Epischura nevadensis
*Conochilus unicornis *Diaptomus oregonensis
D. kenai
Cladocera Unknown
*Bosmina coregoni Actinopoda
*Holopedium gibberum Pollen

Egg clusters

Arachnoidea (mites—2 spp.)
Chironomid larvae

Fish larvae (cottid)

*Daphnia longiremis
D. pulex
Scapholeberis kingi
Polyphemus pediculus
Alona affinis

* {ndicates the most common species.

ents of the zooplankton and it is also possible
that new species are being introduced into the
lake through a hydroelectric installation which
discharges water from an adjacent watershed
into the lake. It will be noted from Table 2
that the common zooplankton constituents con-
sisted of two rotifer species, three species of
cladocera, and three species of copepods; these
species are identified throughout the text by their
generic names. There has been no change in
the species composition during the course of the
experiment, i.e. the common species have re-
mained numerically abundant while the rare spe-
cies have continued to occupy a minor role.

PATCHINESS

It was anticipated that the zooplankton would
exhibit contagious distributions reflecting local
circulation patterns, species preferences, and
predation. Accordingly, oblique samples from
20 m were collected at weekly intervals at 18
positions along the lake, both near the shore
and in midlake. In general, with the exception
of the area near the inlet and outlet of the lake
where the abundance of organisms was some-
times low, there was greater variability found
with respect to the date of sampling than the lo-
cation of sampling. Weekly means and standard
deviations computed for each species showed
that Cyclops was the only species in which the
standard deviation- exceeded the weekly count
for more than half the surveys (11 out of 17).
The apparent variability in Cyclops abundance

might be due contagion or, more likely, to the
fact that sampling was limited to depths (20 m)
where Cyclops were seldom abundant (see sec-
tion on vertical distribution). The major source
of variability in weekly mean counts appears to
be associated with the number of organisms
counted, i.e. the number of organisms in a sample
and the size of the aliquot counted. The weekly
mean number of organisms for each species were
grouped together with their respective standard
deviations as follows: 1-50, 51-250, 251-500,
501-1,000, 1,001-2,000, 2,001-5,000. The mean
coefficient of variation (C.V.), the range, the
number of means present in each group, and
the number of times a standard deviation ex-
ceeded its respective mean are shown in Figure 1
(e.g. for 50 or fewer organisms counted, the
standard deviation in 17 out of 23 samples ex-
ceeded the mean). The magnitude of C.V., or
the relative variation about a mean, is closely
associated with the number of organisms
counted. The high degree of variability about
amean of 50 or fewer organisms reflects counting
errors due to the subsampling technique used in
the initial analyses of the samples. However,
counts of organisms of 250 or more per m?® tend
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FI1GUuRe 1.—Coefficient of variation computed for mean
counts of species sampled in oblique (20 m to surface)
tows, where N is the number of weekly means, 7 and
o is the standard deviation.
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to be relatively uniform, suggesting that hori-
zontal patchiness or local contagion is not a ty-
pical feature of Great Central Lake zooplankton.
The observations of lake circulation (McAllister,
personal communication) (Parsons et al, in
press), and the chlorophyll ¢ distribution (Par-
sons et al., 1972) confirm that the epilimnion is
well mixed, thus assuring a nearly uniform dis-
persal of planktonic organisms along the lake.
The 50-m vertical hauls made at Stations 1 and
2 provide further opportunity for examining the
variability with respect to different sampling lo-
cations. Here, the comparisons of mean counts
indicated a high degree of similarity between the
two locations with respect to species composition,
stage of development, and abundance. However,
examination of samples collected on the same day
indicated a high degree of variability. For-
ty-nine samples were collected from Stations 1
and 2 during May through December; species
counts for Station 1 were plotted against the re-
spective count for Station 2. Values which fell
outside of a mean = half the expected mean
(where the expected mean equals half the counts
for Stations 1 and 2 combined) are tabulated
in Table 8. On half the sampling dates the
counts for a particular species tended to be si-
milar at both locations (e.g. in the first column
of Table 3, the number of samples with a mean
+ m/2 is generally greater than half the total
number of samples, N/2). Greater numbers of
four species were found at Station 2 than at
Station 1. It is noteworthy that three of the four
species, Kellicottia, Cyclops, and Daphnia, have
their greatest abundance below the epilimnion
at depths greater than that sampled on the areal
surveys. However, there was no apparent cor-

TABLE 3.—Comparison of counts of zooplankton from
50-m vertical hauls at Stations 1 and 2, N — 49.

Station 1 Station 2

Species Counts = (m = m) >(m -4 m) <{m —m)

7 Z z
Cyclops 33 5 n
Epischura 31 10 8
Diaptomus 24 10 15
Bosmina 26 17 [}
Holopedium 25 15 9
Daphnia 22 6 21
Kellicottia 24 9 16
Conochilus 29 14 é
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relation in the relative abundance of any of these
three species with respect to each other or to
other species at either station.

There were, however, periods when three or
more species would be more abundant at one po-
sition than at the other. For example, from July
3 to July 21 (six sets of samples) three to six
species were most abundant at Station 1 while
during the period August 21 to September 8
(six sets of samples) three to seven species were
most numerous at Station 2. Similarly, for other
periods of 4 to 12 days, one or another species
was in greater abundance at one station than the
other.

These data have not been examined further
to show if variation in species abundance be-
tween sampling positions can be correlated with
variations in the lake circulation or other envi-
ronmental factors such as fertilization or pre-
dation by underyearling sockeye. However, it
is apparent that all seasonal changes in species
composition and abundance were reflected
throughout the near-surface waters of the lake
and that no local area of high or low zooplankton
concentration could be clearly defined within the
main body of the lake,

VERTICAL DISTRIBUTION

Horizontal tows made within the upper 60 m
revealed marked differences in species compo-
sition and abundance with depth during the pe-
riod of thermal stratification. As an example
the weekly tows made during July were com-
bined and the average concentration of each spe-
cies at each of 17 depths sampled during daylight
is shown in Figure 2. The inset associated with
each species distribution shows the relative dis-
tribution (25% quartile intervals) of the respee-
tive populations sampled during a 24-hr period
in August.

Five of the eight species shown in Figure 2
have their maximum concentration within the
upper 10 m, while the maximum concentration
of the other three species was below 20 m. Thus
the species maxima fall either above or below
the thermocline. However, it should be noted
that the number of organisms per m® decreased
from a maximum of greater than 7,000/m? be-
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FIGURE 2.—Vertical distribution of common zooplankton species in Great Central Lake mean no./m? for July 1970.
(Horizontal lines indicates the top and bottom of the thermocline, McAllister (personal communication). Inset

shows the vertical distribution at 25% quartile intervals over a 24-hr period. Note:

quantity of organisms varies for each species.)

tween 3 m and 5 m to a minimum of approxi-
mately 500/m?® at depths below 40 m. The max-
imum coneentration of individual species ranged
from 180/m? for Daphnia to greater than
3,000/m? for Holopedium. The tendency for
some species to show an increase in abundance in
deep samples was likely due to contamination
from shallower depths since in the process of
setting and hauling with nonclosing nets the
deeper nets actually sample for a slightly longer
time than the shallower nets. Variations in abun-
dance with respect to time of sampling was noted
for all species (Figure 2 inset). The effect was
generally most pronounced just after sunset
when the maximum concentration per m? of a
species might be increased by 30%. Rotifers,
which were presumably the least motile of the
zooplankton, exhibited the largest shift in
abundance towards the surface with the onset of
darkness. Some species, notably Holopedium
and Epischura, returned to their daylight depth
of maximum abundance within 2.5 hr after sun-
set. Other species, such as rotifers, Bosmina,
and Daphina exhibited relatively little movement
during darkness. It is apparent from Figure 2

the scale indicating the

that the shift in species abundance were all with-
in the daylight range occupied by the bulk of the
respective populations. Furthermore, more than
75% of the zooplankton populations were at all
times within the euphotic zone (i.e. surface to
30-40 m).

SEASONAL ABUNDANCE

In Figure 3 the mean monthly numbers of
zooplankton are shown for the 50-m vertical haul
samples. Three species, Cyclops, Bosmina, and
Kellicottia, were relatively abundant through-
out the year, whereas the other species were
present in numbers which exceeded 1,000/m*
for periods of 4 to 5 months. Conochilus
were the only species present during 1970 to
appear subsequent to the initiation of nutrient
addition. (They were present in 1969 samples.)
Cyclops ranged from a winter minimum of
2,000/m* to a maximum in September and Oc-
tober of 30,000/m?, FEpischura were never nu-
merically dominant but ranged in numbers from
2,000 to 4,000/m? from May through September.
Counts of Diaptomus did not exceed 1,000/m?
until August, but by September there was a
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FIGURE 3.~Monthly mean zooplankton abundance
(no./m?2 in the upper 50 m data from Stations 1
and 2 combined).

7-fold increase which in turn doubled to ca.
96,000/m2 by October. The November-December
catches of Diaptomus exceeded 10,000/m?, which
was approximately two orders of magnitude
greater than their standing stock 12 months
earlier. Substantial numbers of Diaptomus,
3,000 to 4,000/m?, were carried through into
1971. Bosmina were the most abundant species
collected throughout the year. Their numbers
ranged from ca. 8,000/m? in January to ca.
60,000/m? in June and again in October. The
December concentrations of Bosmina were twice
that of the preceding January. However, by
January of 1971 Bosmina had virtually disap-
peared from the water column, 0 to 50 m. Holo-
pedium attained their maximum abundance in
July, approximately 8 months after they began
appearing in the samples in significant quan-
tities, i.e. greater than *1,000/m?  Following
a secondary maximum in October, Holopedium
were virtually absent from samples collected
from December through Mareh. Daphnia were
the least numerous of the zooplankton spe-
cies routinely sampled. They occurred in num-
bers of 1,000 to 3,000/m? from June through
September. Kellicottia exceeded 10,000/m? from
May through August and again in October
and November. Nearly twice as many Kellicot-
tia were present in December as were present
at the beginning of 1970. The maximum abun-
dance of Conochilus colonies (2,000/m2?) was
during July; no colonies were found prior to
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June and by December the number of colonies
had declined to approximately 500/m?2

In toto there were two to three times more
zooplankton present in December of 1970 than
there were the preceding January. It is of in-'
terest to note that the greater abundance of zoo-
plankton at the end of 1970 was not maintained
through the first 3 months of 1971 and further,
that Bosmina had been apparently supplanted
by Diaptomus in 1971, On a monthly basis
there were fewer than 22,000 organisms/m?2
in January while in October, where the max-
imum concentration was observed, there were
nearly 10 times as many organisms present.
Zooplankton counts exceeded 100,000/m2? in
June, July, September, and October. The de-
crease in zooplankton abundance in August was
approximately 15% lower than that in either
July or September; this decline was attributable
mainly to fewer numbers of Bosmina.

Individual species counts (4-day running mean
number/m?) in vertical hauls have been pre-
sented in Figure 4 in order to show the seasonal
variations in abundance in greater detail than
is shown in Figure 3. The general features of
both figures are the same but in Figure 4 the
rapid increase and decrease in numbers of some
species are shown more clearly, e.g. Holopedium
and Epischura. From Figure 4 it is possible to
infer some relationship between the addition of
nutrients and the appearance of Conochilus or
the sustained increase in the abundance of Diap-
tomus. It is noteworthy that all species, with the
exception of Ewpischura and possibly Daphnia,
went through a secondary maximum in October
which was nearly as great as or greater than
their level of abundance earlier in the summer.

SEX RATIO

Adult stages of Cyclops and E'pischura showed
marked imbalances from an expected 50: 50 ratio
of females to males through the year (Table 4).
Males of these two species were clearly pre-
dominant during the late winter and early spring
months. Cyclops females were predominant
among the adults taken in June through August
whereas Epischura females were never numer-
ically dominant for more than two or three sam-
pling periods, i.e. July 21 to 81, August 28 to
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TaBLE 4.—Copepod sex ratios.

Species
Month Cyclops Diaptomus Epischura
F/M F2/Fa F/M F2/F1 F/M Fz/Fy

Jan.-April 0.6 1.2 0.5

May 0.6 2.8 1.5 0.7 0.7 1.3
June 2.6 1.1 1.1 1.9 0.7 1.4
July 1.9 1.0 1.5 1l 1.0 1.1
Aug. 19 1.6 1.3 1.0 1.1 0.8
Sept. 0.8 22 1.2 0.9 1.4 0.9
Oct.-Dec. 1.0 2.0 13 0.9 1.0 0.5

A, Namber of SO o R RaRr S mamber of adul femles
at Station 1.
September 14. In contrast there was a tendency
for Diaptomus females to be slightly more abun-
dant than males throughout the year. The only
period for which Digptomus males were con-
sistently more numerous.than females was from
June 22 to July 10. Included in Table 4 is the
ratio of the number of female copepods at Sta-
tion 2 to the corresponding number at Station 1.
Cyclops was the only species in which the fe-
males were as numerous or more numerous at
Station 2 than at Station 1.

EGG PRODUCTION

Counts were made of all readily identifiable
eggs; these consisted of eggs in the brood pouch
of cladocera and the egg sacks of Cyclops and
Diaptomus. Rotifer species were not examined
for eggs, while Epischura eggs were positively
identified on only one oceasion from a horizontal
tow made at 1 m depth in August. It is possible
that Epischura eggs develop close to the surface
at depths of less than 1 m since they were not
found at other standard depths sampled between
1 m and 65 m. Also other data, not presented
here, indicate that the smaller size groups of
Epischura were found closer to the surface than
the adult stages.

The data presented in Figure 5 show the ratio
of eggs per female for vertical samples collected
at Station 1 and Station 2. It was noted in Table
4 that maximum numbers of copepod females oc-
curred during the summer, June through Sep-
tember; Cyclops females were more numerous
at Station 2 than Station 1 and Diaptomus
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females were in about equal numbers at both
stations. In Figure 5 the eggs per Cyclops were
about equally numerous at both stations. There
were three and possibly four periods of
maximum egg production for Cyclops females,
i.e. June, mid-July through to the third
week in August, and the last week of September
through to the first week of November; the lat-
ter time interval could possibly be interpreted
as consisting of two separate periods of egg pro-
duction (late September and late October).
Diaptomus females at Station 1 had two major
periods of egg production, mid-June through
mid-July and mid-August through the first week
of September, with a period of relatively low egg
production from mid-July to the end of August.
At Station 2 there was no clear cessation of
Diaptomus egg production from mid-June
through to the first week of September. For a
major part of this period there were more than
10 eggs per female being produced. There was
also a brief period of Dieptomus egg production
in mid-May.

The production of Bosmina eggs ranged be-
tween 0 and 0.5 per individual. From May
through mid-August more eggs were produced
at Station 2 than at Station 1 and thereafter
the egg production was nearly equal at both sta-
tions. The summer minimum which occurred
in the first 2 weeks of August was followed
by a rise in the number of eggs in the first week
of September continuing until the end of the
third week of September. The summer max-
imum of adult Bosmina shown in Figure 4 oc-
curred approximately 1 week after that of the
eggs while the maximum standing stock of Bos-
mina (which occurred in mid-October) was pre-
ceded by the production of eggs 3 to b weeks
earlier. Holopedium exhibited two clearly de-
fined peaks in the production of eggs, from
the first to the third week of June and again
from the first to the third week of September.
The corresponding maximum in the standing
stock of Holopedium shown in Figure 4 occurred

Ficure 5.—Ratio of the number of eggs to the number
of adult females. The data from 50-m vertical samples
at Stations 1 and 2 have been averaged to give a 4-day
Tunning mean ratio, Note: scale changes for different
Species,

from the second week of July through to August
25 and from September 27 to about October 20;
the summer minimum occurred between the two
peaks. The production of Daphnia eggs took
place from June to mid-September with a second
brief rise in egg production during mid-October
at Station 2. The numbers of eggs produced
per female at Station 2 by all species of clado-
cera was generally greater or equal to that at
Station 1. It should be noted that the latter was
found for both the prefertilization period in May
as well as during the period of nutrient additions.

ZOOPLANKTON BIOMASS

The wet weights for 1970 50-m vertical hauls
at Stations 1 and 2 were combined and expressed
as a monthly mean wet weight (g/m?) together
with the range about the mean weight (Figure
6). Included in Figure 6 (below) are individual
weights for the 1969 sampling. The maximum
wet weight in 1969 never exceeded 1 g/m?® where-
as in 1970 the weights ranged as high as 15 g/m?
The average wet weight of zooplankton during
the period May through October was approxi-
mately 0.5 g during 1969; for the same period
in 1970 the average weight was 10 times larger,
i.e. 5.3 g. The sample weights increased at a
rate of 3% per day May through July to a max-
imum average wet weight of 8.6 g/m?; there-
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FI1GURE 6.—Zooplankton wet weight (g/m2) for 50-m
vertical hauls. In the lower part of the figure, the points
marked “x” indicate individual weights (g/m2) for 1969
samples.
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after the weights declined at an average rate of
1.5% per day to the December biomass of 0.9
g/m?  The actual rate at which the mean weight
of zooplankton declined in any one month fol-
lowing July was greater than the average com-
puted above due to the increase in biomass in
October. Inspection of Figures 3 and 4 indicates
that the decline in biomass seen in August was
a result of fewer numbers of Epischura, Bosmi-
na, and Holopedium. Epischura never reached
its earlier level of abundance after August and
was virtually absent from the samples by Octo-
ber whereas most other species, Daphnia excep-
ted, showed an increase in abundance in October
which gave rise to the October increase in bio-
mass.

Dry weights of Great Central Lake zooplank-
ton (determined by the freeze-dry method)
ranged from 14 % to 26 % of the wet weight with
a mean of 19%. The variation in the percentage
dry weight was directly attributable to the spe-
cies composition of a sample. For example, the
dry weight of Holopedium was 14 % of their wet
weight, whereas the dry weight of Cyclops was
approximately 26 % of the wet weight. The av-
erage dry weights of the summer zooplankton
(May through October) integrated over a 25-m
column, i.e. the depth range in which most zoo-
plankton were concentrated, for 1969 and 1970
was 4 mg and 40 mg/m? respectively (from Fig-
ures 2 and 6).

TAaBLE b5.—Length-weight measurements of adult

‘temperature was about 18°C,

crustaceans.

. Mean length Wet weight

Species (Microns) (Illicragra?n:)
Cyclops 260 é
Diaptomus 1,100 1
Epischura 1,500 66
Bosmina 300 4
Holopedium 900 17
Daphnia 900 10
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Length-wet weight determinations were made
for different sizes and stages of the common
crustacean species and the data are summarized

in Table 5. The data in Table 6 were obtained

by multiplying the maximum concentration
(no./m®) of a species within particular depth
intervals (Figure 2) by their respective weight
from Table 5, thereby providing a measure of
biomass with depth. Included in Table 6 are the
mean July temperatures within the respective
depth intervals. Nearly 60% of the total bio-
mass occurs in the upper 10 m where the mean
In the thermo-
cline, from 10 to 20 m, with a temperature range
from 12° to 6°C (mean temperature, 9°C)
the biomass was about 50 mg/m? or approxi-
mately 30% of the total. From 20 to 30 m depth
the biomass was about 8% of the total. The re-
maining 3 to 4% of the total biomass occurred
below 30 m (30 to 60 m). While these data
were derived from July sampling it should be
noted that the general distribution of the biomass
with depth was similar throughout the period of
thermal stratification, i.e. June to October.

DISCUSSION

The zooplankton standing stock in 1970 shows
a phenomenal increase over 1969. This can be
largely attributed to the affect of the nutrient
additions upon the rate of primary production.
The results of Parsons et al. (1972) demonstrate
a marked increase in the rate of primary pro-
duction within the upper 5 m; at the same time
there was little or no change in the standing
stock of primary producers. While experiments
and observations of a direct relationship between
particular species of primary and secondary pro-
ducers have not been attempted, the obvious in-
ference is that the zooplankton through increas-

TABLE 6.—Relative biomass of July crustacean zooplankton in various depth intervals (from Figure 2).

Depth

Mean maximym biomass (mg/m3)

mY
r?’r’: ° °C Cyclops Diaptomus Epischura Bosmina Holopedium Daphnia Total
0-10 18 - 13 39.6 72 510 R 99.2
10-20 ? 1.2 3 19.8 2.8 289 5 53.5
20-30 6 3.1 3 4.9 1.2 34 1.8 14.7
> 30 <5 6 — 2.3 7 1.7 2 5.6
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ing stock size were able to utilize the higher rates
of primary production.

Tt is also apparent that the higher biomass in
1970 cannot be entirely attributed to fertiliza-
tion sinece the biomass in May (prefertilization)
was also higher than any of the 1969 values.
However, the nearly continuous production of
eggs by most species and the maintenance of an
increased standing stock over a 6-month period
are indicative of a direct relation between zoo-
plankton and nutrients. It is also noteworthy
that there was no change in species diversity.

The techniques employed for wet weight de-
terminations in this study have produced weights
which are apparently lighter than would be ob-
tained by other investigators. Wet to dry ratios
in the literature suggest that the dry weight is
5% to 10% of the wet weight. Schindler and
Noven (1971) employed a ratio of 6%, although
their reason for using this particular value is
not given; the present results indicate that the
dry weight is 19% of the wet weight. Conse-
quently, the present weights could be increased
approximately three times for comparison with
other studies. Thus in the lakes which range
from oligotrophic to eutrophic, listed by the
above authors, Great Central Lake has, in terms
of its mean summer zooplankton biomass,
changed from oligotrophic to oligotrophic-meso-
trophic, i.e. 12 mg in 1969 to 120 mg dry
weight/m? in 1970. In lakes producing sockeye
salmon the mean abundance of zooplankton
ranges from values which are less than 5 mg dry
weight/m3 to greater than 1 g dry weight/m3
(Johnson, 1965). The mean concentrations in
Great Central Lake have inereased from the very
low end of the range to values which are com-
monly reported for some of the larger sockeye
producing lakes, e.g., Babine Lake.

Johnson (1965) concluded that there was a
general relationship between the rate of growth
of underyearling sockeye and zooplankton
abundance. However, he also suggested that
with increasing fish density food abundance was
supplanted by a space effect as a limiting factor.
In Great Central Lake the underyearling sock-
eye in October of 1970 were ca. 30 % heavier than
fish caught in October of 1969 (Parsons et al.,
in press; Barraclough and Robinson, 1972). In

addition to the increase in weight these authors
report (on the basis of the number of adult salm-
on spawning) that the number of sockeye fry
in the lake were from two to five times more
numerous than in the previous year. Assuming
an initial weight of 120 mg for individual fry
of each year the respective rate of growth over
their first 200 days of lake residence was 0.9%
and 1.2% per day for 1969 and 1970 respec-
tively. The increased growth rate of sockeye
in 1970 is less than might be anticipated from
the 10-fold inerease in zooplankton abundance.
Johnson’s data (1965) indicated that a pop-
ulation density of 1 fish per m?® might be the
point at which space becomes a factor limiting
growth. The maximum estimate of 1 x 107
sockeye in Great Central Lake during 1970 is
approximately 1 fish in every 5 m? Conse-
quently it appears unlikely that the density of
the fish population in Great Central Lake limited
their growth.

Among other factors which limit growth of
sockeye, Foerster (1968, Figure 45) indicates
that temperature has a major affect upon growth
and the efficiency with which food is utilized.
The optimum temperature for food conversion
for sockeye lies between 10° and 15°C. At
higher or lower temperatures the efficiency of
food conversion decreases, especially at temper-
atures in excess of 20°C or less than 6°C. The
laboratory studies of Brett et al. (1969) with
fingerling sockeye support the findings reported
above. In their experiments 15°C was found to
be the optimum temperature for growth at high
rations; however, maximum efficiencies with
which a ration was utilized occurred at lower
temperatures, e.g. the maximum food conversion
efficiency of 409 with a 0.29% increase in fish
weight per day occurred at a temperature range
of 8° to 10°C and a ration of 1.5% of the fish
weight/day. Temperatures between 5° and
17°C were found to provide the laboratory fish
the optimum conditions for conversion efficien-
cies and growth. In Great Central Lake, during
their first 200 days of lake residence, the under-
yearling sockeye concentrate at depths of 50 m
or greater during daylight; with the approach
of sunset the fish move to shallower depths and
by nightfall the major portion of the population
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is at depths between 10 and 20 m while some
fraction of the population occur in the upper
10 m. This pattern of vertical migrations ap-
pears to be repeated daily (Barraclough and
Robinson, 1972). Narver (1970) has reported
similar vertical movements for sockeye popula-
tions in Babine Lake. For the greater part of
the day the salmon in Great Central Lake are
at temperatures of 4° to 5°C, a somewhat shorter
period (ca. 6 hr) is spent at temperatures
of 6° to 12°C (10 to 20 m depth) while a rel-
atively brief period (eca. 1 hr) may be spent
at temperatures ranging from 14° to 23°C (0-
10 m depth). Details of the time actually spent
at different depths by the sockeye are reported
by Barraclough and Robinson (1972). It is
apparent that the fish are utilizing the maximum
concentrations of prey which occur at above op-
timum temperatures in the upper 10 m for very
short intervals. Consequently in assessing the
relationship between the increased abundance
of prey brought about through fertilization and
the sockeye it should be noted that possibly 60%
of the total biomass, i.e. the portion in the upper
10 m, may be only partially available to the fish
(Table 6). Furthermore, some prey species be-
cause of their size (rotifers) or structure (Holo-
pedium) may not be a particularly useful food
source for the salmon. Holopedium, for ex-
ample, was among the largest and most numer-
ous species of crustaceans in the lake; however,
a large fraction of their biomass is comprised
of a gelatinous material of dubious food value.
The difference in the wet to dry weight ratio
between Holopedium and other zooplankton
(14% to ca. 26% -respectively) attests to the
water composition of Holopedium. The quality
of prey together with the observations of Foers-
ter (1968) and Brett et al. (1969) empha-
size the need for caution in interpreting preda-
tor-prey relations. In the present instance, the
benefits of the fertilization appear to have been
only partially transferred to the sockeye salmon.
Since the thermal structure of the lake is a
factor beyond immediate control, it would be in-
teresting to consider possible benefits from the
addition or deletion of some prey species and to
attempt fo shift the level of primary and sec-
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ondary production to depths and temperatures
favoring sockeye salmon growth,
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THE FERTILIZATION OF GREAT CENTRAL LAKE
III. EFFECT ON JUVENILE SOCKEYE SALMON

W. E. BARRACLOUGH AND D, ROBINSON®

ABSTRACT

Nutrient levels and rates of primary production in nursery lakes are factors which may limit production
of sockeye salmon. This paper describes the effect of artificial fertilization on feeding behavior and
growth of juvenile sockeye salmon in Great Central Lake, Vancouver Island, British Columbia. Under-
yearling sockeye salmon grew 30% larger in 1970 than in 1969 as a result of adding 100 tons of fertilizer
to Great Central Lake. The growth pattern for the whole pepulation was complex, however, and the
increase in size of juvenile sockeye was not as much as had been expected from the increase in quantity
of their food organisms. The fact that the sockeye did not appear to appreciably crop the high epilem-
netic concentrations of zooplankton during July and August 1970 may have been partly due to avoid-

ance of high temperatures by the fish.

Decomposing carcasses of anadromous fish, such
as the sockeye salmon (Oncorhynchus nerka),
contribute to the fertilization of nursery lakes
following spawning in the lake. In most instan-
ces the extent of this fertilization is not known
but the removal of maturing sockeye by a com-
mercial fishery may deny lake waters of their
essential nutrients and contribute to lowered
productivity. Particular attention has been fo-
cussed on the imbalance of phosphate in the na-
tural fertilization of lakes from decomposing
salmon carcasses (Krokhin, 1959) and the sug-
gestion has been made (Krokhin, 1967) that a
positive balance should be maintained by the ar-
tificial replacement of the phosphate with inor-
ganic fertilizers.

Early studies carried out in a small unstrati-
fied lake in Alaska (Nelson and Edmondson,
1955; Nelson, 1958) showed that the addition of
phosphate and nitrate fertilizer resulted in in-
creased length and weight of sockeye smolts
leaving the lake. The potential role of a natural
imbalance of phosphate in nursery lakes on sock-
eye salmon is emphasized in the following quo-
tation from Foerster (1968):

One wonders whether sufficient significance has been
given to this feature of the phosphate balance. With

! Fisheries Research Board of Canada, Biological
tation, Nanaimo, B.C., Canada.

Manuscript accepted September 1971,
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sockeye populations in all areas showing such evident
declines, despite legislation on regulation and limita-
tion of fishing, it might well be that some basic factor
such as this may be having a much more limiting
effect on productivity than scems apparent. In addi-
tion to the smaller amounts of phosphorus introduced
into a lake in the carcasses of fewer sockeye spawners,
there may also be occurring a steady decline in the
phosphate content of the runoff waters as the phos-
phates of the soil and rock become leached out over
the years. Future studies of the phosphate balance
of sockeye-producing waters and the direction of its
trend may prove most enlightening, Addition of suit-
able fertilizers may be found advantageous.

In recent years it has become more evident
that suitable fertilizers should not only include
phosphates but also other nutrients, including
trace elements, in order to increase aquatic pro-
ductivity (Goldman, 1960, 1964).

The theory and application of adding natural
fertilizers to aquatic environments has been
practiced in fish farming for many centuries.
Parsons et al. (in press; 1972) have presented
data on various aspects of lake fertilization stud-
ies carried out by others. In summary of these
findings, there is much evidence to show that the
larger the sockeye smolts at the time of seaward
migration, the higher the percentage return from
the sea (Burgner, 1962; Ricker, 1962). Since
food supply is one of the important factors
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governing growth, the effect of increasing the
food supply to underyearling sockeye salmon
through artificial fertilization of Great Central
Lake, B.C., is presented here. Ithas already been
established (Parsons et al., in press; 1972) that
the waters of Great Central Lake are relatively
unproductive of sockeye salmon, the average size
of yearling smolts at the time of seaward migra-
tion being much smaller than in Babine Lake,
B.C. (63 mm versus 79 mm) (McDonald, 1969).
The average size of yearling smolts from 14 other
lakes in Washington, British Columbia, Alaska,
and Kamchatka is larger than the yearling smolts
from Great Central Lake (Foerster, 1968). In
the following account particular attention is
given to changes in size of juvenile sockeye salm-
on in Great Central Lake associated with changes
in their food supply prior to and after the addi-
tion of inorganic nutrients (see Parsons et al.,
1972; LeBrasseur and Kennedy, 1972).

STUDY AREA

Great Central Lake (Figure 1) is located in
central Vancouver Island, British Columbia.
The lake is about 33 km long and varies between
1 and 2.5 km in width. The shoreline length is
72 km and the surface area is ca. 51 km?, Ele-

125°25' 20’ 15
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vation of the lake surface is 83 m above sea level
and the mean depth is 200 m, with a maximum
depth of about 280 m. The outlet of the lake
runs into the Stamp River. Most of the shore-
line slopes very abruptly into deep water. This
feature is an important factor in regulating hor-
izontal distribution of juvenile salmon in the
lake, by providing a maximum amount of the
lake surface available to juvenile sockeye.

LAKE SPAWNING

A brief account of the spawning sites of the
sockeye salmon is presented here because the
location of the in-lake spawning grounds is an
important factor in the emergence of the alevin
and dispersal of the fry at the time of their initial
intake of food. Little or no published informa-
tion is available on the migration and spawning
of adults in the lake. Mr. F. C. Boyd of the De-
partment of the Environment has kindly granted
permission to refer to his internal manuscript
reports on the subject.

Adult sockeye salmon bound for Great Central
Lake first enter the Stamp River as early as the
first week in June. This migration up the Stamp
River continues through June, peaks in July, and
in most years, ends in early August. The peak
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FicUre 1.—Great Central Lake showing the six fishing stations and depth contours in meters.
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of migration may not occur until the first week
in September. It takes between 2 and 5 days
for the sockeye to migrate up the Stamp River
into Great Central Lake, depending on the water
levels in the river. The fish remain in the lake
but do not commence to spawn until the latter
part of September. Great Central Lake is one
of the few lakes in British Columbia where most
of the spawning occurs in areas along the lake-
shore rather than in tributary streams. Only
a few hundred sockeye spawn in tributary
streams a short distance away from the lake.
Drinkwater, Lindsay, and Fawn Creeks (Fig-
ure 1) receive most of the stream spawners.

Lakeshore spawning commences in the last
week of September, reaches a series of peaks in
three principal locations during October, and
ends in November. About 50% of the spawning
oceurs along 4.63 km of lakeshore between Lind-
say Creek and Forestry Creek, 309 along 1.1 km
of shoreline west of Fawn Point, and 20% along
1.6 to 4.8 km of lakeshore off North Creek. Redds
were found at depths between 0.6 and 24 m but
most were between 12 to 15 m, Spawnings were
observed by scuba divers at depths as great as
41 m. It is now realized that the location of
separate major in-lake spawning areas is im-
portant in providing the potential basis for the
immediate and rapid distribution of juvenile
sockeye throughout the lake, shortly after the
fry emerge from the gravel and commence to
feed. Two spawning areas are adjacent to the
lake area where fertilizer was applied (see Par-
sons et al,, 1972).

METHODS

LOCATION AND DISTRIBUTION OF
JUVENILE SOCKEYE SALMON

A high frequency (200 kHz) moist paper re-
cording echo sounder (Furuno model No, FNV-
3000)* was used to locate the young sockeye in

? Reference to trade names in the publication does
not imply endorsement of commercial products by the
National Marine Fisheries Service.

the lake and monitor their horizontal and vertical
distribution. During the day, young sockeye are
generally distributed throughout the lake at
depths between 45 and 90 m, but are most abund-
ant at about 66 m, They commence to migrate
toward the surface about half an hour before
sunset. In the summer months at civil twilight,
when the sun is 96° from the zenith (or 6° be-
low the horizon) they are distributed irregularly
in density between 5 and 80 m. At nautical twi-
light when the sun is 102° from the zenith (or
12° below the horizon) the juvenile sockeye form
a layer between the depths of 10 and 20 m, with
a maximum density of about 14 m. At night
during the winter months they are distributed
more uniformly between 20 and 60 m. In sum-
mer the downward migration commences shortly
before sunrise and is usually complete 15 to 30
min after sunrise.

The young sockeye were sampled with mid-
water trawls. Sampling commenced at night
when the fish were in a layer between 10 and
20 m. Samples were also collected during day-
light at different depths throughout the depth
range of the young sockeye. The depth of
trawling was adjusted to coincide with the depth
of maximum fish concentration as shown by the
echo sounder traces.

FISHING GEAR

A trawl net with a mouth opening 3 m wide,
6.1 m deep, and 17.7 m long was towed at 2.7
to 8.2 km/hr by a single vessel, the Decibar, to
sample the sockeye between the depths 5 and
25m. Three mesh sizes of knotless nylon netting
were used in the construction of the net: 5 cm
and 2.5 em stretched mesh in the body and 1.3
em in the cod end. The cod end measured 1.2 m
wide by 1.8 m deep at the mouth and it tapered
to a blunt end about 76 em in diameter. A
standard Henson plankton net (350u mesh)
76 cm in diameter at the mouth, was secured to
the blunt aft end of the cod end to retain the
smallest juvenile sockeye and minimize the loss
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of their minute scales by abrasion against net-
ting in the main cod end of the trawl.

An Isaacs-Kidd midwater trawl was towed
from the Decibar to sample the juvenile sockeye
at depths greater than 25 m and to evaluate the
fishing capabilities of the large midwater trawl
towed at the same depths. The mouth opening
of this trawl was 1.9 m? and the net was con-
structed of 6.3 mm stretched mesh knotless
netting.

FISHING STATIONS

Juvenile sockeye were sampled with trawls
taken at intervals of about 3 weeks at 6 different
stations (Figure 1). Most of the tows were of
30 min duration but some tows were shorter,
when the echo sounder traces indicated that
young sockeye were especially abundant between
12 and 14 m at night.

ANALYSES OF SAMPLES

The length of all fish was measured to the near-
est millimeter from the snout to the end of the
central rays of the caudal fin. This measurement
is referred to as the fork length. Lengths of
smaller fish were measured in a graduate tray
under a binocular miecroscope; calipers were
used for larger individuals.

All fish were weighed by fork length groups
using a center-loading milligram balance
(KERN Model No, T1226-1). Weights recorded
are from “blot-dried” specimens. Moisture was
blotted from the exterior of the fish, and gentle
pressure was applied to the buccal eavity and
branchial chamber to remove moisture from
these spaces. Age was determined from scales
using X 254 projections of thermoplastic impres-
sions.

Stomach analyses for food were done on fish
selected to represent proportionally as complete
a size range as possible. The food weight was
measured by subtracting weight of stomach shell
from weight of stomach plus food. The number
of all species of food organisms were counted
according to size and state of condition of each
stomach examined.
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RESULTS

FOOD OF UNDERYEARLING
(AGE 0) SOCKEYE

During the latter part of March and up to
mid-April, 1970, pre-mature fry® (24 to 28 mm
fork length) with a small portion of the yolk
sac remaining were caught at night at a depth
of 14 m in midlake positions off the 8 major
spawning areas. A few fry (28-30 mm) with
empty stomachs were caught during the day at
depths between 35 and 100 m in late March, and
the first actively feeding fry (28 to 33 mm) were
caught at depths between 12 and 55 m at night
during the latter part of April. The number
of fry caught at midwater depths increased in
May at Stations 3, 4, 5, and 6 and reached a
maximum in June at all stations. Fry continued
to be caught in July and were still being caught
in trawl nets at night in late August and early
September. The fry and larger underyearling
sockeye ate the same food organisms throughout
the year, but the larger juvenile fish had more
food in their stomachs.

Figure 2 shows the number and weight of all
species of food organisms per underyearling
sockeye (Age 0) from August, 1969, when in-
lake sampling began to April, 1970, when about
85% of the fish migrating were yearling smolts.*
The percentage of the total number of the six
major food categories from all the fish sampled
for stomach contents through the same period is
shown in Figure 8. A list of the different gen-
era of food organisms found in the stomachs
of juvenile sockeye from 1969 to 1971 is given
in Table 1; the smallest is listed at the top of
the column and the largest at the bottom.

Epischura was the predominant form (60%)
in the stomachs in August, 1969 but was almost
replaced by Holopedium (60-80% ) from Septem-
ber to December (Figure 8). The incidence of

* “Embryo” is defined as a larva minus its yolk-sac.
An “alevin” is a larva of an age following hatec ing but .
prior to yolk absorption. Following this stage the fish
becomes a “fry” (cf. Bams, 1969),

* In 1969 ca. 86% of migrant smolts were yearling,
10% were 2 year old, and 4% were 8 year old. ~ In 1970
ca, 85% of smolts were yearling and 15% were 2 year old.
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FIGURE 2.—Average number and weight of all food or-
ganisms (all species combined) per fish for underyearling
sockeye salmon in Great Central Lake from August, 1969
to April, 1970.
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FIGURE 3.—Food of underyearling sockeye salmon ex-
pressed as a percentage of the total number of organisms
from August, 1969 to April, 1970,

TaBLE 1.—List of organisms found in juvenile sockeye

stomachs.
Size range Organism
mm
0.3-0.6 Bosmina, usually B. coregoni
0.6-11 Cyclops, usually C. biscuspidatus thomasi and C. wernalis
0.9-1.2 Holopedium gibberum
0.9-1.5 Daphnia, usually D, longiremis
0.8-1.3 Diaptomus, usvally D. oregonensis
2.0-2.5 D. kenai
1.1-1.9 Epischura nevadensis
3 Insects of the order Diptera {other than Chironomidae)
3-5 Insects of the family Chironomidae—larvae
8-11 Insects of the family Chironomidae—larvae
6-11 Larvae of the sculpin, Cottus asper

Bosmina and Cyclops increased gradually from
less than 5% in August to a peak of 30 to 50% in
January-February, 1970. Chironomid larvae
were the only organisms eaten from February
to early March and in turn were replaced by Bos-
mina (80%) in late March and April. The per-
centages of Epischura and Holopedium in the
stomachs by number (Figure 8) and by weight
(Figure 4) were similar from August to De-
cember. There was a pronounced difference
between the percentages by number and by
weight of Cyclops and Bosmine per fish. Al-
though the percentage by numbers of both
organisms per tish increased markedly between
December, 1969 and February, 1970, the per-
centage weight per fish remained less than 7%
for Bosmina and never exceeded 20% for Cy-
clops. The importance of the chironomid larvae
in the diet of underyearling sockeye from Feb-
ruary through March to early April, 1970 is
more indicative when expressed as a percentage
by weight (Figure 4) than by number of or-
ganisms (Figure 3).
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F16URE 4.—Food of underyearling sockeye salmon ex-
pressed as a percentage of the total weight of organisms
from August, 1969 to April, 1970,

The fry which emerged in late March and
April, 1970 commenced to feed actively by mid-
April and, as juvenile sockeye, they continued
to increase their intake in number and weight
of all food organisms throughout the summer,
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reaching a peak in September-October (Figure
5). In August, 1970, 3 months after lake
fertilization began, the underyearling sockeye
had twice the number of organisms per stomach
as in August, 1969 and contained about 60%
more food by weight. The high consumption in
September-October, 1970 represents an increase
of about 45% in number of organisms, and 40%
by weight, compared to the stomach contents per
fish in the same period in 1969. A slight decline
in number and a significant decline in weight
of food organisms per fish was shown from No-
vember, 1970 to February, 1971; an abrupt in-
crease occurred to a second high in March, which
represented an increase manyfold over March,
1970. This increased food consumption oceurred
1 to 2 months prior to their emigration from
the lake as yearling smolts.

Five species of food organisms contributed
chiefly to the diet of underyearling sockeye in
Great Central Lake in 1970. In April and May
Bosmina contributed about 509 of both the total
number (Figure 6) and total weight (Figure 7)
of all organisms found in their stomachs. The
numbers of Bosmina consumed were insignificant
throughout the rest of 1970 and the first 3
months of 1971. E'pischura was the most im-
portant food organism from May to July (Fig-
ures 6 and 7) and was probably the principal
source of energy for the rapid growth of the
underyearlings during this period (see Figures
11 and 12). There was a transition in late July
and August when Cyclops, Holopedium, and
Daphnia gradually became more abundant in the
stomach samples. In the 8 months which
followed, September to November, Cyclops
and Holopedium were the predominant genera.
Cyclops continued in importance and formed
about 50% of the number of food organisms to
the end of January, 1971. However, during this
period of 6 months Cyclops formed only 15 to
30% of the food by weight whereas Holopedium
constituted 30 to 80% by weight. Diaptomus
was first observed in the stomachs in the latter
part of October, increased markedly in Decem-
ber and January, and was the predominant food
organism by number in February and March,
1971. Thus Diaptomus was the most numerous
food organism in the stomach samples just before
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smolt migration in 1971. Bosmina was the most
numerous in the previous year. The few chiro-
nomid larvae (Figure 6) in the diet of juvenile
sockeye from December, 1970 to March, 1971,
formed 30 to 70% by weight of all the food or-
ganisms (Figure 7). The importance of chiro-
nomid larvae during the winter months was ob-
served also in the previous winter (Figures 3
and 4).

FOOD OF YEARLING (AGE 1) SOCKEYE

Those underyearling sockeye in Great Central
Lake in 1969 which did not migrate to sea as
yearling smolts in 1970, but remained in the
lake for a second year, attained a mean length
of only 51 mm and weight of 1.1 g between the
latter part of April and May, 1970, whereas
the migrating smolts had a mean length of 70 mm
and weighed 8.5 g. The yearling sockeye which
remained in the lake were collected from samples
taken at all six stations and not from the end
of the lake where smolts were schooling and
heading seaward. Reference will be made later
to the fact that the smallest size smolt, caught
in the Robertson Creek weir (Figure 1) or in
the nets set to capture smolts in the Stamp River,
measured 55 mm and weighed 1.5 g.

Food organisms found in the stomachs of the
yearling sockeye were similar to those eaten by
the underyearlings during most of the year in
1970, but the yearling sockeye were more se-
lective in cropping the larger forms of zooplank-
ton (Figure 9). Both the underyearling and
vearling sockeye fed heavily upon Epischura
from May to July (Figures 6 and 9), but it was
evident from the large numbers and weight of
food organisms per fish (Figure 8) that the year-
ling sockeye elected to feed or were able to prey
more heavily upon Epischura (Figure 9) than
the underyearlings during September and Oc-
tober. Few yearling sockeye were caught in the
trawls during the winter months of 1970-1971
prior to their migration as 2-year-old smolts.
Diaptomus, Holopedium, and Cyclops were in
the stomachs of these fish.
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DIEL FEEDING OF JUVENILE SOCKEYE

From midafternoon on June 17 to midday on
June 18 a series of 11 tows, each of 15 min dur-
ation, were made with an Isaacs-Kidd midwater
trawl. The trawl was towed through the middle
of the densest portion of the stock during their
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diel migration. The tows were made to deter-
mine what portion of different food organisms
contributed to the salmon’s ration during the
day and night, as well as during the period of
their diel migration. Data on depth and time
of each tow, the number, size range, and mean
length of sockeye caught, together with those
sampled for the number and species of food
organisms, and the weight of the food as a per-
centage of the body weight are given in Table 2.

The degree of freshness of food organisms
was arbitrarily determined as fresh, fragmented,
or largely unidentifiable. Fresh food was des-
ignated when no indication of digestion had oc-
curred. The percentage of fresh zooplankton in
the stomachs is given in Table 2. Depth of the
densest portion of the layer of juvenile sockeye
at different times of the day and night is indi-
cated in Figure 10a by a broken line. The depth
and time of each trawl tow relative to the depth
of the fish is also indicated in Figure 10a.

The 24-hr data collection shows that in the
day the densest portion of the layer of juvenile
sockeye was formed at 75 m where the temper-
ature of the water was 4° C; of the fish exam-
ined for stomach contents (Table 2) from tow
No. 1, few food organisms per fish (Figure 10b)
were noted and only 5% of the species were in
fresh condition (Bosmina). The remaining spe-
cies, Epischura, Cyclops, and Daphnia, were
digested. Tow No. 2, through a less dense sec-

FISHERY BULLETIN: VOL. 70, NO. 1

ondary layer at 105 m, indicated the same feed-
ing pattern. Young sockeye commenced to mi-
grate upward from 75 m between 1700 and 1800
hr. No differentiation in migration between
underyearling or yearling sockeye could be de-
tected at any level in the layer, either by net
sampling or from high frequency echograms.

A tow just after sunset at a depth of 35 m
revealed that the fish were eating Bosmina and
Cyclops (Figure 10c) as they moved upward
and 22% of the contents were in fresh condition.
At 2200 hr the sockeye had passed 25 m
where the heaviest concentration of Cyclops and
Daphnia was located (LeBrasseur and Kennedy,
1972); in passing they had eaten Cyclops (Fig-
urelQOc). It should be.recognized, however, that
there is a natural time lag between feeding at
any depth and the time the fish was captured by
the trawl at a shallower depth, as they migrated
toward the surface.

At nautical twilight, most of the fish had com-
pleted their upward migration and were distrib-
uted in a layer between 10 and 20 m where tem-
peratures ranged from 6° to 12°C (Figure 10a).
Echograms indicated many of the juvenile sock-
eye salmon appeared to spend brief periods be-
tween 0 and 10 m at temperatures ranging from
14° to 23° C, during which time the young fish
fed heavily upon Epischura (Figure 10¢). In
the 4 hr between the beginning and end of nau-
tical twilight no feeding occurred (Table 2).

TABLE 2.—Diel feeding of juvenile sockeye; tows made with an Isaacs-Kidd midwater trawl, each of 15 min dur-
ation, over a 24-hr period from Jumne 17 to 18, 1970 at Station 4 in Great Central Lake,

Tow Deog?th Tlcnfmsigfp Nu?;\ker Size range Mean Mean rzlnzge Mean No. ?g;nple n:of'géd or';gﬁic;:ns % fresh Wec: i
No. tow ]5°min caught underyearling  length  weight ?grm?;gcé length food organisms er fish b?c?;’vs:i;é\t
(m) mm mm mg mm mm
1 75 1449 47 23-40 32 292 28-40 33 10 19¢ 19 5.5 1.1
2 105 1538 17 27-36 30 212 27-36 31 9 112 12 _— 1.0
3 55 1820 21 27-38 32 272 27-38 33 001t 67 7 - 1.0
4 35 2018 N 27-36 31 263 27-36 32 10 164 16 22 1.0
5 18 2142 6 26-36 31 282 26-36 31 6(2) 132 22 46 1.6
é 14 0023 71 26-41 32 315 26-41 33 n 537 49 6 1.7
7 19 0254 50 26-39 32 296 28-39 34 10(1) 257 26 - 1.5
8 62 0517 14 28-39 32 271 28-39 32 14(4) 586 4] 64 2.1
? 68 0738 10 29-37 33 320 29-37 33 9 447 S0 84 1.6
10 70 0945 9 29-39 33 278 29-39 33 9 543 60 34 1.6
1 75 1159 6 31-39 35 353 31-39 35 [ 324 54 2 2.1
Time of sunset 201 Time of sunrise 0350
Time of noutical twilight 2201 Time of nautical sunrise 0200

1 Number in parentheses is number of items in sample which contained no food in stomachs.
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Ficure 10.—(a) Depth of the densest portion of the
layer of juvenile sockeye salmon at different times of the
day and night from June 17 to June 18, 1970 is indicated
by a broken line. A secondary layer is shown at 105 m
for a 2-hr period. The depth of each tow with a
midwater trawl is shown relative to the depth of the fish.
(b) Number of all food organisms of underyearling
sockeye. (c¢) Food species of underyearling sockeye
salmon expressed as a percentage of the total number
of organisms.

A second feeding period was noted at the time
of the diel migration downward. Stomach sam-
ples from juvenile sockeye collected during this
period contained many fresh Daphnia and Cy-
clops in tows 8 to 10. Only 2% of the zoo-
plankton in the stomachs of sockeye caught at
midday were in a fresh condition (Table 2),
which indicates a marked reduction in feeding
activity,

GROWTH OF UNDERYEARLING
SOCKEYE

The average size of underyearling sockeye
(Age 0) in 1969 and 1970 in Great Central Lake
is shown in Figures 11 and 12. A total of 1,760
underyearling sockeye were caught in 1969 and
20,783 fish in 1970 from all six stations. A com-
Plete record of all data on which this analysis
is based has been reported by Barraclough and
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FIGURE 11.—Average length of underyearling sockeye
salmon in each month, 1969 and 1970,
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FIGURE 12.—Average weight of underyearling sockeye
salmon in each month, 1969 and 1970,

Robinson (1971). Although little data on the
size of in-lake juveniles prior to August, 1969
are available, it is evident that a marked initial
increase in length and weight of underyearlings
occurred from June to July, 1970 at a time when
sustained additions of nutrients were made to
the lake., Growth continued steadily during the
rest of 1970 and through winter months in 1970-
1971.

5 Barraclough, W. E,, and D. G. Robinson. 1971.
Length, weight, age and food of juvenile sockeye salmon
(Oncorhynchus nerka) from Great Central Lake, British
Columbia, May 1969 to February 1971, Fish. Res, Board
Can., Manuscr. Rep. No. 1128, 268 p.
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In October, 1970, when fertilization was dis-
continued, the underyearling sockeye salmon
were about 30% heavier than the fish caught in
October of 1969.

DISCUSSION

The period of freshwater growth is a very im-
portant stage in the natural production of ju-
venile sockeye. 1t is one in which mortality may
be high, particularly in the very early stages of
their growth. An abundant food of the optimum
size readily available for the fry to prey upon
is one factor which increases their survival rate
(LeBrasseur et al., 1969). LeBrasseur and Ken-
nedy (1972) determined that the biomass of
zooplankton in May, 1970 before fertilization
was greater than at the same time in 1969. At
this time the numbers of fry caught in the mid-
water trawls began to increase and the catches
were greatest, reaching a maximum in June at
all stations shortly after fertilization com-
menced. LeBrasseur and Kennedy (1972) have
demonstrated that the phenomenal increase in
standing stocks of zooplankton in 1970 over 1969
was attributable to the sustained additions of
nutrients. It is evident that the young sockeye
fed very heavily (Figures 6 and 7) upon the in-
creased number of Epischura in the lake (Le-
Brasseur and Kennedy, 1972). Epischura
reached their greatest abundance in the upper
10 m in June when the average surface temper-
atures was about 15°C which was ca. 5° lower
than that in July. In their diel migration, the
young sockeye are able to take advantage of the
most favorable temperature for food conversion
for sockeye, which lies between 5° and 17°C,
with a general physiological optimum at 15°C
(Foerster, 1968; Brett et al,, 1969). This may
account for the rapid rate of growth in June com-
pared with July,

Although the increase in length was greater
in any one month in 1970 than it was in the same
month in 1969, the increase in weight of about
30% in October, 1970 was less than expected
from the 10-fold increase in zooplankton abun-
dance reported by LeBrasseur and Kennedy
(1972). The underyearling sockeye in the lake
in 1970 were the progeny of a large escapement
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of 72,000 adults in 1969 and a large number of
new recruits could be expected. Since most of
the spawning occurred along the lakeshore it was
not possible to determine the number of fry that
ente