RING DEPOSITION IN THE OTOLITHS OF
LARVAL PACIFIC HERRING, CLUPEA HARENGUS PAILASI
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ABSTRACT
The first normal ring in the sagittae of Pacific herring, Clupea harenguspallasi,larvae is deposited at the age
of complete yolk absorption. The rates ofdeposition of subsequent rings in four groups of larvae that were fed
daily ranged from 0.12 to 0.96 rings per day, and only two of the four groups had a daily pattern. Larvae that
were starved from hatch deposited one normal ring on day 6 posthatch, but all ring deposition stopped
thereafter. The starvation of subgroups onarvae after 7 days offeeding and after 25 days orreeding produced
deposition rates that were not significantly different from those of the parent feeding groups. The average
rates of normal ring deposition were positively correlated with the average rates of growth in length. Daily
ring deposition in herring larvae <20 mm long occurs in populations with an average growth rate equal to or
higher than 0.36 mm per day.

Rings or increments in the otoliths of fishes have
been used to age wild larvae of several species
(Ralston 1976; Kendall and Gordon 1978; Methot
and Kramer 1979; Townsend and Graham 1981;
Loughet a1. 1982; Victor 1982), This method has two
assumptions: 1) The first ring is deposited at a fixed
age in each species, and 2) the rate of ring deposition
is constant at 1 ring/d. Evidence from studies ofring
deposition in enclosure-reared larvae of the Atlantic
herring, Clupea harengus harengus, (Geffen 1982;
Lough et al. 1982); northern anchovy,Engraulis mardax, (Brothers et al. 1976); and English sole,
Parophrys uetulus, (Laroche et al. 1982) indicates
that these two assumptions may not be true in firstfeeding larvae that are starving or growing slowly.
The deposition of subsequent rings may be
significantly <1 ring/d. This paper reports that the
first ring is deposited at a fixed age in herring larvae
and that this age is coincidental with the age at complete yolk absorption. It also confirms that the subsequent rate of deposition is not always daily but that it
is positively correlated with the rate of growth in
body length.

MATERIALS AND METHODS

Experimental Groups
The batch experiments reported here were part of a
research program on culturing Pacific herring larvae.
Several different container sizes, temperatures, and
prey types were employed (Table 1). Six groups of
'Institute of Animal Resource Ecology. University of British
Columbia, Vancouver, B.C., Canada V6T 1W5.
Msnuseript aeeepted September 1983.
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TABLE I.-The experimental groups of Pacific herring larvae and
their rearing conditions.
Tank
volume

Rearing
Temperature

Group

III

1°c)

1980A
19808
1980C
19800
1981A
19818
1982A
19828

50
50
50
50
1.000
2.000
25
25

12.1
12.1
12.1
7

8-9
9·10
8-9
8·9

Feeding
Ireatment
fed from day 2
starved from day 7
starved from hatch
starved from hatch
fed from hatch
fed from hatch
fed from hatch
starved from day 30

Food
organisms

Anemia
none
none
none
Anemia, plankton
plankton

Artemia
none

Pacific herring larvae were reared from the egg: Four
were fed daily from hatch, one was starved from
hatch, and one was terminated 3 d after hatch before
food was offered. Two additional starving groups
were formed from subgroups that were removed from
feeding tanks after 7 d of feeding and after 25 d of
feeding and then starved to death.

Rearing Conditions
Three groups, 1980A, 1980C. and 1980D, were
raised from eggs in 50 Icircular aquaria in April-June
1980. The eggs were laid on the walls of a holding
tank by adult herring that had been captured in the
Strait of Georgia by personnel of the Pacific Biological Station, Nanaimo, B.C. Therefore. the eggs came
from the lower east coast stock (Taylor 1964). After
14 d incubation at 7°C. the eggs were hatched and the
larvae of 1980A and 1980C were transferred to the
rearing aquaria. The mean (± 1 SD) temperature of
these tanks during the rearing period was 12.1° ±
0.9°C. The 1980A group was fed from hatch to the
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end of the experiment. and the 1980C group was
starved from hatch to death. The 19800 group was
reared at 7°C for 3 d. before it was accidentally destroyed. A fourth group, 1980B. was formed from a
1980A subsample and was placed in its own 50 I
aquarium after 7 d of feeding and then starved for
5 d.
Two groups, 1981A and 1981B, were reared in
April-May of 1981 at the Barnfield Marine Station.
Barnfield. B.C. The eggs came from spawn laid on
Fucus spp. in the intertidal zone of Toquart Bay.
Barkley Sound, B.C. Therefore. the eggs came from
the lower west coast stock. The first population.
1981A. was raised in a 1.000 I circular. flow-through
aquarium. The water temperature rose gradually
from 8° to goC over the rearing period. Food was
added daily. Group 1981B was reared in a culture
chamber suspended in Barnfield Inlet. The chamber.
a 2,000 I circular tank (Marliave 1981), floated at the
surface of the Inlet. Wild plankton was swept through
louvres on one side of the chamber by tidal currents
and was trapped in the chamber where it served as
food for the larvae. During the first 3 wk • no herring
larvae was in the plankton from the Barnfield Inlet. so
the tank population was not contaminated with wild
herring. The surface water temperature of the Inlet
over the rearing season was 9°_10°C.
One group, 1982A. was reared from eggs in the
laboratory at the Barnfield Marine Station, AprilMay 1982. The group grew in a 25 I rectangular
aquaria cooled to 8°_9°C. The eggs came from spawn
laid on eelgrass. Zostera marinus. in the intertidal
zone at the head of Barnfield Inlet and. therefore.
came from the lower west coast st.ock. The fish were
fed from hatch to age 30 d. and then the survivors
were moved to another tank of the same size where
they were starved for 8 d. This subgroup was
named 1982B:
The lighting for all the laboratory groups was
fluorescent and was on a 10-h light: 14-h dark cycle.
This cycle was cued to the natural photoperiod with
light sensors. Water in all ofthe tanks. except 1981A
and 1981B. was gently aerated with an airstone, and
about one-third of the volume was replaced daily with
fresh seawater. Dead organisms and feces were daily
siphoned off the floor in all tanks, except 1981B
which did not accumulate wastes because its floor.
drilled with over 1.000 small holes. was self-cleaning.

Hatching
All larvae in any single group were hatched within
24 h of each other. In 1980. hatching was stimulated
by scraping the eggs off the wall of a holding tank. In
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1981 and 1982, hatching was stimulated by exposing
late-stage eggs to air for 15 min. The exposure caused
an explosive hatch when the eggs were returned to
seawater. The egg masses were removed from the
tanks <24 h after hatching began.

Food
Food for three ofthe four fed populations consisted
offreshly hatched Artem ia nauplii. One of the feeding
groups. 1981B. fed exclusively on wild plankton
swept into the chamber by tidal currents. Another
group, 1981A, was raised on a diet ofArtemia nauplii
supplemented with wild plankton captured with a
plankton net from the surface of Barnfield Inlet. In all
feeding groups, food was first supplied either at
hatch or before the second day after hatch. the day
when Pacific herring larvae first begin to exhibit feeding behavior. Both the Artemia nauplii and the wild
zooplankters were attracted to the overhead light,
and they tended to cluster in a patch at the surface of
the water. Enough food organisms were added each
day to the feeding groups to maintain the patches at
all times so that the larvae of these groups had the
opportunity to feed at will at any time. It is not known
whet.her the 1981 B larvae in the culture chamber had
a similar opportunity, but the relatively high growth
rate of this group indicates that food was
abundant.
Absence of food organisms in the water of starving
groups was ensured by filtering seawater through a
layer of glass wool before it was added to a tank. Samples of filtered water were examined under a microscope t.o verify the absence of food organisms.

Samples
Samples of 10-18 larvae were taken from each ofthe
groups at intervals of 2-20 d. In 1980 t.he fish were
frozen at -lOoe. and in 1981 and 1982 they were
preserved in 37% isopropyl alcohol. The standard
length was measured from the tip of the snout to the
end of the notochord with the vernier scale of a compound microscope. Some of t.he larvae were
measured live before preservation. stored individually. and then measured again 1-6 mo later.
Freezing caused a mean (± 1 SO) percent shrinkage
of 6.3 ± 3.5 (n = 26), and isopropyl alcohol caused a
mean (± 1 SO) percent shrinkage of 0.04 ± 3.2 (n =
97) which was not significantly different from 0%
shrinkage (t = 0.0124, df= 96,P > 0.9). An examination of the individual percent shrinkages showed no
trend with live standard length. Frozen lengths were
corrected to live lengths by multiplying by the factor
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1.063. Alcohol-preserved lengths did not. require
correction.

and recounted. The mean (±1 SD) difference was 1.1

± 2.0 which was not significantly different from zero
(t = 0.5273, df= 20.0.5> P> 0.9). Inspection of the

Ring Counting
After extraction from the skull the sagittal' were
placed on a glass slide under immersion oil; t.heir
diamet.ers were measured with an ocular micromet.er.
Sagittal' are slightly flattened spheroids in young larvae and t.end to become more oval in shape as t.he fish
grows. The diamet.er measured was always the longest axis of t.he ot.olit.h. The sagittal' were photographed at. 400-1,OOOX, t.he developed film was
projected on a screen, and the rings were counted. A
single ring consisted of a dark band and an adjacent
light band. All rings, no matter how faint, were counted in order to avoid observer bias towards a daily
ring pattern. Two classes of rings were observed: 1) A
group of 1-5 thin. faint rings clustered about the
nucleus surrounded by 2) wider, darker rings that
composed t.he majority ofthe rings in most larvae. In
some sagit.tae the second class of rings were
separated from the first by a distinct ring which may
have been a check deposited in response to the
exhaustion of the yolk. The two classes could not
always be clearly distinguished. particularly in slowgrowing fish. The first class corresponds to Geffen's
(1982) "yolk sac" rings and the second to her "normal" or "regular" rings. In this paper the first class
will be unnamed for two reasons: 1) Most of the rings
were found in the larvae that had completely
absorbed their yolk. so they were not exclusively
yolk-sac rings, and 2) it has not been established that
the two classes of rings are fundamentally different
from each other, so the introduction of new terminology is premature. Geffen (1982) defined a "first
heavy ring" that was found between the outer margin
ofthe nucleus and the first normal ring. This term has
not been used because the first normal ring was not
always distinguishable from subsequent normal
rings on the basis of width or darkness.
Each sagitta was counted three times, and the mean
ofthe three counts was taken as the final count of that
sagitta. The ring count of a fish was the mean of the
final counts of its two sagittal'. The mean (± 1 SD) difference in final counts between sagittal' from the
same fish was 1.3 ± 1.4 which was not significantly
different from zero (t = 0.9028, df = 148.0.4 > P >
0.2). The sagittal' of 21 large larvae (live length range
= 14-29 mm. age range = 20-54 d posthatch) selected at random from several groups were photographed and then fixed to a glass slide with
cyanoacrylat.e glue and ground to the midplane with
metallic lapping paper. They were rephotographed

data revealed no trend of the difference with age or
with the ring count of t.he nonground sagittal'.

Data Analysis
The average rates of ring deposit.ion and of growt.h
in length were calculat.ed as t.he slopes of linear predict.ive regressions of mean ring number and mean
length on age post.hat.ch. The homogeneity of the
variances of t.he means of a group was tested with
Bartlett's test (Sokal and Rohlf 1969). and, if t.hey
were found to be heterogenous. each mean was
weighted wit.h its sample size divided by its variance.
T-tests were used to t.est t.he significance of differences between the slope of a regression of mean ring
number on age and 1ring/dandOring/d.F-test.swere
used in covariance analyses to t.est for significant differences between two slopes.

RESULTS
Growt.h in live standard length was positive in all
groups except 1980C and 1980B, in which the starving larvae shrank (Fig. 1). There are indications that
growth was curvilinear. especially in 1980A and
1981B where the growth rat.es bet.ween the two last
sampling dat.es in each group were much less than the
previous growth rat.es. However. linear growth was
assumed for the purpose of obtaining average growt.h
rates to compare with the average ring deposition
rates (Table 2). Growth rate was highest in the 2,0001
cult.ure chamber and lowest in the 251 aquarium, and
there was a positive but nonsignificant correlation
between growth rate and container size in the four fed
groups (n = 4, r = 0.90,0.05 > P > 0.10).
Thin, faint rings of the first class were found in the
otoliths of most of the 1980 fish that were < 14 mm
long, but. were not found in the otoliths of any 1981
and 1982 fish (Fig. 2). These rings may have been
deposited at any t.ime between the late embryo and
the postyolk-sac stage. The only sample of otolit.hs
TABLE

2.-Linear regressions of mean standard length on age in 7
groups of Pacific herring larvae.

Group

y-inlercept
(roml

Slope
(rom/d)

SE of
slope

1980A
1980B
19BOC
1981A
1981B
1982A
1982B

10.4
13.1
11.2
8.2
8.4
10.6
11.4

0.180
-0.004
-0.107
0.231
0.290
0.090
0.100

0.030
0.019
0.031
0.011
0.049
0.047
0.035

No. of
means

0.97
0.19
0.90
0.99
0.96
0.89
0.89

4
3
5
6
5
3
4

df

36
20
50
57
60
38
39

1.2
1,1
1,3
1.4
1.3
1.1
1.2
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FIGURE I.-Mean (± 1 SD) live standard length at age posthatch for
.even !tI"OUp. of Pacific herring larvae. See Table 2 for the reg.....s~ion equations.

from yolk-sac larvae was a single sample from 1980D
that had a mean (± 1 SD) ring count of 5.2 ± 0.8 (n =
9) on day 1 posthatch. The rings were not observed in
older, larger larvae: they may have been present but
obscured by overburden over the nucleus. This
phenomenon has been observed in the otoliths of larval largemouth bass. Micropterus salmoides. (Miller
and Storck 1982). A group of 7-8 "prolarval rings"
that were clustered about the nucleus at swim-up
were visible for only 10-15 d afterward. because the
nucleus became more opaque with age.
The first normal ring was deposited in all groups
including 1980C by day 6 posthatch. the day after
complete yolk absorption. This agrees well with the
age at first increment of 4.5 (range = 0-9 d) found for
Atlantic herring by Lough et al. (1982) and with the
age of 6 d found for the same species by Geffen
(1982). This indicates that herring larvae of both
species do have a fixed age at first increment deposition and that it coincides with the age at complete
yolk absorption.
Rates of subsequent ring deposition for the four fed
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FIGURE 2.-Mean (±1 SD) ring count at age posthatch for seven
groups of Pacific herring larvae. Open circles are total rings and
dosed cirdes are normal rings only. See Table 3 for the regression equations.

groups were not all daily, and they ranged from 0.12
to 0.96 rings/d (Table 3); only two groups, 1980A and
1981B, had rates that were not significantly different
from 1ring/d(t= 0.5772,df= 3,0.5 > P> 0.9 andt=
2.0142, df = 4, 0.10 > P > 0.20, respectively). The
1981A group had a rate that was significantly <1
ring/d (t = 6.3465. df= 5,0.01> P> 0.001) but also
significantly> 0 (t = 10.8062, df= 5,P < 0.001) and
the 1982A group had a rate that was significantly < 1
ring/d (t= 10.0228, df= 2, 0.01> P> 0.001) and not
significantly >0 (t = 1.3667, df = 2, 0.20 > P >
0.40).
The rate of ring deposition in 1980C, the group that
was starved from hatch. was -0.05 ring/d, which was

TABLE 3.-Linear regressions of mean normal ring number on age in
7 groups of Pacific herring larvae.
Group

v-intercept
(mm)

(ring/d)

SEol
slope

198DA
19808
1980C
1981A
1981B
1982A
19828

-4.12
2.06
2.12
-9.31
-5.60
1.45
4.90

0.96
0.23
-0.05
0.63
0.83
0.12
0.10

0.06
0.28
0.02
0.05
0.08
0.08
0.11

Slope

No. of
means

0.99
0.63
0.83
0.99
0.99
0.83
0.53

4
3
5
6
5
3
4

n

df

36
20
50
57

1.2
1.1
1.3
1.4
1.3
1.1
1.2

60

38
39
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not significantly different from 0 (t = 2.2831. df = 4.

0.10> P> 0.20). This indicatesthatthe starvation of
first-feeding larvae stopped ring production. The
1980B group had a rate which was not significantly
differentfromone of 1 ring/d (t = 2.3397, df= 2, 0.10
>P > 0.20) and not significantly different from a rate
of 0 (t = 0.6989, df = 2, 0.50 > P> 0.90) or from the
rate of its parent feeding group, 1980A (F = 5.9185,
df = 1.3, 0.25 > P > 0.50). One reason for these
results is that the 1980B group had only three data
points for the regression, and the standard error of
the slope was therefore relatively high: 122% of the
value of the slope (Table 3). I conclude t.hat starvation for 5 d after a feeding period of 6-7 d has no effect
on the rate of ring deposition. The 1982B group had a
ring depoistion rate that was not significantly differentfromO (t= 0.7843,df= 3,0.40> P> 0.50) and
which was not significantly different from the rate of
its parent feeding group. 1982A (F = 0.1352, df= 1,
3.P> 0.75). I conclude that starvation for 8 d after a
feeding period of about 25 d has no effect on the rate
of ring deposition, at least not in 25 I enclosures.
The average ring deposition rates were significantly
positively correlated with the average growth rates (n
= 7, r = 0.83,0.01> P > 0.05) (Fig. 3). The regression of ring rate on growth rate was:
Ring rate = 0.14

+ 2.40 (growth rate).

The residuals of this regression were not correlated
with container size, and there was no obvious
relationship with prey type. However, there was a
significiant positive correlation between the
residuals and the mean rearing temperature (n = 7, r
= 0.83. 0.01> P > 0.02). The midpoints of the tempel'atUl'e range were used as an estimate of the mean
temperature (Table 1). A regression of ring deposition rate on growth rate and temperature increase the
multiple r to 0.99:
Ring rate = -1.39 + 3.36 (growth rate)
+ 0.14 (temperature).
These results confirm the correlation between ring
deposition rate and growth rate found for Atlantic
herring larvae by Geffen (1982), who interpreted the
relationship as being curvilinear and linearized it by
transforming both variables with logarithms. In order
to compare the two sets of data the relationship between ring deposition rate and growth rate was
assumed to be linear. A covariance analysis of the
slopes of the two linear regressions indicated that
there was no significant difference between them at
the 0.05 probability level. Data from this study and
from Geffen's were pooled and a single linear regression was calculated (n = 12, r = 0.85, P < 0.001):
Ring rate
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FIGURE 3.-Relationship between the average ring deposition rates
and the average growth rates of seven groups of Pacific hening larvae. See text for regression equation.

=

0.17

+ 2.12 (growth rate).

The influence of temperature on ring deposition rate
could not be compared between the two data sets
because the rearing temperature for Geffen's fish
was not constant over the rearing period.
Plots of fish length on otolith diameter for the seven
populations were curvilinear, and the rate of growth
of fish length decreased with increasing otolith
diameter. Transforming otolith diameter with
logarithms best linearized the data, transforming
both variable with logarithms produced lower correlation coefficients in all groups. Thus length was
regressed on log (otolith diameter) (Table 4, Fig. 4).
An analysis of covariance that included all seven
groups indicated that thE' slopes of the regressions were significantly different from each
other at the 0.05 probability level. Inspection of the
slopes and their standard errors indicated that the
fed groups and 1980B had slopes of a similar value
and that 1980C and 1982B had slopes of a similar
value but that they were much lower than those of the
fed groups. The two groups were subjected to
separate covariance analyses. and in each group the
slopes were found to be not significantly different
from each other at the 0.05 probability level. The
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Lough et al. (1982); they have also been described in
the otoliths of larval turbot, Scopthalmus maximus.
(Geffen 1982) and Arcto-Norwegian cod, Gadus
morhua. (Gjl,&saeter and Tilseth 1982). Increments
have also been found inside the nucleus in Atlantic
herring (Lough et al. 1982), in three species of the
genus Lepomis, and in the Mozambique mouthbreeder, Tilapia mossambica. (Taubert and Coble

TABLE 4.-Linear regressions oC fish length on log (oto-

lith diameter).
Group

(mml

Slope
Imm/!'ml

1980A
19808
1980C
1981A
19818
1982A
19828

-5.76
-4.54
2.73
-7.50
-5.50
-7.24
4.82

11.57
10.77
4.40
13.36
12.14
12.73
5.94

v-intercept

5E of
slope

0.49
3.17
2.10

0.43
0.46
1.45
1.65

0.97
0.73
0.28
0.97
0.96
0.83
0.59

n

df

38
12
52
57
60
38
27

1.34
1.10
1.50
1.55
1.58
1.36
1.25
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FU:lIRE 4.-Relationship of fish length to log (otolith

diameter) for seven groups of Pacific herring larvae. Open circles in HI~2 are 1982A and solid circles are 1982B. See Table 4 for the regression
equations.

slope of the 1980B group was not significantly different from either the feeding groups or the starving
groups because of its high standard error. The four
fed groups were pooled to give a single regression (n
= 191. r = 0.95. P < 0.001):
Fish length = 30.90 + 12.49 log (otolith
diameter).
The three starved groups could not be pooled
because of the different growth and feeding histories
of each group.

DISCUSSION
The first class of thin rings was found in the otoliths
of Atlantic herring larvae by Geffen (1982) and by
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1977). In at least one species offish, the mummichog,
Fundulus heteroclitus. these nonregular rings are
regular daily rings that are deposited before hatching
(Radtke and Dean 1982). The relationship between
the number of nonregular rings. the age and size of
the fish. and rearing conditions can only be determined with more experimental work. particularly on
the sagittae of embryo and yolk-sac herring.
Presence oBhe thin rings in the 1980 fish and their
absence in the 1981-82 fish was not the result of
genetic differences between the eggs of the lower
east coast stock and the eggs of the lower west coast
stock. The sagittae of many small (length range = 920 mm) wild herring larvae captured from Barnfield
Inlet in 1981 and 1982 were found to have several
thin, faint rings around the nucleus (McGurk unpubl.
data). It seems more reasonable to hypothesize that
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the difference arose from factors that have already
been reported to affect the rate of deposition of normal lings. These factors include temperature
(Taubert and Coble 1977; Marshall and Parker
1982), short-term temperature fluctuations
(Brothers 1978), and feeding activity (Uchiyama and
Struhsaker 1981; Neilson and Geen 1982). Lough et
al. (1982) suggested that the first class of thin rings
were related to the inability of first-feeding larvae to
meet their metabolic energy demands during the
transition from yolk to exogenous food. This argument implies that the 1980 herring larvae were less
able to capture sufficient food during first feeding
than the 1981-82 larvae. However, this hypothesis
does not explain the presence of the faint rings in the
1980C larvae that were starved from hatch.
Results of this study confirm the observations of
Geffen (1982) that the rate of normal ring production
is not always daily in young herring larvae and that it
is positively correlated with the rate of growth in
body size. The correlation means that normal rings
cannot be used with confidence to age wild herring
larvae less than about 20 mm long, unless the average
growth rate of the population is known to be higher
than about 0.36 mm/d (calculated from the regression of ring deposition rate on growth rate for Pacific
herring only). Growth of larval fishes is influenced by
several factors: temperature (Kramer and Zweifel
1970). food density (Haegele and Outram 1978), and
container size (Theilacker 1980). The tendency for
larger containers to support higher growth rates in
the four fed groups ofthis study may explain why only
two of the four had a daily ring pattern. The correlation implies that, if the rate of growth is slowed or
stopped by starvation after a period of feeding, then
the rate of ring deposition should also slow or stop.
The two experimental groups that were treated in
this manner did not produce rings at rates that were
significantly different from those of their parent
feeding groups. This suggests that a starvation
period> 5-8 d is necessary in order to demonstrate a
statistically significant effect. Larger rearing containers are also recommended to produce greater
contrast in growth rates between feeding and starving fishes.
Container size, temperature. or prey size may
possibly have additional effects on the rate of ring
deposition apart from that which is explained by
growth rate. Temperature does explain some of the
residual variance of the ring deposition rate-growth
rate regression. However, published evidence on
effect of constant temperature on ring deposition
does not support the hypothesis that higher temperatures produce more increments. For example,

Neilson and Geen (1982) found no difference between the number of increments produced by
juvenile chinook salmon, Oncorhynchus tshawytscha,
reared at 5.2°C and at 11.0°C. The effects of such
environmental factors as light. temperature. and
prey type on the ring pattern of herring sagittae can
only be determined with a well-controlled experimental study.

ACKNOWLEDGMENTS
I gratefully acknowledge the assistance given by the
staff of the Barnfield Marine Station. I also thank
Gary Kingston for assistance in rearing fish in 1980,
Jeff Marliave for advice on rearing healthy marine
fish larvae, and Steve Campana for discussions on
grinding and reading fish otoliths. The paper has
benefited substantially from reviews by two
anonymous reviewers. This study was funded by a
G.R.E.A.T. Award from the Sdence Council of
British Columbia and by a grant to N.J. Wilimovsky
from the National Sciences and Engineering
Research Coundl of Canada.

LITERATURE CITED
E. B.
1978. Exogenous factors and the formation of daily and suhdaily growth increments in fish otoliths. Am. Zool.
18:63I.
BROTHERS. E. B., C. P. MATHEWS. AND R. LASKER.
1976. Daily growth increments in ototliths from larval and
adult fishes. Fish. Bull., U.S. 74:1-8.
BROTHERS,

GEFFEN,

A. J.

1982. Otolith ring deposition in relation to growth rate in herring (Clupea harengus) and turbot (Srophlhalmus max;mu.• llarvae. Mar. BioI. (Berl.) 71:317·326.
GJ(lJSAETER, H .. AND S. T1LSETH.

1982. Primary growth increments in otoliths of cod larvae
(Gadus morhua L.) of the Areta-Norwegian cod stock.
Fiskeridir. Skr. Ser. Havunders. 17(7):287-295.
HAEGELE, C. W.. AND D. N. OtrrRAM.
1978. The effects of diet and ration on the growth and
survival of Pacific herring ({'Iupm hal"l'/Iliu, palla.•;) larvae. Fish. Mar. Servo Can. Tech. Rep. 767, 41 p.
KENDALL,

A. W.. JR.. AND D. GORDON.

1978. Growth rate of Atlantic mackerel (Scomber scombms)
1:U'\'a~ ill Ih.. llIidd),· Atlantic Hi!:'". HapI'. P.-\". H~lIll.
Cons.lnt. Explor. Mer 178:337-341.
KRAMER, D., AND J. R. ZWEIFEL.
1970. Growth of anchovy (Engraulis morda.~ Girard) in the
laboratory as influenced by temperature. Calif. Coop.
Oceanic Fish. Invest. Rep. 14:84-87.
LAROCHE, J. L .. S. L. RICHARDSON, AND A. A. ROSENBERG.
1982 Age and growth of a pleuronectid. Parophrys wtu/us,
dUl'ing thE' pelagic larval pE'riod in Oregon coaslal watel'"
Fish. Bull.. ll.S. 80:9:1.\ 04.
LOllGH, R. G.. M. PENNINGTON, G. R. BOLZ, AND A. A.
ROSENBERG.

1982. Age and growth of larval Atlantic herring, C/upea

1'19

FISHERY BULLETIN: VOL. 82. NO.1

harengus L.. in the Gulf of Maine-Georges Bank region
based on otolith growth increments. Fish. Bull.. U.S.
80:187-199.
MARLIAVE.

J. B.

METHOT, R. D .. AND D. KRAMER.

1979. Growth of northern anchovy. Engraulis mordax.larvae
in the sea. Fish. Bull., U.S. 77:413-423.

J ..

AND T. STORCK.

1982. Daily growth rings in otoliths of young-of-the-year
largemouth bass. Trans. Am. Fish. Soc. 111:527-530.
NEILSON.

J. D •• AND G. H.

GEEN,

1982. Otoliths of chinook salmon (Oncorhynchus IshaU'ylscha): Daily growth increments and factors influencing
their production. Can. J. Fish. Aquat. Sci. 39:13401347.
RADTKE. R. L .. AND J. M. DEAN.
1982. Increment formation in the otoliths of embryos. larvae.
and juveniles of the mummichog. Fundulus heleroeli/us. Fish. Bull.. U.S. 80:201-215.
RALSTON. S.

1976. Age determination of a tropical reef butterflyfish utilizing daily growth rings of otoliths. Fish. Bull.. U.S. 74:990994.

120

J. ROHLF.

1969. Biometry. The principles and practice of statistics in
biological research. W. H. Freeman. San Franc.. 776 p.
TAUBERT.

1981. Use oftidal powerfor culture of marine animals. Proc.
1981 Conf. Am. Assoc. Zool. Parks and Aquariums. New
Orleans. La.• Sept. 13-17.1981. p. 103-105.
MARSHALL. S. L.. AND S. S. PARKER.
1982. Pattern identification in the microstructure of sockeye
salmon (Oncorhynchus nerka) otoliths. Can. J. Fish.
Aquat. Sci. 39:542-547.

MILLER. S.

SOKAL, R. R .. AND F.

B. D .. AND D. W. COBLE.

1977. Daily rings in otoliths of three speices of Lepomi... and
Tilapia mossambica. J. Fish. Res. Board Can. 34:332340.
TAYLOR. F. H. C.
1964. Life history and present status ofBritish Columbia herring stocks. Fish. Res. Board Can., Bull. 143, 81 p.
THEILACKER. G. H.
1980. Rearing container size affects morphology and nutritional condition of larval jack mackerel. TrachuT'lls symmelricus. Fish. Bull.. U.S. 78:789-790.
TOWNSEND. D. W.. AND J.

J. GRAHAM.

1981. Growth and age structure of larval Atlantic herring.
elupea harengus harengus, in the Sheepscot River
estuary. Maine. as determined by daily growth increments
in otoliths. Fish. Bull.. U.S. 79:123-130.
UCHIYAMA••J. H.. AND P. STRUHSAKER.
1981. Age and growth of skipjack tuna. Kalsllll'o'IIlUS
pelamis. and yellowfin tuna. Thunnus albacares, as
indicated by daily growth increments of sagittae. Fish.
Bull.. U.S. 79:151-162.
VICTOR. B. C.

1982. Daily growth increments and recruitment in two coralreef wrasses. Thalassoma bifascialum. and Halichoeres
bit'ittalus. Mar. BioI. (Berl.) 71:203-208.

