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Abstract.—we studied phenotypic
variation in larval and juvenile growth
and development, using laboratory-
reared winter flounder, Pleuronectes
americanus. Larvae were reared indi-
vidually to metamorphosis and beyond
and were measured at weekly intervals.
Growth in length was rapid until 30 d
but slowed thereafter until metamor-
phosis. Standard length peaked and
often declined as metamorphosis ap-
proached, and notochord length de-
creased during flexion. Length at 30 d
(an index of larval growth rate) was
inversely related to age at metamorpho-
sis, confirming previous assertions that
larvae that grow rapidly also develop
most rapidly. The relation between
growth rate and larval-period duration,
however, was not straightforward. The
time from the day of peak larval length
until metamorphosis (7-35 d) appeared
to be inversely related to larval growth
rate. Juvenile growth rates during the
first 3 weeks following metamorphosis
were unrelated to length at 30 d. Addi-
tional juveniles, reared in groups as
larvae and tracked as individuals fol-
lowing metamorphosis, showed no
change in growth rates during the first
4 weeks of the juvenile period in rela-
tion to increasing age at metamorpho-
sis or larval growth rates. These results
are consistent with earlier findings that
size at age does not diverge continually
throughout the larval and juvenile pe-
riods. Compensatory juvenile growth
among fish that grew slowly as larvae
was observed but not to the same ex-
tent as previously reported. We empha-
size the utility of the individual-based
approach for identifying patterns of
phenotypic variability in growth and
development during the early life
stages in fishes.

Manuscript accepted 13 August 1996.
Fishery Bulletin 95:1-10 (1997).
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Individual variation in growth and
development during the early life
stages of winter flounder,
Pleuronectes americanus

Douglas F. Bertram®
Thomas J. Miller™”

William C. Leggett’ ™"

Department of Biology, McGill University
1205 Avenue Docteur Penfield,
Montreal, QC, Canada H3A 1Bl

Mechanisms controlling survival
and recruitment of fishes operate at
the level of the individual (Crowder
et al., 1992). Further, small initial
differences among individual larvae
and juveniles within fish popula-
tions may have disproportionate
effects on the probability of their
survival (Crowder et al., 1992; Rice
et al., 1993). Consequently, research
programs in fisheries have begun to
focus on phenotypic variability
within cohorts in an effort to iden-
tify particular traits that may be
unique to the small minority of sur-
vivors (Fritz et al., 1990; Taggart
and Frank, 1990). If survivors are
not random subsets of the original
cohort, interpretations of recruit-
ment processes based upon analy-
ses of population averages are likely
to be misleading (Pepin and Miller,
1993). Consequently, individual-
based approaches are increasingly
favored (Crowder et al., 1992). How-
ever, there have been few quantita-
tive measurements of either indi-
vidual variation in early life history
traits of fishes or in their survival
consequences {(but see Rosenberg
and Haugen, 1982; Rice et al., 1987;
Chambers et al., 1989; Chambers
and Leggett, 1992; D’Amours, 1992;
Bertram and Leggett, 1994; Loch-
mann et al., 1995; Miller et al.,
1995). In theory, longitudinal data
can be obtained from sequential

measurements of individuals or
from back calculations of size at age
from otolith microstructure.
Variation in larval growth rates
is widely believed to be a central
feature in year-class formation in
fishes (Leggett and Deblois, 1994).
Traditionally, growth parameters
are estimated from a restricted
number of samples of the popula-
tion. Each sample includes a range
of fish lengths and ages. Impor-
tantly, each fish provides only a
single estimate of length at age.
Such data are termed cross-sec-
tioned. The calculated growth pa-
rameters represent composite pic-
tures and cannot reveal variability
among the growth patterns of indi-
viduals simply because they aggre-
gate data at a level higher than the
individual. Chambers and Miller
(1995) have discussed the effects of
the level of aggregation of data on
the inferences that can be made. In
addition, composite growth curves
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** Present address: The University of Mary-
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land 20688-0038.

Present address: Queen’s University, 206
Richardson Hall, Kingston, Ontario,
Canada K7L 3N6.
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are subject to several potential biases (Chambers and
Miller, 1995). For example, composite curves are not
accurate in cases where mortality of individual age
classes are biased towards small or large individu-
als (Litvak and Leggett, 1992; Pepin et al., 1992).
Hence, if the survival consequences of variability in
growth rates are to be evaluated adequately, indi-
vidual phenotypic variability in growth must be
quantified (Lynch and Arnold, 1988; Chambers,
1993). This requires that longitudinal data based
upon repeated measures of individuals be collected.
These problems are illustrated in the following ex-
ample. Consider a cohort of 220 larvae with an aver-
age size of 5.5 mm and a uniform size distribution of
20 larvae in each of ten 0.1-mm size classes from 5
to 6 mm. In a hypothetical 7-d interval, no iarval
growth occurs, but a gape-limited predator consumes
all larvae less than 5.5 mm, leaving 120 larvae with
an average size of 5.75 mm. If only cross-sectional
data were available, the larval growth rate was esti-
mated as 0.11 mm/d for the 7-d interval. However, if
longitudinal data were available (i.e. measurements
of survivors at the beginning and end of the week), it
would be clear that no growth had occurred.

Bertram et al. (1993) have argued that the dynam-
ics of larval and juvenile growth rates should be ex-
amined in unison, rather than separately. Using labo-
ratory-reared winter flounder, Pleuronectes ameri-
canus, they have shown that size-at-age trajectories
do not diverge continually during the larval and ju-
venile periods. In fact, juvenile size-at-age trajecto-
ries converge because fish that grew slowly as lar-
vae compensated for their slow growth by growing
rapidly as juveniles. However, Bertram et al. (1993)
assumed that larval growth was linear; therefore
juvenile fish used in their experiments were pooled
into groups. This approach precluded the study of
individual phenotypic variability. The objectives of
the present study were 1) to provide estimates of the
individual variability in growth rate in fish during
early life stages because it is upon this individual
variability that phenotypic selection acts and 2) to
evaluate the validity of previous estimates of larval
growth rate. Also, we explore how individual varia-
tion in larval growth affects growth during the sub-
sequent juvenile period.

Methods

Rearing protocol

The research in this study was conducted at the
Huntsman Marine Science Centre, St. Andrews, New
Brunswick, during summer 1991. In May, adult win-

ter flounder were collected from Passamaquoddy Bay
with a bottom trawl and held at ambient seawater
temperature (7-8°C). When ripe, eggs from individual
females were combined with sperm pooled from three
males to create half-sibling families. Families were
maintained separately throughout the study. Fertil-
ized eggs were placed in a slurry of diatomateous
earth for 12 h following fertilization to prevent clump-
ing. Incubation temperature was 7 (£0.5)°C (mean +
SD). At approximately 24-h after fertilization, the
eggs were immersed in solutions of penicillin (0.0158
g/L) and streptomycin (0.02 g/L) for 24 h. Filtered,
UV-sterilized seawater was replaced every 2-3 d until
hatching commenced at approximately 14 d after fer-
tilization.

Upon hatching, 118 larvae from two families (fami-
lies 1 and 2) were individually stocked into black
cylindrical 0.4-L containers (15 cm diameter x 6.5
cm high) with clear plexiglass bottoms. Water tem-
perature was maintained at 10 (+0.5)°C in a tem-
perature controlled room with a 16:8 day:night pho-
toperiod. At weekly intervals, 75% of the water was
removed from each container and replaced with UV-
sterilized filtered seawater. Additional “reserve” lar-
vae from the same families were reared in groups
under identical conditions in 18-L cylindrical, black
plastic containers. Individual larvae that died within
the first 3 weeks were replaced with siblings from
the appropriate reserve group.

Larvae were also reared in groups in 38-L aquaria
covered externally with black plastic. Five aquaria
were each stocked with four-hundred 1-d-old larvae
drawn from another half-sibling family (family 3).
Temperatures in the aquaria were maintained at 10
(£0.5)°C. At weekly intervals, 3 liters of water were
removed from each aquarium and replaced with UV-
sterilized filtered seawater. Dead larvae were si-
phoned regularly from the tank.

All larvae were fed Brachionus sp. at 2 {mL-d) until
the end of week 7. Rotifers were cultured by using
Isochrysis sp. and Chaetoceros sp. Twenty-four hours
prior to being fed to larvae, rotifers were provided
with Microfeast artificial plankton (Provesta Corpo-
ration) to enhance their nutritional quality. From the
end of week 5 onwards, larvae were also offered
Artemia nauplii (0.25/{mL-d]). Nauplii were enriched
with Microfeast 24 h prior to use.

At metamorphosis, larvae from family 3, which had
been reared in groups, were individually stocked into
0.4-L rearing containers (see above) to examine ju-
venile growth. To standardize the developmental
stage of individuals used in this study, we used only
fish whose left eye had just crossed the midline on
its migration to the right side of the body (stage H of
Seikai et al., 1986). All fish that metamorphosed on
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the same day were treated as a discrete cohort.
The creation of these cohorts was repeated at
intervals of 3-8 d until all fish had metamor-
phosed. Table 1 summarizes the rearing condi-
tions for the 3 families used in the study.

At weekly intervals, length data on individual
larvae were recorded by using a dissecting mi-
croscope linked to a video system at 6x magni-
fication. Larvae were filmed without being re-
moved from their rearing containers. Fish were
not anesthetized at any time. Larval movement
was restricted by confining larvae within a 6-
cm diameter plexiglass ring placed within the

Summary of rearing conditions and filming schedules for the 3
families used in the study.

Table 1

Family 1 Family 2 Family 3

Larval container size (L) 0.4 0.4 38
Number of larvae/container 1 1 400
Weekly measures of larvae Yes Yes No
Juvenile container size (L) 0.4 0.4 04
Number of juveniles/container 1 1 1
Weekly measures of juveniles Yes Yes Yes

rearing container. Length data were collected

only when fish were in the horizontal plane. To
account for variation in the position of the larvae in
the vertical plane, we constructed a small set of
“stairs” with a plastic ruler segment attached at each
level. After filming each larva, we immediately cali-
brated the image against the ruler segment that was
in focus. For fish that were close to, or past, meta-
morphosis, the process of filming was simplified be-
cause these fish generally remained motionless on
the bottom of the container. Following metamorpho-
sis, individual juveniles were filmed weekly for up
to 4 weeks, when rearing was terminated. Standard
lengths of all fish were obtained by using an image
analysis system (Optimus vers. 3.11, Bioscan Corpo-
ration, Seattle, WA). We used the image analysis
system to “capture” two images for each fish for esti-
mating standard length at age and used the largest
value in all analyses.

Analysis

We constructed individual growth trajectories for
larvae that survived until metamorphosis, using
spline functions fitted to repeated measures of size
at age. Individual larval growth trajectories were
based on between 3 and 9 weekly observations per
larva. Individual growth trajectories were examined
quantitatively by using four indexes: 1) larval size
at 30 £1 d (roughly midway through the development
period, an index of larval growth rate [e.g. Travis,
1981)); 2) average larval growth rates, defined as the
difference between the length at metamorphosis and
the mean length at hatching for the family divided
by the time elapsed between the two events; 3) la-
tency period, defined as the time between the age at
which maximum larval length was attained and the
time of metamorphosis; and 4) larval-period dura-
tion, defined as the age at metamorphosis. Correla-
tion analyses (Pearson’s correlation coefficient) were
used to examine the relationships among pairs of the
above variables for individual larvae. Variables were

tested for normality with normal probability plots
{Wilkinson, 1990). When heteroscedasticity was de-
tected with techniques outlined in Zar (1984), vari-
ables were log-transformed. For comparison with the
individual growth trajectories, we also constructed
a composite size-at-age plot by using data for all lar-
vae used in the study.

We checked for size-dependent mortality during
the first part of the larval period by comparing the
length of those fish that lived until their next weekly
measurement with those that died during that time,
using t-tests for independent samples. Size-depen-
dent analyses were conducted for larvae after hatch-
ing (1-2 d); week 1 (8-9 d); week 2 (15-16 d); and
week 3 (22-23 d). Group-reared larvae that were used
as replacements for fish that died during the first 3
weeks were not included in the analysis.

Individual juvenile growth rates were estimated
from the slope of a least squares fitted to weekly
measures of individual size at age from metamor-
phosis to week 3 of the juvenile period. Thus, growth
estimates were based upon up to 4 size-at-age mea-
surements. Growth parameters were not calculated
when less than 3 size-at-age measurements were
available. We examined the correlations between
juvenile growth rates and both age at metamorpho-
sis and length at 30 d. Juvenile growth rates were
also examined in relation to Bertram et al.’s (1993)
measure of average larval growth rate estimated as
the difference between the mean length at metamor-
phosis for fish that metamorphosed on the same day
and the mean size at hatching for the family, divided
by the number of days between the 2 events.

For comparison with the work of Bertram et al.
(1993), we restricted the analysis of juvenile growth
to weeks 1 through 4 for fish that had been reared
together as larvae. The relation between juvenile
growth rates and age at metamorphosis was exam-
ined by using regression and correlation analyses.
Similar analyses were performed to examine the re-
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lationship between juvenile growth rates and aver-
age larval growth rate. For fish that had metamor-
phosed early, measurements of size at age were avail-
able until week 7 of the juvenile period. For these
individuals we compared growth rates during weeks
1-4 with those during weeks 5-7, using a paired t-test.

Results

Individually reared larvae

Thirty-two individually reared fish, 31 of which were
from a single family (family 1), survived until meta-
morphosis. For 5 of these fish, weekly measures were
available from hatching to metamorphosis. For the
remaining 27 larvae weekly measures began at day
22. We could not detect size-dependent mortality in
the weeks following: hatching (¢=1.83, df=116), week
1 (¢=0.18, df=87), week 2 (i=1.4, df=32), or week 3
(¢=0.21, df=11). Data from the 32 fish provided esti-
mates of individual larval growth trajectories (Fig.
1A). The trajectories exhibited considerable pheno-
typic variation in size at age, maximum larval size,
size at metamorphosis, latency period, and the du-
ration of the larval period (Fig. 1A). To demonstrate
the loss of information intreduced by basing growth
parameters on cross-sectional data, we treated the
original individual-level longitudinal data as cross-
sectional. When individual larval sizes were depicted
in this composite fashion (Fig. 1B), mean larval
length at age increased rapidly from day 1 until day
30 and then leveled off. Important information, how-
ever, can be obtained only from cross-sectional data.
For example, coefficients of variation (CV) for length
at age increased from 0.07 on day 1 to 0.12 on day 30
but declined subsequently and leveled off at approxi-
mately 0.08.

The largest larvae at 30 d were also largest at 22 d
(r=0.66, n=18, P=0.03) and at 36 d (r=0.5, n=18,
P=0.034), indicating positive covariance in size at age
for individually reared larvae that were alive at each
of those ages. There was a significant positive rela-
tionship between larval length at 30 d and maximum
larval size (r=0.6, n=27, P=0.001). However, larval
length at 30 d and age at metamorphosis were nega-
tively correlated (n=27, r=—0.589, P=0.001; Fig. 2A).
The negative correlation coefficient between size at
30 d and age at metamorphosis was larger than corre-
lation coefficients calculated for all other age classes.
Average larval growth rate and length at 30 d were
positively correlated (n=25, r=0.49, P=0.01; Fig. 2B).

The age of maximum larval size (log-transformed)
was negatively correlated to length at 30 d (r=-0.71,
n=27, P<0.001; Fig. 3A). The latency period (range:7—

Length (mm)

Length (mm)

Age (d)

Figure 1

(A) Growth trajectories for individual laboratory-
reared winter flounder, Pleuronectes americanus,
larvae (n=32) based upon spline functions fitted to
repeated weekly measures of standard length. Lar-
val standard length (mean +SD) versus age. (B) The
sample size and CV for each age class are given above
and below the error bar (respectively). Also shown
is the Gompertz curve based upon the equation re-
ported by Jearld et al. (1993) for winter flounder.

35 d; 14.4 £7.5 d, n=31Xlog-transformed) was in-
versely related to age of maximum larval size (r=
—0.58, n=31, P=0.001; Fig. 3B). In contrast, the latency
period showed a positive trend with increasing length
at 30 d, but the relationship was not significant (r=0.2,
n=26, P=0.38). Age at metamorphosis ranged from 44
dto71d(55.2+£7.9 d). Length at metamorphosis ranged
from 6.1 mm to 7.5 mm (6.6 +0.3 mm). Length and age
at metamorphosis were positively correlated for indi-
vidually reared larvae (r=0.46, n=29, P=0.012).
Among individually reared larvae, subsequent ju-
venile growth rate during the first 3 weeks of the
juvenile stage bore no relation to age at metamor-
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(A)Age at metamorphosis versus length at 30 d. (B)
The relationship between average larval growth rate
and length at 30 d.

phosis (r=0.22, n=11, P=0.52; Fig. 4A). Similarly, ju-
venile growth rate showed no relationship to length
at 30 d (r=-0.001, n=10, P=0.99, Fig. 4B). For com-
parative purposes, juvenile growth rate was also re-
gressed against the measure of larval growth rate
used by Bertram et al. (19983). The slope of the rela-
tionship, —0.18 mm/d, although not significantly dif-
ferent from 0, was identical to that reported by
Bertram et al. (1993).

Group-reared larvae

Length at metamorphosis was independent of age at
metamorphosis among members of family 3 (r=—0.09,
n=205, P=0.23) reared in groups as larvae and indi-
vidually as juveniles. (Note that 175 of these larvae
came from a single rearing aquarium and that the
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Figure 3
(A)Age at maximum larval length (untransformed)
versus length at 30 d. (B) Latency period (untrans-
formed) versus the age at maximum larval length.

remainder were also from a single tank.) Length at
metamorphosis ranged from 5.6 mm to 7.36 mm (6.6
#0.3 mm). Age at metamorphosis ranged from 32 d
to 59 d (42.6 [(£6.7] d). Individual growth rates dur-
ing weeks 14 of the juvenile period were unrelated
to age at metamorphosis (r=0.055, n=52, P=0.71;Fig.
5A). Juvenile growth rates were unrelated to larval
growth rates (r=0.14, n=52, P=0.322; Fig 5B). Because
juvenile growth rates were equivalent, we pooled co-
horts that metamorphosed at different times on the
basis of the number of days after metamorphosis. Co-
efficients of variation for size-at-d postmetamorphosis
were unrelated to postmetamorphic age (weeks 1—4)
and never exceeded 0.08.

Individual juveniles exhibited significantly faster
growth rates during weeks 1-4 than during weeks
5—17 (¢.=9.45, df=17, P<0.0001).
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Larval and juvenile growth for fish reared individu-
ally in both periods. (A) Growth rate from week 0 to
week 3 of the juvenile period versus age at meta-
morphosis. (B) Growth rate from week 0 to week 3
of the juvenile period versus length at 30 d, an in-
dex of larval growth rate.
Discussion

Our data on growth dynamics of larval fishes show
that size at age is highly variable during the larval
period. Patterns in CV’s for size at age demonstrate
that most of the variation upon which selection can
act is found during the early to mid phase of the lar-
val period. Chambers et al. (1988), who analyzed
average growth rates of larvae reared in groups, also
found that CV’s for size at age increased from hatch-
ing to a peak of 0.135 at 28 d and subsequently de-
clined as metamorphosis approached. In this study,
most larval growth occurred during the first 30 d.
Individual larvae that grew most rapidly and reached
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Figure 5
Larval and juvenile growth for fish reared individu-
ally (n=52) as juveniles. (A) Growth rate during
weeks 1-4 of the juvenile period versus age at meta-
morphosis. (B) Growth rate during weeks 14 of the
juvenile period versus average larval growth rate.

the largest size at about day 30, midway through the
larval period, metamorphosed at the youngest ages.
Travis (1981), who reared anuran larvae individu-
ally, also reported that age at metamorphosis was
inversely related to size midway through the larval
period. Despite the nonlinear growth observed, the
length at 30 d and the average larval growth rate
were positively correlated. Thus, the general conclu-
sion (derived from those studies where average lar-
val growth was used and larval growth was assumed
to be linear) that rapid growth reduces the duration
of the larval period is supported (Chambers and
Leggett, 1987; Chambers et al., 1988; Bertram et al.,
1993).
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The relationship between larval growth rate and
larval-period duration, however, may not be straight-
forward. Although larval growth rate is the primary
factor influencing larval-period duration, its effects
appear to be modified by the duration of the latency
period. Larvae that grow rapidly tend to reach maxi-
mum larval length at an early age. However, indi-
viduals that reach maximum larval length at an early
age have a longer latency period than those larvae
that reach maximum length late in the larval pe-
riod. This finding suggests that rapid growth is as-
sociated with a long latency period. Slower-growing
larvae, in comparison, may reach metamorphosis at
a later age but have a considerably shorter latency
period. Moreover, this suggests that metamorphosis
may require a minimum duration, independent of
size. These findings are consistent with Ricklefs’
(1973, 1979) hypothesized tradeoff between growth
rate and the acquisition of mature tissue function in
birds. In this connection, it is noteworthy that a
tradeoff between growth rate and the rate of protein
turnover has been documented for the mussel Mytilus
edulis (Hawkins et al., 1986). Our findings are also
consistent with Balon’s (1990) suggestion that
through epigenetic interactions, individuals within
a clutch may form distinct developmental groups—
some being more altricial and others more precocial.

Growth rate estimates will be biased if mortality
is size dependent. Biased growth-rate estimates will,
in turn, reduce estimates of variation in growth rate.
However, the extent of variability in larval growth
rates reported here are not due to size-dependent
mortality. Our analysis could not detect size-depen-
dent mortality, and there was no reduced variability
in growth until the end of week 4. Survival to meta-
morphosis was relatively high (26 out of 53 [49%]
from family 1) for individuals replaced on day 22.
High survival from day 1 to metamorphosis (175 out
of 400 [44%]) was also observed for group-reared lar-
vae in one of the rearing aquaria for family 3. Impor-
tantly, the CV for size and age at metamorphosis was
similar for the individual and group-reared larvae. The
CV for age at metamorphosis was 0.14 and 0.17 for
individually reared and group reared larvae (n =175),
respectively. The CV for size at metamorphosis was
0.045 and 0.046 for individually reared and group-
reared larvae (n=175), respectively. (Note that the CV’s
for age and size at metamorphosis for the full data set
of group reared larvae [n=205] were indistinguishable
from those reported above for the reduced data set
[n=175]). The similarity of CV’s for age and size at
metamorphosis implies similar scope for variation in
growth rate despite differences in the rearing protocol.

We used a small number of female broodstock. This
small number of fish, however, did not preclude in-

sight into the potential for variation in larval growth
and development at the population and species level.
Previous research on early life history traits in win-
ter flounder has shown that most of the total varia-
tion in metamorphic traits (age and size at meta-
morphosis) occurred within rather than among ma-
ternal families (Chambers and Leggett, 1992). Dif-
ferences between families in the relationship between
size and age at metamorphosis (Chambers and
Leggett, 1987; see below) and length at metamor-
phosis (Chambers and Leggett, 1992, Bertram et al.,
1993), although detectable, appear small in compari-
son with the similarities between families for varia-
tion in age at metamorphosis. Indeed, Chambers and
Leggett (1992) reported that most variation in age
at metamorphosis resided within each rearing
aquarium. The CV’s for age and size at metamor-
phosis reported here are similar to those reported by
Chambers and Leggett (1987) despite differences in
rearing temperatures and origins of broodstock em-
ployed in the two studies. Chambers and Leggett
(1992) developed several qualitative expectations for
parental influences on larval flatfishes. They sug-
gested that parentage is likely to influence larval
traits but that its contribution to the total pheno-
typic variation in larvae is expected to diminish dur-
ing the larval period. In addition, the degree of pa-
rental influence is likely to be trait-specific. The ab-
sence of parental effects on important traits such as
larval-period duration (age at metamorphosis) sup-
ports the potential generality of our results on early
life history traits based on few parents. Moreover, in
the absence of field data, laboratory-based research
such as this represents the only basis for character-
izing and predicting the dynamics of patterns of in-
dividual larval growth and development.

The survival consequences of individual variation
in larval growth and development reported here are
presently unknown. We do not know whether indi-
viduals that grow rapidly and metamorphose at an
early age have a survival advantage over those that
grow more slowly and metamorphose at an older age.
Despite the limited supporting evidence, there has
been widespread acceptance of the hypothesis that
rapid larval growth conveys a survival advantage
because those individuals are large at age and often
have a reduced larval-period duration (Bertram,
1993; Leggett and Deblois, 1994). D’Amours (1992)
tested directly the hypothesis that rapid larval
growth increases survival by using wild 0-group (17—
47 d) Atlantic mackerel, Scomber scombrus. Compar-
ing the otolith microstructure of larvae from one co-
hort captured at two different intervals in time, he
found no evidence of higher survivorship among
faster-growing larvae. In addition, two studies have
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found that larvae that are small at age may, under
certain circumstances, be less vulnerable to preda-
tion than are large members of a cohort (Litvak and
Leggett, 1992; Pepin et al., 1992; Bertram, 1996). In
flatfishes and in other fishes that switch habitats at
metamorphosis, the time of transition is likely to be
associated with high mortality. In recent laboratory
experiments, Whiting and Able (1995) demonstrated
that mortality from shrimp (Crangon septemspinosa)
predation on settled winter flounder (10.1-14.5 mm)
was twice that of presettled individuals (<11 mm).
Bertram and Leggett (1994), however, could detect
no difference in shrimp-induced mortality for winter
flounder that differed in either length or age at meta-
morphosis. In the present study, there was a posi-

3 3 + 4 e e
tive relation between length and age at metamor-

phosis for individually reared winter flounder, but
this trend was not evident from the larger sample of
group-reared fish (see also Bertram et al., 1993).
However, the results may not be strictly comparable
because different families were used for the indi-
vidual and group rearing. Chambers and Leggett
(1987) reported a positive relation between length
and age at metamorphosis for 8 of 18 families of labo-
ratory-reared winter flounder from Newfoundland.
The appropriate experiments have not been con-
ducted to determine whether both large size and old
age at metamorphosis reduce mortality due to pre-
dation. Therefore, to date, there is no firm basis for
interpreting the survival consequences of the indi-
vidual variation in larval growth and development
patterns reported here.

The results of this study are consistent with
Bertram et al.’s (1993) finding that size at age does
not diverge continuously during the larval and juve-
nile periods. Overall, the results show that juvenile
growth rates are parallel, despite differences in lar-
val growth rates and age at metamorphosis. The
parallel nature of juvenile growth rates shows that
slow-growing larvae partially compensated for their
small size at age by increasing their juvenile growth
rates to a greater degree than did fish that grew rap-
idly as larvae. However, the compensatory growth
among slow-growing larvae was not sufficient to
cause convergence in juvenile size at age. If these
growth rates are maintained, differences in size at
age of juveniles that metamorphosed early and late
would remain.

Previous work has shown that growth rates of
group-reared fish were maintained from weeks 1-7
of the juvenile period (Bertram et al., 1993). In the
present study, however, the growth rate of individu-
ally reared juveniles was slower in weeks 5-7 than
during weeks 1-4. There is reason to believe that
food availability was a factor in this difference. Ju-

veniles reared in groups in 7-L containers were ex-
posed to concentrations of 292 prey/d per fish. Juve-
niles reared individually in 0.4-L containers received
100 prey/d because rations were 0.25 Artemia nau-
plii/(mL-d) for both container sizes. Consequently,
food availability may have limited the growth rate
of individually-reared juveniles during weeks 5-7
when fish were relatively large and food require-
ments were maximal.

An important conclusion from this study is that
the insight into the dynamics of larval growth and
development was gained only because the data were
presented as individual-based observations. Although
the CV’s of size at age would have been available if
the weekly length measures of individuals had been
pooled, the underlying growth dynamics and indi-
vidual variability would have been concealed. More-
over, a single “growth” curve fit to such size-at-age
data would not accurately reflect the growth patterns
of individual larvae. In this connection, we point out
that a recent description of winter flounder larval
“growth,” based upon reconstructions of size at age
from otolith microstructure (Jearld et al., 1993), bears
little resemblance to the individual growth trajecto-
ries shown here.

Darwin (1859) wrote: “No one supposes that all
individuals of the same species are cast in the very
same mould”; but it is only recently that fishery sci-
entists have begun to investigate the potential popu-
lation consequences of phenotypic variability in early
life history stages. Because mechanisms controlling
survival and recruitment of fishes operate at the level
of the individual (Crowder et al., 1992), baseline es-
timates on phenotypic variability are required. This
study clearly shows that rearing marine fish larvae
individually in the laboratory can provide such esti-
mates. We have shown that there is considerable
variability in the dynamics of individual larval
growth and development. Studies that examine the
survival consequences of such variability represent
a logical next step in research programs designed to
provide a mechanistic understanding of the factors
that affect survival during fish early life history.
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Abstract.—This study presents ar-
cheological evidence for the presence of
adult bluefin tuna, Thunnus thynnus,
in waters off the west coast of British
Columbia and northern Washington
State for the past 5,000 years. Skeletal
remains of large bluefin tuna have been
recovered from 13 archeological sites
between the southern Queen Charlotte
Islands, British Columbia, and Cape
Flattery, Washington, the majority
found on the west coast of Vancouver
Island.

Vertebrae from at least 45 fish from 8
sites were analyzed. Regression analy-
sis (based on the measurement and
analysis of modern skeletal specimens)
was used to estimate fork lengths of the
fish when alive; corresponding weight
and age estimates were derived from
published sources. Results indicate that
bluefin tuna between at least 120 and
240 cm total length (TL) (45-290 kg)
were successfully harvested by aborigi-
nal hunters: 83% of these were 160 cm
TL or longer. Archeological evidence is
augmented by the oral accounts of na-
tive aboriginal elders who have de-
scribed strategies used until the late
19th century for hunting bluefin tuna.

Despite this information. there are no
20th-century records of adult bluefin
tuna in the northeastern Pacific. Ar-
cheological evidence suggests that ei-
ther perturbations in the distribution
of Pacific bluefin have occurred rela-
tively recently or the specific environ-
mental conditions favoring the move-
ment of large tuna into northeastern
Pacific waters have not occurred in this
century.

Manuscript accepted 4 September 1996.
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Archeological evidence of large
northern bluefin tuna,
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waters of British Columbia and
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Evidence is presented here for the
occurrence of adult bluefin tuna,
Thunnus thynnus, in waters of the
northeastern Pacific, off the coast
of British Columbia and northern
Washington, for the past 5,000
years. The physical evidence con-
sists of archeological remains of
large bluefin tuna harvested by ab-
original hunters. Aboriginal North
Americans of this area (part of the
so-called “Northwest Coast” culture
region) were accomplished seamen
and skilled hunters of marine mam-
mals (Mitchell and Donald, 1988).
Coastal archeological sites through-
out this region often contain abun-
dant skeletal remains of the many
fish and marine mammal species that
sustained human populations over
thousands of years (Calvert, 1980;
Huelsbeck, 1983; Mitchell, 1988).

Skeletal remains of large bluefin
tuna have been recovered from 13
archeological sites. The archeologi-
cal deposits containing tuna date
from at least 5,000 years ago until
the early 20th century. The exist-
ence of bluefin tuna remains from
this region have been previously
reported (McMillan, 1979), but none
were systematically analyzed until
now.

For this study, 78 intact vertebrae
from 8 archeological sites were mea-
sured and the data compared with
those from vertebrae of modern
specimens (specimens from the re-

maining 5 sites could not be exam-
ined, owing largely to difficulties in
retrieving archived specimens but,
in one case, because all skeletal
material had been discarded by
museum staff). Tentative estimates
of the size of the archeological speci-
mens were made by comparing the
size of vertebrae from modern speci-
mens of known length with the size
of vertebrae collected from archeo-
logical deposits. The resulting
length estimates were then used to
calculate weight and age estimates
by using length—weight algorithms
derived from recent data. Data are
presented in a manner that should
facilitate the analysis of any addi-
tional archeological specimens
recovered.

In addition to the results of the
analysis of the archeological mate-
rial, anecdotal evidence is presented
from ethnographic accounts of tuna-
fishing methods related by native
elders of the Mowachaht tribe who
live on the west coast of Vancouver
Island. These recent oral accounts
substantiate and augment the physi-
cal evidence: they describe bluefin
tuna ethology, pinpoint the time of
year that bluefin tuna were present
and confirm that large bluefin tuna
were being harvested in the north-
eastern Pacific until the late 19th
century. The historic evidence for
bluefin tuna occurrence in this area,
although sparse, is also presented.
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The archeological evidence and ethnohistoric ac-
counts are significant because of the absence of mod-
ern records for adult bluefin tuna in the northeast-
ern Pacific. Consequently, the distribution of north-
ern bluefin tuna of all age classes in the Pacific and
all modern records for adults in the eastern Pacific
are reviewed. The addition of historical information
presented here to our present state of knowledge of
modern bluefin tuna distributions has important
implications for our understanding of changing en-
vironmental conditions over time and perhaps also
for determining the impact of 20th-century fisheries
on Pacific bluefin tuna populations.

The distribution of northern bluefin tuna in the Pa-
cific is somewhat enigmatic, especially that of the
adult portion of the population (Foreman and
Ishizuka, 1990; Bayliff, 1994; Smith et al., 1994).
Sexual maturity in Pacific northern bluefin is
reached at about 5 years, and most spawning is re-
ported between April and July in waters off Japan
and the Philippine Islands, and in August in the Sea
of Japan (Bayliff, 1994). Northern bluefin tuna are
transoceanic migrators in both the Atlantic and Pa-
cific; the movements of these fish are largely deduced
by tagging experiments and catches of various age
classes at specific times and locations (Nakamura,
1969; Rivas, 1978; Bayliff, 1994).

Some of the population of Pacific bluefin tuna mi-
grate from the western to the eastern Pacific Ocean
during their first or second year. The proportion of
the population that undertakes this migration ap-
pears to vary from year to year (Bayliff et al., 1991).
These migrating fish spend a period of one to six years
in the eastern Pacific, a sojourn which may or may
not be interrupted by visits to the central or western
Pacific before the survivors return to spawn in the
west (Bayliff, 1994). Adult fish in the Pacific appear
to follow a general pattern of being distributed far-
ther to the west during the spring (when spawning
occurs) and farther to the east in the fall (Bayliff,
1993).

It is not known if all fish return to spawn every
year after sexual maturity is reached. Tagging ex-
periments indicate that although the journey from
west to east may take 7 months or less, the journey
from east to west takes nearly 2 years; therefore there
does not appear to be enough time for mature adult
fish migrating from the eastern Pacific to spawn in
the west every year. In addition, because a few adult
fish have been captured in the eastern Pacific either
just before or after the spawning season, some adults

probably do not return to the western Pacific every
year but rather spend variable lengths of time in the
eastern Pacific (Bayliff, 1994).

Most harvested adult bluefin tuna are caught in
the western Pacific, where they are known to range
as far north as the Sea of Okhotsk at about 50°N
(Bayliff, 1980). Catch records of large bluefin tuna
are noted at feeding areas off northeastern Honshu,
Japan (ca. 40°N), off eastern Taiwan (about 25°N),
and in the central Pacific near the Emperor Sea-
mount (40°N, 175°E) (Nakamura, 1969).

Adult bluefin tuna are considered rare everywhere
in the eastern Pacific; sporadic records have come
from southern California and northern Mexico only.
Although small bluefin tuna (less than 120 cm total
length [TL] and 5-45 kg) are caught regularly off
California and Mexico and somewhat larger fish
(120-160 cm TL and 45-80 kg) occasionally, adults
over 160 cm TL (80 kg) are seldom encountered (Fore-
man and Ishizuka, 1990; Bayliff, 1994).

In the northern portion of the eastern Pacific, few
modern records exist for bluefin tuna. Neave (1959)
mentioned three occurrences in British Columbia
waters during August 1957 and 1958, but no sizes or
numbers were given. These reports came from an
area approximately 200400 miles off the west coast
of Vancouver Island (49°N, 134°24'W; 48°N, 131°06'W;
51°N, 130°W). A 7.5-kg bluefin tuna was caught in a
salmon seine in July 1958, near Kodiak, Alaska, and
on 1 October 1957, bluefin tuna were sighted 80—
100 miles off Cape Flattery, Washington (Radovich,
1961). Sea-surface temperatures off the British Co-
lumbia coast were reported as being warmer than
usual during both years.

I presume (because no sizes are mentioned in the
reports) that these recent northern records are for
relatively small fish of 5-45 kg because this size
range is the most common in the eastern Pacific.
Bluefin tuna larger than 45 kg in the eastern Pacific
are rare enough that they are noteworthy when en-
countered. Although the earliest modern record of a
very large bluefin tuna in southern California ap-
pears to be that of 1899 (Holder, 1913), sporadic oc-
currences of bluefin tuna over 50 kg have been re-
ported since then (Dotson and Graves, 1984; Fore-
man and Ishizuka, 1990).

The largest reported catch of giant bluefin tuna in
the eastern Pacific was made in 1988 (Foreman and
Ishizuka, 1990). Seiners caught an estimated 987
adult bluefin tuna between November and early
January off southern California, including many over
100 kg and some more than 250 kg, including one
that broke California records at 458 kg and 271.2
cm TL. Seiner operators involved in this fishery re-
ported that large bluefin tuna travelled in small
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schools of less than 10 similar-size in-
dividuals, often less than 5 for very large
fish.

Analysis of stomach contents of some
of these fish indicated that they had
been feeding at the surface on chub
mackerel, Scomber japonicus, and the
opalescent inshore squid, Loligo opal-
escens, a strongly phototactic species
(Recksiek and Frey, 1978). Bluefin tuna
are also reported to be phototactic
(Bayliff, 1980). When water tempera-
tures were recorded for these 1988
catches, they indicated lower than av-
erage sea-surface temperatures (mean
14.1°C) for southern California waters
in the eastern Pacific. Bluefin tuna are
generally found associated with water
temperatures of 17-23°C (Bell, 1963).

The commercial catch of such high
numbers of large fish in 1988 has raised
the possibility that adult bluefin tuna
may occur regularly off California but
are only occasionally recognized or ob-
served. Foreman and Ishizuka (1990)
have suggested that small schools of
adult bluefin tuna may go unrecognized
if mistaken for pods of marine mammals
or go undetected if travelling or feeding
at depth. If so, it may be that the condi-
tions that govern their infrequent move-
ment into inshore feeding areas are very

L1335 ¢ 32
3

Charlotte
Islands

50°
49°

48°
132°

131°

131°

Pacific Ocean

130°. 129° 128° 127° 126°- -1%8° ".:_‘.1 2ﬂr_° 123° 12‘.7
. ~ ) = 56"_

T

* %
Barkley Sound

Washington
124°

13
126°

130° 1200 128°  121° 125° | 123°

specific and thus rarely occur.

Figure 1

Map of the Pacific northwest coast of North America, showing the location of
archeological sites from which bluefin tuna, Thunnus thynnus, remains have
been recovered. *indicates samples examined in this study. *1 = FaTt 9 Louscoone
Point; 2 = EISx 1 Namu: 3 = DjSp 1 Yuquot village; *4 = DjSp 3 Yuquot midden:
*5 = DkSp 1 Kupti; *6 = DkSp 3 Tahsis midden; *7 = DiSo 1 Hesquiat: 8 = DfSi
4 Macoah; * 9 = DfSi 5 Ch'uumat’a; *10 = DfSj 23A T'ukw'aa village; *11 = DfSj 23B
T'ukw'aa defensive site; 12 = DhSe 2 Shoemaker Bay; 13 = 45CA24 Ozette village.

Analyses and results

The archeological sample

Vertebrae were examined from 8 of the

13 sites from which remains of bluefin

tuna were found. As is typical for fau-

nal remains recovered from archeological sites, chro-
nological dates for tuna specimens are estimated in
relation to the 14C-dated strata from which they were
recovered: none of the bluefin tuna remains have yet
been dated directly.

The northernmost archeological evidence for the
occurrence of bluefin tuna is from the southern Queen
Charlotte Islands (Fig. 1), whereas Namu on the cen-
tral British Columbia mainland is the oldest known
deposit yielding bluefin tuna remains (dated at 4050—
3050 BC). Bluefin tuna have also been recovered from
sites at Hesquiat Harbour and Shoemaker Bay on
the west coast of Vancouver Island and from the

Ozette site near Cape Flattery, Washington (see Table
1 for more details). Vertebrae are the only traces of
bluefin tuna recovered from the above sites, and only
specimens from the Hesquiat Harbour and Queen
Charlotte Islands were available for analysis.
Archeological excavations at four sites each in both
Nootka and Barkley Sounds on the west coast of
Vancouver Island also yielded bluefin tuna remains
and, in contrast to other area sites, both vertebral
and nonvertebral skeletal remains are represented.
Neither scales nor otoliths, however, were found.
Tuna were reported from all strata of the 1966 exca-
vation at the village of Yuquot on Nootka Sound
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Table 1

Archeological sites from which bluefin tuna,Thunnus thynnus, remains have been recovered, with excavation information, dates,
references and numbers of remains reported that could not be analyzed in this study.

Area and site no. Description of site and excavated remains

Queen Charlotte Islands and the North Coast, British Columbia

1(FaTt 9) Louscoone Point village, Kunghit Haida territory; 52°08'N, 131°14'W; small test excavation 1985
(Wigen’:Acheson?); from deposits dated ca. AD 800—ca.1800.
2 (ElSx 1) Namu village, Bella Bella territory; 51°52'N, 127°52'W; major excavation 1969-71; from deposits dated

4050-3050 BC (Cannon, 1991); 1 vertebra reported.

Vancouver Island, British Columbia
Nookta Sound area sites, Mowachat territory: ca. 49°40'N, 126°37'W

3 (D;Sp 1) Yuquot village; major 1966 excavation; from all deposits 2300 BC— AD 1880 (McMillan, 1979);
87 vertebral and nonvertebral specimens reported.
4 (DiSn ) Vuguoct fishine station: from surface ccllection 1088:n0 dates {Marshall®)
EIRE A g e AMYAVY dipiiiiie, DU ViUALy LA VILL DUl IUuVL VVILVLLIVLL LU, iV} uauca \L'l.ﬂl Dl Qi1 f.
5(DkSp 1) Kupti village; small 1968 excavation; from deposits ca. AD 1260-1460 (Marshall®).
6 (DkSp 3) Tahsis Inlet midden; from 1990 shovel test; no dates (Marshall®).
7 (DiSo 1) Hesquiat village, Hesquiat territory; 49°24'N, 126°28'W; major 1973-75 excavation; from deposits dated

AD 1230-1430 (Calvert, 1980).

Barkley Sound area sites, Toquat territory; ca. 49°N, 125°20'W; 1991-93 excavations (McMillan and St. Claire?)
8 (DfSi 4) Macoah village; bluefin from upper levels of deposits dated 2460 BC—ca.AD 1880.
9 (DfSi 5) Ch'uumat’a village; bluefin from deposits dated ca. AD 1370.

10 (DfSj 23A) T'ukw’aa village; bluefin tuna from deposits dated AD 760-1310.

11 (DfSj 23B) T'ukw'aa defensive site; bluefin tuna from deposits dated AD 1175-1880 .

12 (DhSe 2) Shoemaker Bay, Tseshaht territory; 49°15'N, 124°49'W: major 1973/74 excavation; from deposits dated
AD 500-820 (Calvert and Crockford, 1982); 17 vertebrae reported.

Olympic Peninsula, Washington State

13 (45CA24) Ozette village, Cape Alava; Makah (Nuu-chah-nulth subdivision) territory; 48°10'N; 124°44'W; major
1971-80 excavation; from house floor deposits dated AD 1510 (Huelsbeck, 1983); 2 vertebrae reported
(one modified).

1 Wigen. R. J. 1990. Identification and analysis of vertebrae fauna from eighteen archaeological sites on the southern Queen Charlotte Islands.
British Columbia Heritage Trust, 800 Johnson St. Victoria, British Columbia, Canada VBW 1N3. Unpubl. rep., 79 p

2 Acheson, S. 1992. Archaeology Branch. British Columbia Ministry of Small Business, Tourism, and Culture, 800 Johnson St., Victoria, British
Columbia, Canada VEW 1N3. Personal commun.

3 Marshall, Y. M. 1990. The Mowachaht archaeology project, phase 1, 1989. Archaeology Branch, British Columbia Ministry of Small Business,
Tourism, and Culture. 800 Johnson St.. Victoria, B.C., Canada VEW IN3.

¥ See Footnote 3 in the main text of this paper.

(dated from about 2300 BC to ca. AD 1880), making
this the longest continuous record of Thunnus oc-
currence in the region (McMillan, 1979; Marshall,
1993). Unfortunately, these specimens are archived
in Ottawa and could not be retrieved easily for analy-
sis: three other small excavations undertaken dur-
ing 1968 and 1990 at sites along Nootka Sound, how-
ever, recovered remains of bluefin tuna and these speci-
mens were available for inclusion in this analysis.

It is pertinent to mention that all fish remains from
the 1966 excavation of the village at Yuquot were
identified to genus level only (McMillan, 1979), per-
haps giving the impression that the tuna remains
might be albacore (7. alalunga), a species that oc-

curs regularly in the eastern Pacific (Hart, 1973).
However, crew working on the excavation of Yuquot
reported that remains of some very large fish were
recovered (Dewhirst!). According to the literature
(and in my own twenty years experience analyzing
faunal remains from this area), albacore have never
been reported from any archeological site in British
Columbia. Moreover, albacore rarely, if ever, exceed 50
kg; it therefore seems unlikely that Thunnus remains
from Yuquot are albacore rather than bluefin tuna.

! Dewhirst,J. 1992. Archeo Tech Associates, 1114 Langley St.,
Victoria, British Columbia, Canada V8W 1W1. Personal
commun.
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Table 2

Calculated fork lengths (em) and estimated weights (kg) of comparative specimens—USNM catalog numbers 269001, 269004,
268964, 269002 (Nankai collection numbers 1, 2, 3, 6) National Museum of Natural History (NMNH), Smithsonian Institution.

Nankai 1 Nankai 2 Nankai 3 Nankai 6

269001 269004 268964 269002
Skull length (cm) 26.2 25.3 23.5 28.5
Total of vertebral lengths (1-39 cm)? 148.1 124.1 121.2 146.9
Total skeletal length (SL) (cm) 174.3 149.4 144.7 175.4
Estimate of intervertebral cartilage—40 spaces 20.0 20.0 20.0 20.0
Estimate of snout and tail flesh (cm) 10.0 10.0 10.0 10.0
Estimated fork length (cm) 204.3 179.4 174.7 205.4
Estimated weight (kg)® 184 130 121 187

2 Foreman and Ishizuka, 1990; 184.

! All measurements available from the author or NMNH, Smithsonian Institution.

Recent excavations at four locations along Toquart
Bay in Barkley Sound on the west coast of Vancouver
Island have recovered relatively large numbers of
both vertebral and nonvertebral bluefin tuna skel-
etal remains. Full analysis of this material is still in
progress: only a few of the nonvertebral remains have
been examined thus far. All vertebrae, however, are
included in this study.

Modern skeletal samples

In order to estimate the size of fish represented by
isolated vertebrae from archeological samples, it was
necessary to determine the size relationship between
individual vertebrae and the corresponding fork length
in modern samples of the fish. Measurements taken
from the vertebrae of modern skeletal specimens of
known-size fish of comparable size were used for this
purpose (Casteel, 1976; Wheeler and Jones, 1989).
Recent skeletal specimens of large (160 cm TL and
over) Pacific bluefin tuna were found to be extremely
rare, and the only known specimens had, unfortu-
nately, no corresponding size data (length or weight);
therefore fork lengths (snout to fork of the tail) had
to be estimated for these specimens as well. Fortu-
nately, these four recent specimens of bluefin tuna
(loaned by B. Collette, Museum of Natural History,
Smithsonian Institution, Washington, D.C.) have
skulls that are still articulated, and it was possible
to determine a “skeletal length” for these specimens
(Table 2). The skeletal length is defined as the basal
length of the skull plus the combined lengths of all
39 vertebrae. The vertebral column of the compara-
tive specimens had been sawed into sections during
skeletal preparation, sometimes by cutting through

a centrum. Vertebra no. 30, either by itself or with
portions of no. 29 and no. 31 attached, was appar-
ently removed from the specimens at some point and
not returned. Estimates of the length measurements
of all three of these vertebrae were used in the re-
gression equations. These four fish appear to be the
only disarticulated skeletal specimens of large Pa-
cific bluefin tuna available for analysis (however,
several museums have reconstructed skeletal speci-
mens of large individuals on display). All raw data
for these specimens are available on request from
the author and are also on file at the National Mu-
seum of Natural History, Smithsonian Institution.

In order to estimate a fork length from the skel-
etal length for these comparative specimens, I as-
signed a value of 0.5 cm to the intervertebral carti-
lage (40 spaces, 20 cm total) and an additional 5 cm
each for flesh on the snout and the tail. These values
consistently added 30 ecm to the measured skeletal
length and yielded an estimated fork length. This
method was chosen so that if a more accurate deter-
mination of the “soft tissue” component of the fork
length of bluefin tuna is subsequently developed, the
estimates given in this report can be easily adjusted.

The vertebral centrum length and breadth mea-
surements from the four comparative specimens
(Fig. 2) were used in single (least-squares) regres-
sion equations for each of the 39 vertebrae in the
spinal column by using logarithmic transformations
of vertebral and skeletal length measurements to de-
termine their linear relationship. Because the size
and shape of vertebrae change (sometimes quite dra-
matically) over the length of the fish, it was neces-
sary to calculate a separate algorithm for each ver-
tebra in the spinal column.
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Table 3 presents the resulting values for the rela-
tionship between the greatest centrum length, GL,
and greatest proximal centrum breadth, GB(p), to
the skeletal length, SL, for the recent specimens as
calculated by regression analysis. In this table, some
values are missing or are based on only 3 specimens
owing to the original preparation of the comparative
skeletons. Standard deviations and confidence lim-
its are not given but are available on request.

Size determination of archeological
specimens

The standard formula used to estimate the size of
fish represented by the archeological specimens is
given by Casteel (1976, p. 96) as: log (fork length) =
a + b x log (GL or GB). The constant (a) and the
slope—or x coefficient —(b) are taken from Table 3
(i.e. the values derived from the comparative speci-
mens), and the logarithm of the greatest length, GL,
or proximal breadth, GB(p), from each archeological
specimen (Table 4).

proximal

Figure 2

Definitions of vertebral measurements taken from both
comparative and archeological specimens of bluefin tuna.
Greatest length (GL): maximum length of the centrum,
taken at the lateral midpoint with digital calipers and
measured to the nearest mm. Greatest breadth (GB) =
maximum breadth of the centrum, taken at the lateral mid-
point of the proximal face, GB(p), and distal face, GB(d),
taken with digital calipers and measured to the nearest
mm. Radius (R) = the maximum distance from the center
of the cone to the edge, of the proximal face, R(p), and dis-
tal face, R(d), taken at the lateral midpoint. This measure-
ment was taken with a plastic ruler cut diagonally to fit
into the cone of the centrum; in this way the amount of growth
from the center of the cone to the sharp raised ridge at the lip
of the centrum was measured to the nearest 0.5 mm.

Casteel (1976) noted that although the regression
method is the most accurate way to estimate fish
length from bone size, these length estimates always
vary somewhat between vertebrae from the same
individual, even when the predictive value (r) of the
equation is high. When both length and breadth
measurements were available for an archeological
specimen, the measurement that produced the length
estimate with the highest correlation coefficient (r)
value for that individual was used to represent that
fish. Alternatively, an average of all available mea-
surements could have been made, although this
method allowed both comparative and archeological
specimens to be treated similarly.

The method used in the present study required that
vertebral specimens be identified to exact column
position. This can be problematic for archeological
specimens because several of the centra in the ver-
tebral column are almost identical and because ar-
cheological specimens may often lack diagnostic neu-
ral or haemal arches and spines. However, an archeo-
logical specimen can almost always be defined to a
small range within the column (e.g. vertebrae num-
bers 14-16). Vertebrae not identified to exact posi-
tion were found to be so similar in size and propor-
tion to adjacent vertebrae that they could be treated
as interchangeable for the purpose of the estimations
attempted here. Where the exact position of an ar-
cheological specimen was uncertain (which occurred
for less than one third of the specimens examined),
the number of the vertebra used to calculate the size
estimates is given in parentheses, e.g. (15).

Table 4 presents all archeological vertebrae mea-
sured (by vertebra number) and the length estimates
derived from them. Where eroded edges prevented
accurate measurement, an estimate was taken if it
was likely to be accurate to within 1 mm. A total of
78 vertebrae were measured, representing at least
45 individuals. Several vertebrae were found at-
tached (occasionally in articulated position) or could
potentially have belonged to the same individual by
virtue of similar size and proximity within the ar-
cheological deposit (this is a standard assumption
for determining the minimum number of individu-
als represented by skeletal remains recovered from
archeological contexts). Radius measurements of
these specimens were also taken (because this di-
mension is preferred by some researchers for ageing
purposes) but are not reported or used in the calcu-
lations. All measurements are available on request
from the author.

The fork-length estimates for the archeological
sample listed in Table 4, as for the comparative skel-
etons, are derived by adding 30 cm to the estimated
skeletal length to yield a fork length (to account for
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Table 3
Regression analysis values: log of vertebral lengths, GL, and proximal breadth, GB(p), vs. log of skeletal length, SL, of 4 modern
bluefin specimens (USNM 269001, 269004, 268964, 269002). NA = not applicable. Number of observations=4 (*=3); Degrees of
freedom=2 (*=1).
Constant X Coefficient r value Constant X Coefficient r value
Vertebra no. GL GL GL GBtp) GB(p) GBip)
1 4.8553 0.7814 0.903 NA NA NA
2 4.6692 0.8328 0.881 3.8396 0.9154 0.892
3 4.4210 0.9155 0.917 4.0180 0.8634 0.945
4 4.6286 0.8486 0.901 4.4710 0.7433 0.965
5 5.2932 0.6351 0.908 4.5377 0.7295 0.997
6 4.9966 0.7257 0.933 4.6478 0.7096 0.981
7 4.2052 0.9593 0.992 4.3649 0.8043 0.970
8 4.1994 0.9492 0.932 4.0022 0.9111 0.970
9 4.6598 0.8064 0.955 3.9509 0.9272 0.985
10 4.7950 0.7543 0.928 3.9373 0.9300 0.994
11 3.9914 0.9810 0.993 3.8234 0.9561 0.996
12 5.3210 0.5964 0.908 4.2293 0.8463 0.985
13 4.6473 0.7785 0.971 4.3599 0.8081 0.994
14 4.4486 0.8287 0.983 4.0404 0.8918 0.992
15 4.5968 0.7815 0.954 4.4404 0.7807 0.988
16 4.6118 0.7746 0.991 4.4515 0.7768 0.986
17 4.2226 0.8808 0.972 4.3918 0.7903 0.989
18 3.5879 1.0526 0.962 4.3059* 0.8088* 1.000
19 4.3551 0.8328 0.997 4.2695 0.8175 0.988
20 4.3449 0.8360 0.994 4.4124 0.7797 0.983
21 41621 0.8809 0.985 4.3422 0.7963 0.987
22 4.2308 0.8604 0.987 4.2783 0.8129 0.991
23 5.1630* 0.5922* 0.705 NA NA NA
24 4.3756 0.8189 0.987 4.4521 0.7663 0.989
25 4.2320 0.8561 0.989 4.1347 0.8494 0.988
26 4.0288 0.9085 0.997 4.2699 0.8127 0.975
27 3.8883 0.9387 0.995 4.4668 0.7626 0.984
28 3.8464 0.9475 0.996 3.9946 0.8854 0.993
29 3.4217 1.0551 0.976 4.1875 0.8305 0.979
30 4.0737 0.8741 0.937 4.1472 0.8386 0.999
31 3.6730 0.9715 0.886 NA NA NA
32 4.0061 0.8852 0.876 NA NA NA
33 4.5576 0.7398 0.859 3.7206 0.9430 0.995
34 5.1867 0.5850 0.598 3.9220 0.9076 0.998
35 5.6621 0.4777 0.595 4.3345 0.8317 0.976
36 5.3978 0.5952 0.942 5.8817* 0.4347* 0.713
37 5.7937 0.6068 0.921 3.5138 1.1630 0.990
38 6.2246 0.5138 0.862 3.1768 1.3458 0.988
39 3.7247 0.9270 0.901 4.5084 0.9313 1.000

intervertebral cartilage [20 cm] and flesh on the snout
and tail [10 cm]). Weight estimates have been calcu-
lated from the formula derived by Foreman and
Ishizuka (1990) for large Pacific bluefin and are pre-
sented in Table 5.

Age estimations included in Tables 5 and 6 are
compiled from data presented by Bayliff (1994) that
was based on fork-length estimates. However, Hales
and Reitz (1992) cautioned that age data determined

from modern population samples may differ from
prehistoric populations. They report a distinct change
in growth rates over time for Atlantic croaker,
Micropogonias undulatus (Perciformes: Sciaenidae),
from Florida, a change determined from the analy-
sis of otolith growth increments from prehistoric
samples. Compared with modern populations, croak-
ers from populations of several centuries ago grew
more slowly and lived much longer.
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Although the results of the croaker study suggest
that modern data relating size to age may not accu-
rately predict the age of prehistoric fish specimens,
no data are currently available to address this phe-
nomenon for any population of bluefin tuna. Should
bluefin tuna be shown to exhibit the same pattern
as croaker, the archeological specimens of bluefin
tuna reported here would actually represent fish
older than those predicted by this analysis. However,
length measurements were converted to age and
weight estimates in this study primarily so that com-
parisons could be made with modern tuna distribu-
tion data, which are often reported by age class or

weight. The critical point was to establish whether
adult, rather than juvenile, tuna were more abun-
dant in the archeological sample, because these age
classes display distinctive behaviors and, more im-
portantly, have different ecological requirements.

Size of bluefin tuna represented by the
archeological sample

Table 5 presents the final length, weight, and age
estimates of bluefin tuna by geographic area. By far
the majority of fish within the total sample (83%)
were at least 6 years or older, ranging between 160

Table 4

Archaeological bluefin tuna vertebrae measurements and fork length estimates, by vertebrae number. All specimens. Measure-

ments are defined in Figure 2.

Vertebra Centrum Centrum Estimated Vertebra Centrum Centrum Estimated
no. GL (mm) GB(p) (mm) FL (em) no. GL (mm) GB(p) imm) FL (cm)
01 27.0 44.4 198.7 21 38.3 45.1 189.6
02 26.3 48.2 1915 22 39.2 44.8 189.6
04 22.5 39.6 164.7 22 39.2 46.5 188.6
04 31.6 65.1 224.9 24 39.4 47.5 193.5
05 27.1 58.7 2124 24 45.1 195.3
06 30.8 58.9 218.2 25 40.8 48.3 209.8
09 25.6 34.4 168.2 26 40.1 47.6 194.8

(09) 48.7 220.8 (28) 30.2 35.9 190.7
(09) 22.3 30.5 153.6 29 33.7 36.3 159.3
(10) 33.4 45.0 206.7 29 45.3 49.5 155.3
1 24.4 34.6 165.5 29 50.3 58.2 201.1
(1 31.0 37.8 177.5 30 28.1 320 221.1
(12) 35.0 200.5 30 36.7 1385
(12) 36.7 46.5 206.9 30 38.3 44.0 167.1
(12) 34.9 419 192.0 30 46.7 172.3
14 33.5 187.0 30 473 50.0 199.2
(14) 33.9 40.9 185.4 30 475 51.2 201.1
(14) 34.1 42.0 189.3 31 48.6 52.8 201.7
(14) 325 42.1 189.7 31 52.7 53.8 201.3
(14) 27.7 32.8 157.8 32 41.7 45.6 215.3
15 354 42.5 1884 32 43.7 179.3
(15) 314 42.5 188.4 32 49.7 54.4 185.6
16 35.9 45.6 191.2 33 26.6 27.0 204.4
16 36.1 429 191.9 33 43.8 44.8 122.4
(16) 31.3 35.4 175.0 33 445 47.2 178.9
(16) 33.8 40.9 183.9 33 44.7 45.6 186.5
(16) 40.2 47.2 206.0 33 479 53.9 1814
(16) 41.2 51.8 209.4 33 52.2 53.7 207.3
17 36.0 428 187.3 33 53.7 55.2 206.7
17 37.5 473 200.2 34 48.1 211.3
(17) 37.0 43.9 190.4 34 48.2 202.4
(17) 38.2 44.2 191.3 35 412 420 202.6
18 37.2 46.5 195.4 36 30.5 200.8
(18) 26.8 324 153.5 38 11.9 28.2 198.9
19 394 472 196.0 38 16.5 31.8 210.3
(19) 27.2 32.7 151.9 39 23.0 243.2
20 35.5 445 1824 39 19.5 198.3
(20) 38.0 45.0 191.3
(20) 443 54.0 213.4
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Table 5
Archeological bluefin tuna length and age estimates, per individual represented, listed by geographic area. The length estimate
associated with the highest correlation coefficient (r) for individuals represented by several elements is used here. See Figure 1
for locations.

Estimated Estimated Estimated
Specimen Site Vertebra fork length’ weight? age class®
no. no. no. (cm) (kg) (yr)
Barkley Sound, Vancouver Island, n = 36
52 DfSi5 33 122.4 47 4
84 DfSj23a 30 1385 65 5
51 DfSi5 (19) 151.9 83 5-6
54 DfSj23a (18) 153.5 86 56
59 DfSj23a 29 155.3 88 5-6
30 DfSj23a (14) 157.8 92 5-6
58 DfSj23a 11 165.5 105 6
25 DfSi5 30 167.1 107 6
55 DfSj23a 09 168.2 109 6
85 DfS;j23a 30 172.3 117 6-7
83 DfSj23a (16) 175.0 122 6-7
49 DfSi4 33 178.9 129 6-7
56 DfSj23a 33 181.4 134 7
48 DfSj23a (16) 183.9 139 7
61 DfSj23a 33 186.5 144 7
39E DfSi4 17 187.3 146 7
36C DfSi4 22 188.6 149 7
47 DfSi4 (14) 189.3 150 7
60 DfSj23a (14) 189.7 151 7
69F DfSj23b 26 190.7 153 7
86 DfSi4 (20) 191.3 154 7
87 DfSj23a 02 191.5 155 7
57 DfSi5 01 198.7 171 7-8
26 DfSj23b (12) 200.5 175 7-8
32 DfSi4 30 201.1 176 7-8
24 DfSj23a (16) 206.0 188 8
44 DfSj23a 33 206.7 190 8
31 DfSj23a (12) 206.9 190 8
68 DfSj23a (16) 209.4 197 8
45A DfSi4 24 209.8 198 8
64 DfSj23a 05 212.4 204 8
67 DfSj23b 31 215.3 212 8
63 DfSi4 06 218.2 219 8
72 DfSi4 (09) 220.8 226 8-9
66 DfSi4 29 221.1 227 8-9
80 DfSj23a 38 243.2 293 9-10
Hesquiat Harbour, Vancouver Island, n = 2
21 DiSol 32 186.0 143 7
20 DiSol (20) 213.4 207 8
Nootka Sound, Vancouver Island, n = 6
NA DkSp1 (28) 159.0 94 5-6
NA DkSpl (11) 177.0 125 6-7
1 DjSp3 39 198.3 170 7-8
3E DkSpl 36 198.9 171 7-8
4 DkSpl (10) 206.7 190 8
2 DkSpl 38 210.3 199 8
Queen Charlotte Islands, n =1
15E FaTt9 19 196.0 165 7-8

1 All raw data and calculations available from the author.
2 Log (weight, kg) = (-9.02408) + 2.6767 x log (length, cm) (Foreman and Ishizuka, 1990).
3 After Bayliff 1994a: 246.
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Table 6
Distribution of estimated age and size classes of bluefin
tuna harvested within the Barkley Sound area only, based
on archeological remains from Barkley Sound area sites.

Estimated fork Number of Estimated
length (cm) individuals age class (yr)!
120-129 1 4
130-159 5 5-6
160-179 8 6-7
180-199 11 7-8
200-219 8 8
220-239 2 8-9
240-260 1 9-10
‘Total = 36

1 After Bayliff, 1994a: 246 (data for vertebrae only).

and 240 cm TL and between approximately 96 to 293
kg in weight. The youngest fish was estimated at 4
years (120 cm TL) and the oldest between 9 and 10
years (240 cm TL). Of the total sample of 45 indi-
viduals, 36 were recovered from the Barkley Sound
area on the southwest coast of Vancouver Island, and
the range of sizes from that area is summarized in
Table 6. The relative size range of the bluefin tuna
vertebrae harvested from Barkley Sound is shown
pictorally in Figure 3.

Ethnographic and historic information

Information from ethnographic sources substantiates
and augments archeological evidence indicating that
large bluefin tuna were present and harvested by
Nuu-chah-nulth people of Vancouver Island well into
the 19th century. Elders of the Mowachaht group
from Nootka Sound on Vancouver Island have con-
tributed invaluable details about tuna hunting strat-
egies employed by their elders, some through inter-
views with Richard Inglis of the Royal British Co-
lumbia Museum, Victoria, British Columbia during
1991 and 1992 (Inglis?). These accounts represent
the only ethnographic description of aboriginal tuna
hunting on the northwest coast (McMillan, 1979).
Pertinent details that substantiate the occurrence
of adult bluefin tuna during the historic period are
presented here.

The month of August is said to have been the time
when tuna could be found feeding at the surface in
inshore waters (sea-surface temperatures during Au-
gust usually average about 14°C [Sharp, 1978]). The
occurrences of large tuna were apparently preceded
and accompanied by recognizable changes in water
and weather conditions and by a unique set of asso-
ciated fauna. Tuna traveled well inside Nootka Sound
into protected inlets and were harpooned at night as

2 Inglis, R. 1993. British Columbia Ministry of Aboriginal Af-
fairs, #100-1810 Blanchard St., Victoria, British Columbia,
Canada V8V 1X4. Personal commun.

Figure 3
Selected vertebrae from Barkley Sound archeological deposits. See Figure 1 for locations. (A)
Specimen no. 44, vertebra no. 33; site DfSj 23a; length ca. 210 cm; (B) Specimen no. 61, vertebra
no. 33; site DfSj 23a; length ca. 190 cm; and (C) Specimen no. 52, vertebra no. 33; site DfSi 5;
length ca. 120 cm.
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they fed at the surface in shallow inshore waters (lo-
cated by spotters positioned on nearby cliffs). Biolu-
minescent plankton present in the water made the
big fish especially visible at night, even from a distance.

A fire was sometimes built in the bow of the
hunter’s canoe to attract the fish to within spearing
distance, a strategy called “pit-lamping.” Another
method was to paddle the canoe quickly away from
an area where tuna were spotted: the canoe created
a path of light as it moved through the biolumines-
cence. The tuna would follow the light, right up to
and under the canoe, and were harpooned as they
emerged at the bow. The word for tuna (“silthkwa”)
means “like the bow wave made by a boat,” and un-
doubtedly reflects their surface-feeding behavior.
These tuna were always referred to as “big fish, 6 to
8 feet (ca. 180-244 cm TL) long.”

George Louis of the Ahousat Band was about 80
years old when interviewed in 1992. He said that his
father told a story about the tuna hunting he ob-
served as a small boy (perhaps when about 10 years
old) sometime between 1880 and 1890. No official
records or unofficial accounts have been found which
indicate that large tuna have been observed in Brit-
ish Columbia waters since that time. Large bluefin
tuna were captured, however, by sport anglers dur-
ing the 1890’s in southern California (Holder, 1913).

The only written reference to tuna found to date
in the historic record is a footnote in the account of a
meeting between George Vancouver and Bodega y
Quadra at Nootka Sound in 1792. Mention is made
of a porpoise and tuna stew (“large Tunny and a
Porpus”) being served during a feast given in their
honor by Nuu-chah-nulth chief Maquinna on 4 Sep-
tember 1792 (Lamb, 1984, p. 304). There is, of course,
no way of knowing if the “tuna” was bluefin tuna,
some other tuna species, or some other taxon alto-
gether. The capture of porpoise, however, would have
required similar hunting skills and equipment as
those described above for bluefin, and both could have
been caught during a single hunting expedition. “Por-
poise” remains are reported from a number of coastal
shell middens (Mitchell, 1988) and are most likely to
be either harbour porpoise, Phocoena phocoena,
white-sided dolphin, Lagenorhyncus obliquidens, or
Dall’s porpoise, Phocoenoides dalli (Leatherwood et
al., 1988). Moreover, bluefin tuna (even very large
ones) would have been quite familiar to the Europe-
ans exploring the coastal waters of British Colum-
bia because the similar Atlantic subspecies occurs in
European coastal waters. In marked contrast to the
many unknown species regularly encountered by
explorers in the north Pacific, large bluefin tuna
might have been so familiar that they did not war-
rant special comment.

Discussion

Archeological evidence and potential
sampling bias

The archeological remains described above represent
a size class of bluefin tuna previously unknown in
the northern portion of the eastern Pacific and con-
stitute a small but valuable biological sample of the
ancient population. However, some of the cultural
and taphonomic (postdepositional) influences that
affected the sample must be considered before eco-
logical or zoogeographic interpretations can be made.

The archeological shell middens from which the
bluefin tuna specimens have been recovered are es-
sentially garbage dumps created over many centu-
ries by the disposal of food and other household
waste. The calcium carbonate leaching from abun-
dant shellfish remains in these midden deposits ef-
fectively neutralizes acids in the soils that would oth-
erwise rapidly destroy bone. Preservation of verte-
brate skeletal remains is often excellent under these
conditions, even after several thousand years.

The bones of animals recovered during archeologi-
cal excavation of a shell midden represent a very
small portion of the animals harvested by aboriginal
people. Many processes operate on the carcass of a
harvested animal to reduce the number of bones that
might eventually be discarded into a midden (Davis,
1987; Lyman, 1994). These include butchering meth-
ods, distribution of edible parts (sharing), cooking
procedures, and consumption of the edible portions.
Some bones may have been set aside for tool or orna-
ment manufacture (only one piece of altered bluefin
tuna has been recovered: a vertebra fashioned into a
spool, from the Ozette Village site in Washington).
Moreover, scavengers, especially dogs and birds, may
have removed or destroyed parts of a carcass so that
in the end only a few bones from any given animal
are represented in the midden. Finally, only small
portions of most large midden deposits are actually
excavated by archeologists, further reducing the
sample of harvested animals available for archeo-
zoological analysis (Ringrose, 1993, for detailed dis-
cussions of these issues; Lyman, 1994). For example,
the remains of the 36 individual bluefin tuna recov-
ered from Barkley Sound (Table 6) represent an em-
pirically undeterminable fraction of what was actu-
ally harvested and consumed by the aboriginal people
in that area. In addition, the number of fish success-
fully landed constituted a very small proportion of
the available population of bluefin tuna. Presumably
only a few bluefin tuna would have been actively
pursued and some of these would invariably have
been lost during the hunt. Thus, even if only one gi-
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ant bluefin tuna was successful harvested every few
seasons by native hunters, this could still constitute
evidence of a significant population of tuna available
as a local resource.

Unfortunately, the time interval between catches
of bluefin is not precisely determinable from the
dated archeological deposits; it is impossible at this
time to determine if catches were made annually,
every 10 years, or every 100 years. Although expen-
sive, the use of accelerator *C-dating methods on
small samples of bluefin tuna remains is the only
way to determine a more precise time frame. The
remains of bluefin tuna recovered from Barkley
Sound during several recent field seasons are per-

haps the best candidates for future analysis because
there are many vertebral and nonvertehral skoletal
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elements and the remains appear to represent less
than 2,000 years of harvesting activities (McMillan
and St. Claire?®).

Geographic range of prehistoric bluefin tuna
remains

As discussed at greater length previously (Crockford,
1994), it appears probable that the ability to hunt
large Pacific bluefin tuna was strongly correlated
with native groups who were capable of active whal-
ing. This possible correlation with active whaling
rather than with the use of so-called “drift” whales
(which die naturally and are fortuitously encountered
at sea or as beached carcasses) is important. No other
archeological sites in western North America or
northeastern Asia appear to contain remains of large
bluefin tuna. No large bluefin tuna have been re-
ported from sites in southern California where adult
tuna are occasionally taken today, although the re-
mains of other large fish, such as marlin, have been
identified and large marine mammals, such as sea
lions, were clearly taken (Moratto, 1984; Raab?). We
cannot assume, however, that large bluefin tuna were
not present in southern California waters during
prehistoric times because a lack of whaling technol-
ogy may have prevented aboriginal Californians from
harvesting such a resource.

In northern Japan, active whaling is not clearly
indicated by the archeological record although hunt-
ing of sea lions and other large marine mammals was
practiced. Large bluefin tuna remains have not been

3 McMillan, A. D., and D. E. St. Claire. 1992. The Toquart ar-
chaeology project: report on the 1992 excavations. Archaeology
Branch, British Columbia Ministry of Small Business, Tourism
and Culture, 800 Johnson St. Victoria, British Columbia,
Canada VBW IN3: permit 1991-46. Unpubl. rep., 100 p.

4 Raab, M. 1994. Anthropology Department, California State
University, Northridge, CA 91330. Personal commun.

reported from archeological sites bordering the Sea
of Okhotsk and the Sea of Japan where large bluefin
tuna occur today (Niimi, 1994; Otaishi, 1994), but it
appears that not many large sites in these areas have
been excavated. As in the case for California, it would
be inappropriate, given the absence of evidence for
an active whaling technology, to suggest that adult
bluefin tuna were absent in Japanese waters during
prehistoric times.

In contrast, the recovery of large bluefin tuna
among dated archeological deposits that span almost
5,000 years is evidence that the occurrence of adult
bluefin tuna off the British Columbia coast was
longstanding. Clearly, large bluefin tuna were a re-
source consistently (if sporadically) available to ab-
original people on the central northwest coast until
relatively recently. The Nuu-chah-nulth people, in
particular, were especially adept at using this re-
source, and their material culture included large sea-
going canoes, detachable harpoon heads, braided
ropes, and floats required for the successful hunting
of both whales and large tuna (Huelsbeck, 1983;
Mitchell and Donald, 1988). Archeological remains
are, by inference, invaluable indicators that the en-
vironmental conditions that favored the presence (i.e.
the inshore surface-feeding behavior) of bluefin tuna
must have existed off the coast of British Columbia
as a recurring pattern for at least 5,000 years.

Implications

The lack of reports of adult bluefin tuna off the Brit-
ish Columbia coast since the late 19th century may
be due to several factors, including the impact of 20th-
century fisheries in both the eastern and western
Pacific, the association of large bluefin in northern
waters of the eastern Pacific with very specific envi-
ronmental conditions that have not recurred since
the late 19th century, and the misidentification of small
schools of large bluefin tuna as marine mammals.

Although relative abundance records over the past
100-150 years are not available for Pacific bluefin
tuna, it has been shown for other species that when
abundance decreases, the range of a species often
contracts (Kawasaki, 1991). In order to investigate
how 20th-century fisheries may have impacted abun-
dance and thus the distribution of bluefin tuna, a
comprehensive record of the history of the bluefin
tuna fishery as conducted by all nations throughout
the north Pacific would be needed. This is especially
true for Japanese waters because of the use there of
large-scale harvesting methods.

It is also possible, however, that short- or long-term
(or both) changes in environmental conditions may
be affecting bluefin tuna distributions in the east-
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ern Pacific (Rothschild, 1991). Hubbs (1948) partially
addressed this issue in his presentation of evidence
that mean water temperatures in southern Califor-
nia were warmer in the mid-to-late 1800’s (1850-80).
Such water temperatures appeared to be associated
with distinctly tropical fauna that no longer occur so
far north. This period corresponds roughly to that
mentioned in the northwest coast ethnographic ac-
counts as the last time when large tuna were hunted
and may reflect a recurring pattern of occasional
warm periods along the whole coast of North America.

Because the surface-feeding behavior of large blue-
fin tuna makes them very conspicuous in inshore
waters, it would be extremely unlikely for adult tuna
to go totally unnoticed for the last 100 years in Brit-
ish Columbia waters (even if they could not be caught
or were indeed mistaken for marine mammals in
deeper waters). It seems reasonable to assume un-
der the circumstances that modern records are cor-
rect: large adult bluefin tuna have not frequented
the northern waters of the eastern Pacific during the
last 100 years. The reasons for their absence, how-
ever, remain to be determined.

Clearly, more investigation into the history of the
distribution and harvesting of all age classes of blue-
fin tuna within the entire north Pacific will be nec-
essary before we really understand the implications
of the archeological remains reported in this study.
Complex interactions of changes in ecological condi-
tions and harvesting pressures on various age classes
over the last 100 years probably have affected and
may have had unexpected repercussions on the popu-
lation structure of Pacific bluefin tuna. A better un-
derstanding of the distribution of adult tuna in the
north Pacific through inclusion of archeological
records may help document perturbations in the
modern fishery.
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have similar feeding behaviors and if hatchery fish re-
side in the estuary for a substantial period, then the
effect of hatchery fish on the wild fish may be great.

Anadromous, Inc. operated a salmon-rearing and
release facility on the North Spit of Coos Bay, Or-
egon in the 1980’s. From this facility millions of
smolts are released into the bay annually, principally
large subyearling spring-run (“spring”) chinook
salmon, thus creating the potential for competition
between these hatchery-produced spring chinook
salmon and the native runs of fall chinook salmon in
the Coos Bay drainage.

During the late spring and summer of 1987 we
undertook a sampling program in the lower half of
Coos Bay to study the use of the estuary by different
groups of juvenile chinock salmon. In 1987 two
groups of juvenile chinook salmon were present in
Coos Bay: fall chinook salmon from the Coos and

Millacoma River drainages (both wild fish and fish
released by the Salmon and Trout Enhancement Pro-
gram [STEP]) and spring chinook salmon released
from the saltwater rearing pens of the Anadromous,
Inc. facility, North Spit of Coos Bay (Fig. 1). About
400,000 STEP fall chinook salmon were released in
tributaries of the Coos River between 30 April and
28 June at average fork lengths (FL) of between 48
and 94 mm, and over five million spring chinook
salmon (123-156 mm FL) were released from the
Anadromous, Inc. release facility on North Spit be-
tween 19 June and 1 October. In an earlier paper
(Fisher and Pearcy, 1990) we reported on the distri-
butions and residence times of juvenile spring and
fall chinook salmon in the bay. In this paper we de-
scribe the food habits of these two groups, overlap in
their diets, and the potential for competition for food
between them.

Pacific
Ocean

—a5°
1
J44°

g Jaz°

Figure 1

Map of Coos Bay, Oregon, showing the five stations sampled with beach seines in the
summer of 1987. The lower bay and mid bays comprised stations 1-3 and 4-5 respectively.
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Methods

Juvenile chinook salmon were caught by beach
seine (60 m x 2.5 m with 19- and 13-mm mesh
in the wings and bunt, respectively) at five
locations on the margins of channels in the
lower half of Coos Bay, Oregon, between late
May and early October 1987 (Fig. 1). The sub-
stratum was sand at all but station 5, where
it was a mixture of gravel fill and mud. At sta-
tions 2, 3, and 4, portions of eel grass beds
were sampled during low tide. The area of
Coos Bay we sampled was influenced strongly
by the ocean and was highly marine in char-
acter with high salinities at all sampling sites,
usually greater than 29 psu after mid-June.
Water temperature (at 0.3 m depth) was fairly
constant between May and October but in-
creased with distance from the mouth, averag-
ing 12.3°C at station 1 and 16.8°C at station 5
(Fisher and Pearcy, 1990).

Subsamples of juvenile chinook salmon
caught in beach-seine sets were preserved in
approximately 4% formaldehyde solution.
Later, these were measured to the nearest mm
FL and weighed to the nearest 0.01 g after
excess moisture was removed by blotting.
Stomachs were removed from 380 juvenile
chinook salmon caught between 31 May and
4 September 1987 (Fig. 2). Stomach-content
boluses were weighed to the nearest milligram
after removing excess moisture by blotting.
After weighing, they were preserved in 50%
ethanol, then transferred to 75% ethanol.

At the time the stomach samples were ob-
tained, the fish were examined for fin marks
or for external parasites that could help to

Number

Fall chinook salmon
Stomachs' 225
Prey identified from 116

45 —
40 { Spring chinook salmon
35 — Stomachs: 155
Prey identified from 65
30
25 j
20

15

10 1

5

0 T T T T T

60 70 80 90 100 110 120 130 140 150 160 170 180
Fork length (mm)

BB + 777 Stomachs sampled
R Stomach contents identified
[ Fin-marked (fall chinook) or adipose-clipped {spring chinook)

Figure 2
Length-frequency distributions of juvenile fish classified as fall
and spring chinook salmon from which stomach samples were
taken. Dark shading represents those stomach samples in which
prey species were examined and identified. White bars in the up-
per and lower graphs represent numbers of fin-clipped STEP-
reared fall chinook salmon and adipose clipped Anadromous, Inc.-
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reared spring chinook salmon, respectively.

determine their origin. Most fish with clipped
adipose fins also contained coded wire tags
(CWT’s) that identified them as spring chinook
salmon produced at Anadromous, Inc. Fish with other
fin clips were mainly STEP-reared fall chinook
salmon released in freshwater tributaries of Coos Bay
(Fisher and Pearcy, 1990).

The encysted metacercarial stage of a strigeoid
trematode parasite is common in the skin of juvenile
salmonids found in freshwater tributaries of Coos
Bay. These cysts are surrounded by a black pigment
that can be seen easily without magnification
(Amandil). The presence of metacercarial cysts on
the skin or fins of juvenile chinook salmon caught in

1 Amandi, T. 1995. Oregon Dep. Fish and Wildl., 516 Nash
Hall, Oregon State Univ., Corvallis, OR 97331. Personal
commun. :

Coos Bay appeared to be a reliable indicator that the
fish originated in the freshwater tributaries of the
bay. Cysts were present on 43% of known fall chinook
salmon (fin-marked STEP fish or fish caught before
the first release of spring chinook salmon) and on
71% of small fish <101 mm FL (>2SD below the mean
FL of most release groups of spring chinook salmon
by Anadromous, Inc.). Conversely, cysts were absent
on adipose-clipped spring chinook salmon and found
on only 13% of fish in the size range of the spring
chinook salmon released by Anadromous, Inc. (101
mm FL). Fish >100 mm FL with cysts were probably
native salmon or STEP-reared fall chinook salmon
that attained these greater lengths through growth.
On the basis of this evidence, we classified fish caught
in Coos Bay as fall chinook salmon if they met any of
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the following criteria: 1) they were caught before the
first release of Anadromous, Inc. spring chinook
salmon on 19 June; 2) metacercarial cysts were
present on their skin or fins; 3) they had one of the
STEP fin clips; or 4) they were <100 mm FL. Fish
were classified as spring chinook salmon if they were
>101 mm FL and did not meet any of the criteria for
fall chinook salmon.

Stomach contents were examined and prey items
identified to the lowest possible taxon from 116 fall
chinook salmon and 65 spring chinook salmon col-
lected between 29 June and 13 August 1987, the pe-
riod of greatest overlap in the bay of the two groups
(Fig. 2). Stomach contents from a single fall chinook
salmon caught on 7 June were also examined.

Individual prey taxa in each stomach were 'welgucu.
to the nearest 0.001 g after removing excess mois-
ture by blotting. Those taxa that were too light to
register on the scale (weight <0.0005 g), were as-
signed a weight of 0.0004 g. The estimated total
weight of all food assigned this arbitrarily small value
was only 0.05 g out of a total weight of 60.2 g for all
taxa from all stomachs.

In the analyses of stomach contents, juvenile fall
and spring chinook salmon were grouped by FL, by
two collection areas (“lower bay,” stations 1-3, and
“mid-bay,” stations 4-5) and by two sampling peri-
ods: 29 June to 17 July and 3-13 August. Within each
class, the percent frequency of occurrence (FO) and
percent by weight of each prey category in the diet
was calculated. The percent by weight (p;x100) of
each prey category in each class was calculated as

100(p;) = 100 , (1)

N
waq
—9=1

N n
Zzwm
.g=1li=1 )

where w,, is the weight of food category i in fish g, n
is the number of food categories, and NN is the num-
ber of fish in the class.

Dietary overlap between classes was calculated by
using the Schoener overlap index (ro; Schoener, 1970;
Wallace, 1981; Linton et al., 1981):

1 n
ro=1—52|pij—pik|, (2)
i=1

where j and p,, are the proportions by weight of
food category i (Eq. 1) in the diets of fish in classes j
and k, respectively, and n is the number of food cat-

egories. Dietary overlap was calculated by using 14
categories of major prey and, because the overlap
index is sensitive to the taxonomic resolution
(Brodeur and Pearcy, 1992), it was also calculated
by using the 86 lowest taxonomic levels identified
(to genus or species in some cases). An overlap of
>0.60 was considered significant (Zaret and Rand,
1971; Brodeur and Pearcy, 1992).

Results

Stomach fullness

The frequency distribution of stomach-content weight
as a percentage of body weight (“stomach fullness”)
was skewed for both fall and spring chinook salmon
{Fig. 3); therefore, nonparametric ranks tests were
used to compare stomach fullness among different
classes of fish. The median stomach fullness was
higher for fall chinook salmon than for spring chinook
salmon (2.4% vs. 1.2%, respectively; Mann Whitney
(Wilcoxon) W test, W=11,630, P<0.0001). Stomachs
were empty in a higher percentage of spring chinook
salmon than of fall chinook salmon (16% vs. 1%),
contributing to the difference in median stomach
fullness of these two groups (Fig. 3).

30 + Fall chinook salmon
n=225
25 median = 2.4%

Number

Spring chinook salmon
n=155
median = 1.2%

TR’

V577 54/%

Stomach contents (% of body wt.)

Figure 3
Frequency distributions of weight of stomach contents as
a percentage of body weight for juvenile fall chinook salmon
(top graph) and spring chinook salmon (bottom graph).
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Range in stomach fullness was similar among fish
of different lengths, and stomach contents weights
of 8% of body weight or higher occurred in fish from
69 mm to 145 mm FL (Fig. 4). No significant differ-
ence in median stomach fullness was found among
four FL classes (<80 mm, 81-100 mm, 101-120 mm,
and 121-140 mm) of fall chinook salmon (Kruskal-
Wallace test, P=0.09). However, a significant differ-
ence in median stomach fullness was found among
the three FL classes (101-120 mm, 121-140 mm, and
2141 mm) of spring chinook salmon (Kruskal-Wallace
test, P=0.03). Median stomach fullness was lowest
(0.4%) for the largest spring chinook salmon (2141
mm FL).

Median stomach fullness of fall chinook salmon
was fairly constant during the study period, both
before and after spring chinook salmon were released
into the bay. No short-term decreases in stomach full-
ness of fall chinook salmon were associated with in-
dividual releases of spring chinook salmon, except
for the 4 August release (Fig. 5). Conversely, median
stomach fullness of spring chinook salmon was low
immediately following releases of large numbers of
spring chinook salmon from the Anadromous, Inc.
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Figure 4
Weight of stomach contents as a percentage of body weight
versus fish length for juvenile fall chinook salmon (top
graph) and spring chinook salmon (bottom graph).

facility, especially the 4 August and the August 31-3
September releases (Fig 5).

Diets of fall and spring chinook saimon

Percent FO and percent by weight of fourteen major
prey categories from stomachs of juvenile fall and
spring chinook salmon are summarized in Table 1.
By weight, juvenile or larval fish were dominant prey
of both fall and spring chinook salmon, representing
64% and 65% of the total weight of stomach contents,
respectively. The fish prey of fall chinook salmon were
juvenile smelt, unidentified fish remains, Ammodytes
hexapterus, juvenile Sebastes sp., and an unidenti-
fied cottid, representing 41%, 10%, 8%, 6%, and <1%
of stomach-content weight, respectively. Fish prey of
spring chinook salmon were similar: juvenile smelt,
Ammodytes hexapterus, unidentified fish remains,
and Sebastes sp., accounted for 49%, 13%, 3%, and
<1% of stomach-content weight, respectively.

Other prey categories accounted for much smaller
fractions of stomach-content weights of the two
groups of juvenile chinook salmon. Of the nonfish
prey, insects and plants (mainly algae) composed the
largest fractions by weight in stomachs of fall chinook
salmon (8% and 7%, respectively), whereas plants
(mainly the algae Ulva sp. and Enteromorpha sp.)
and barnacle molts composed the largest fractions
by weight in stomachs of spring chinook salmon (16%
and 12%, respectively; Table 1).

The most numerous insects? in fall chinook salmon
stomachs were adults of terrestrial taxa (61% of the
total) and adults of taxa having aquatic or semi-
aquatic larvae (36% of the total). Larvae and pupae
composed only 3% of the total number of individu-
als. Adults in the orders Diptera, Hemiptera,
Homoptera, Pscoptera, Hymenoptera, Coleoptera,
and Trichoptera accounted for 33%, 23%, 15%, 10%,
7%, 6%, and 2% of the total number of insects in fall
chinook salmon stomachs, respectively. The most
numerous taxa in these insect orders (and their per-
centages of total insect numbers) were midges
(Chironomidae; 25%), plant bugs (Miridae; 22%),
aphids (Aphididae; 11%), book and bark lice (10%),
parisitoid wasps (5%), rove beetles (Staphylinidae;
4%), and caddis flies (2%), respectively.

Although insects were a much larger fraction by
weight of the diet of fall chinook salmon than of the
diet of spring chinook salmon (8% vs. 1%, respectively,
Table 1), they occurred frequently in stomachs of both
salmon groups (80% and 60%, respectively). Many
of the same insect taxa were consumed by both fall

2 The different insect taxa were not weighed separately, but in-
dividuals of each taxon were counted.
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Figure 5
Median weight of stomach contents as a percentage of body weight by sam-
pling date for fall chinook salmon (top graph) and spring chinook salmon
(middle graph). Numbers indicate sample size. Numbers of spring chinook
salmon released into Coos Bay by Anadromous, Inc. on different dates are
also shown (bottom graph).

and spring chinook salmon. The most numerous in-
sects from spring chinook salmon stomachs were
chironomids (31%), book and bark lice (23%), aphids
(9%}, tipulids (crane flies, 8%), and plant bugs (4%).
Other prey categories that occurred frequently in
stomachs of both fall and spring chinook salmon were
barnacle molts (47% and 51%, respectively), algae
and other plant material (46% and 68%), gammarid
amphipods (41% and 43%), fishes (40% and 37%), and
crab larvae (27% and 35%). Isopods, caprellid amphi-
pods, nonanomuran or nonbrachyuran decapod larvae,
spiders, unidentified arthropods, and molluscs were less
common, occurring in 14% or fewer of stomachs
Gammarid amphipods were a moderately impor-
tant component of the diet of fall chinook salmon (4%
by weight), but were less important in the diet of
spring chinook salmon (only 1% by weight). A vari-
ety of gammarid species were eaten by fall chinook

salmon, the most abundant were Jassa spp. uniden-
tified gammarids, Megalorchestia pugettensis, Ischy-
rocerus spp., Atylus tridens, and Corophium spp.
(2.0%, 0.6%, 0.3%, 0.2%, 0.2%, and 0.1% of total food
weight respectively).

Dietary overlap between juvenile fall and spring
chinook salmon, according to the relative weights
(Eq. 2) of the 14 major food categories (Table 1), was
high (0.82), owing largely to the predominance of fish
prey in diets of both groups. Diet overlap based on
relative weights of prey identified to the lowest pos-
sible taxonomic level (86 categories of varying taxo-
nomic level) was lower but still relatively high (0.66).

Diets by fish length

Insect prey were relatively more important and fish
prey were relatively less important in the diet of the
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Table 1

Percentage by weight and frequency of occurence (in parentheses) of fourteen major food categories in stomachs of juvenile fall-
run and spring-run chinook salmon caught in 1987 in Coos Bay. Numbers in brackets are sample sizes.

Fall chinook salmon

Spring chinook salmon

Food category [116] [651

Cirripedia molts 5 (47 12 (51)
Isopods <1 (9 <1 (11)
Caprellid amphipods 1 (14) <1 (11)
Gammarid amphipods 4 (41) 1 (43)
Brachyuran, anomuran larvae 2 (27 2 (35)
Other decapod larvae <1l (8) <l (2)
Crustacean fragments 5 (20) 1 (25)
Araneae <1 (14) <1 (5)
Insects 8 (80) 1 (60)
Other arthropods <1l (6) <1 (2
Molluscs <1 4 <1 (12}
Teleosts 64 (40) 65 (37)
Algae, plants 7 (46) 16 (68)
Other material 4 (43) 2 (55)

Table 2

Percentage by weight and frequency of occurence (in parentheses) of fourteen major food categories in stomachs of different size
groups of fall and spring chinook salmen caught in 1987 in Coos Bay. Numbers in brackets are sample sizes.

Fall chinook salmon FL (mm)

Spring chinook salmon FL (mm)

<80 81-100 >101 101-120 121-140 >141
Food category [32] [73] [11] [89] [19] [7]
Cirripedia molts 9(63) 5 (45) 3(18) 22 (62) 9 (42) <1(14)
Isopods <1 (9) <1 (10) 0 <1 (10) <1 (16) 0
Caprellid amphipods 1 (9 1 (18) 0 <1 (8) <1 (16) <1(14)
Gammarid amphipods 4(44) 5 (42) <1(18) 16D 1(37) <1(14)
Brachyuran, anomuran larvae 7 (25) 2 (32) 0 128) 2 (42) 357
Other decapod larvae <1(13) <1 (7) 0 0 <1 (5) 0
Crustacean fragments 11 (22) 6 (22) 0 2 (23) 11(32) <1(14)
Araneae <1(13) <1 (16) 0 <1 (5) <l () 0
Insects 26(94) 78D 1(36) 1(69) <1 (63) 0
Other arthropods <1(13) <l (4 0 0 <1l (5) 0
Molluscs 1 (& <l (4) 0 <1l (5) <1 (26) <1(14)
Teleosts 18 (9 62 (45) 94 (91) 49 (31) 68 (32) 91 (86)
Algae, plants 12 (56) 7 142) 2(36) 20 (72) 18 (63) 4 (57)
Other material 11 (59) 4 (38) <1(27) 4 (59) <1 (42) 2(71)

smallest fall chinook salmon (<80 mm FL) than in
the diets of the other length groups of both fall and
spring chinook salmon. Insect prey made up 26% of
food by weight in stomachs of the smallest fall
chinook salmon (Table 2). The insect fraction of the
diet dropped to 7% and 1% for larger fall chinook

salmon 81-100 mm FL and 2101 mm FL, respec-
tively, and was <1% for all length groups of spring
chinook salmon. Fish made up only 18% by weight
of the diet of fall chinook salmon <80 mm FL, but
62% and 94% by weight of the diet of fall chinook
salmon 81-100 mm FL and 2101 mm FL, respec-
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tively, and between 49% and 91% by weight of the
diet of spring chinook salmon.

Larval crab (anomuran and brachyuran) prey were
a moderately important component of the diet of the
two smallest length classes of fall chinook salmon
(<80 mm FL and 81-100 mm FL) and of the two larg-
est length classes of spring chinook salmon (121-141
mm FL and 2141 mm FL), representing 7% and 2%,
and 2% and 3% of total food by weight, respectively
(Table 2). However, crab larvae of various taxa and
at different developmental stages were consumed by
chinook salmon of different stock and length groups.
The smallest fall chinook salmon (<80 mm FL) fed
mainly on porcellanid, pinnotherid, callianassid, and
unidentified brachyuran zoea rather than on
megalopae (95% zoca and 5% megalopae by weight),
whereas larger fall chinook salmon (81-100 mm FL)
fed more on megalopae than on zoea (69% vs. 31%
by weight), and the large spring chinook salmon
(=121 mm FL) fed exclusively on megalopae, mainly
large Cancer magister (72%), Cancer oregonensis
(19%), and Cancer sp. (4%).

Gammarid amphipods were also a fairly important
component of the diet of the small fall chinook
salmon, representing 4% and 5% by weight for fish
<80 mm FL and 81-100 mm FL, respectively, but
were a less important component of the diets of the
largest fall chinook salmon (2101 mm FL) and spring
chinook salmon (Table 2).

Dietary overlap, based on the 14 major prey cat-
egories was low (<0.55) between the smallest fall
chinook salmon (<80 mm FL) and all other length
categories of fall and spring chinook salmon (Table

3). This reflects the reduced relative importance of
fish and the greater relative importance of insects
and crab larvae in the diet of the smallest fall chinook
salmon than in the diet of larger fish (Table 2). Exclud-
ing the smallest fall chinook salmon, diet overlap was
high for eight of ten comparisons among length groups
of fall and spring chinook salmon (Table 3).

Dietary overlap, in respect to the lowest identified
taxa (86 categories) was also low between fall chinook
salmon <80 mm FL and all other groups. Overlap
among the other groups was generally higher than
that with the small fall chinook salmon but was =0.60
for only four of the ten comparisons.

Diets by location

Dramatic differences in the diets of fall and spring
chinook salmon were associated with where the fishes
were caught in the bay. For both salmon groups, fish
were a much more important component of the diet
at lower-bay stations 1-3 than at mid-bay stations
4-5 (Table 4). Conversely, barnacle molts and algae
made up a much larger fraction of stomach contents
at mid-bay stations than at lower-bay stations (Table
4). Dietary overlap based on the 14 major food cat-
egories was high between fall and spring chinook
salmon caught in the same areas of the bay but was
low for all comparisons of salmon caught in the two
different areas of the bay (Table 5). Dietary overlap
based on the 86 lower taxonomic categories was also
highest for fall and spring chinook salmon caught in
the same area of the bay, but only for fish caught in
the lower bay was the overlap value 20.60 (Table 5).

Table 3

Dietary overlap of different length groups of fall and spring chinook salmon. Overlap values based on 14 major food categories are
in normal type and those based on 86 lower taxonomic categories are in italics. High overlap values (>0.60) are in bold type.

Fall chinook Spring chinook
salmon FL (mm) salmon FL (mm)
81-100 2101 101-120 121-140 2141
Fall chinook salmon FL: (mm) <80 0.55 0.25 0.48 0.44 0.27
0.36 0.13 0.25 0.21 0.07
81-100 — 0.68 0.70 0.79 0.70
0.56 0.57 0.67 0.46
2101 — — 0.55 0.74 0.94
0.35 0.63 0.72
Spring chinook salmon FL (mm) 101-120 — — — 0.80 0.56
0.63 0.32
121-140 — - - —_ 0.74

0.59
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Diets by sampling period

Between two sampling periods (29 June-17 July and
3-13 August) moderate changes occurred in the pro-
portions of the 14 major food categories in stomachs
of both fall and spring chinook salmon. In stomachs
of fall chinook salmon, the percentage by weight of
insects, gammarid amphipods, and crab larvae was
higher in the earlier than in the later period, whereas
the percentage by weight of fish prey was higher in

the later than in the earlier period (Table 6). In spring
chinook salmon stomachs, barnacle molts and fish
were more abundant in the earlier period than in
the later period, whereas algae and crab larvae were
more abundant in the later period than in the ear-
lier period.

Despite these shifts in prey composition, diet over-
lap based on the 14 major prey categories was high
for all comparisons of fall and spring chinook salmon
caught in the two time periods (Table 7). However,

Table 4
Percentage by weight and frequency of occurrence (in parentheses) of fourteen major food categories in stomachs of fall and
spring chinook salmon caught in 1987 in the lower (stations 1-3) and mid (stations 4-5) sections of Coos Bay. Numbers in
brackets are sample sizes. Mean fork lengths (FL) of fish in each area are also shown.

Fall chinook salmon

Spring chinook salmon

Sta. 1-3 Sta. 45 Sta. 1-3 Sta. 45
87 mm FL 88 mm FL 123 mm FL 118 mm FL

Food category [901] [261] [39] [26]
Cirripedia molts 2 (39) 22 (77) 4(33) 357D
Isopods <1l (4) <1 (23) <1 (8) <11(15)
Caprellid amphipods 114 1(12) <1115) <1l (4)
Gammarid amphipods 4 (42) 2 (35) <1(33) 2 (58)
Brachyuran, anomuran larvae 2 (28) 6 (23) 2(44) 1(23)
Other decapod larvae <1 (10) 0 <1 (3) 0
Crustacean fragments 6 (22) 31(12) 1(26) 123)
Araneae <1 (12) <1 (19) <1l (3) <1 (8)
Insects 6 (76) 17 (96) <1(49) 17D
Other arthropods <1l (6) 1 (8) 0 <l (4)
Molluscs <l (2) 1(12) <1(13) <1(12)
Teleosts 71 4N 14 (15) 79 (54) 24 (12)
Algae, plants 33D 317D 11 (56) 32(84)
Other material 4 (44) 3 (38) 1(54) 3(58)

Table 5

Dietary overlap of fall and spring chinook salmon caught in the lower (stations 1- 3) and mid (stations 4— 5) sections of Coos Bay.
Overlap values based on 14 major food categories are in normal type and those based on 86 lower taxonomic categories are in
italics. High overlap values (20.60) are in bold type.

Fall chinook salmon Spring chinook salmon

Sta. 4-5 Sta. 1-3 Sta. 4-5
Fall chinook salmon Sta. 1-3 0.37 0.82 0.38
0.28 0.68 0.35
Sta. 4-5 — 0.35 0.75
0.22 0.47
Spring chinook salmon Sta. 1-3 — — 0.43

0.41
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Table 6
Percentage by weight and frequency of occurrence (in parentheses) of fourteen major food categories in stomach of juvenile fall
and spring chinook salmon caught during two time periods in 1987 in Coos Bay. Numbers in brackets are sample sizes. Mean fork
lengths (FL) of fish caught during each time are also shown.
Fall chinook salmon Spring chinook salmon
29 Jun-17 Jul 3-13 Aug 29 Jun-17 Jul 3-13 Aug

85 mm FL 95 mm FL 117 mm FL 123 mm FL
Food category [89] [26] [26] [39]
Cirripedia molts 6 (54) 3 (23) 17 (65) 8(41)
Isopods <1 (11) 0 <1l (4) <1(15)
Caprellid amphipods 117 <1 (4) <1(12) <1(10)
Gammarid amphipods 6 (47) <1 (19) 1(38) 1(46)
Brachyuran, anomuran larvae 2 (29) <1 (15) 1(27) 2(41)
Other decapod larvae <1 (10) 0 0 <1 (3)
Crustacean fragments 9 (24) <1 (8) <1(15) 2(31)
Araneae <1 (17 <1l (4) <1 (8) <1 (3)
Insects 11 (84) 2 (65) <1(65) 1(56)
Other arthropods <1l (8) 0 <1l (4) 0
Molluscs <l (3 <1l (8) 0 <1(21)
Teleosts 51 (36) 84 (54) 73 (38) 58 (36)
Algae, plants 6 (45) 7 (50) 6(62) 24 (72)
Other material 5 (47) 3 (31 1(38) 3(67)

diet overlap based on the lowest identified taxa (86
categories) was low for all comparisons except that
between fall and spring chinook salmon caught in
the period 3-13 August. Although a variety of fish
prey were eaten by both salmon groups during the
earlier period, during the later period fish prey were
nearly all juvenile osmerids.

Discussion

Potential for competition

The high dietary overlap values (Tables 3, 5, 7) be-
tween juvenile fall chinook salmon >81 mm FL and
hatchery spring chinook salmon suggest that there
is the potential for competition for food between these
two groups in Coos Bay under conditions of food limi-
tation. However, whether or not the two groups were
competing for food in 1987 cannot be determined from
dietary overlap alone. In fact, high dietary overlap
may sometimes indicate a condition in which abun-
dant food resources are shared between potential
competitors rather than a condition in which there
is competition for a resource in short supply (Zaret
and Rand, 1971; Myers, 1980). Zaret and Rand
(1971), in a study of tropical stream fishes, found

that dietary overlap between species was high dur-
ing the rainy season, when food resources were abun-
dant, and low during the dry season, when food re-
sources were scarce and when the different fish spe-
cies targeted different prey.

We found little evidence in this study that the in-
troduced hatchery-reared spring chinook salmon
outcompeted native and STEP-reared fall chinook
salmon for food. One potential result of competition
for food between groups is a shift to less desirable
prey in the diet of the weaker competitors (Hanson
and Leggett, 1986). However, during the period when
both fall and spring chinook salmon were in Coos
Bay, calorically dense (high-quality) fish prey made
up an equally large fraction by weight of the diets of
both salmon groups (Table 1); i.e. fall chinook salmon
were eating just as nutritious prey as that eaten by
spring chinook salmon. Another potential result of
competition is a decrease in growth rate (or average
stomach fullness) of one or all of the competing groups
(Reimers, 1973; Nielson et al., 1985; Hanson and
Leggett, 1986). If spring chinook salmon outcompeted
fall chinook salmon for food, the average stomach
fullness of fall chinook salmon might be expected to
drop following releases of the spring chinook salmon;
this, however, did not occur. Stomach fullness of fall
chinook salmon was equally high in the periods be-
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Table 7

Dietary overlap of fall and spring chinook salmon during two time periods. Overlap values based on 14 major food categories are
in normal type and those based on 86 lower taxonomic categories are in italics. High overlap values (20.60) are in bold type.

Fall chinook salmon

Spring chinook salmon

3-13 Aug 29 Jun—-17 Jul 3-13 Aug
Fall chinook salmon 29 Jun-17 Jul 0.66 0.67 0.73
0.26 0.44 0.32
3-13 Aug — 0.83 0.73
0.49 0.70
Spring chinook salmon 29 Jun-17 Jul — 0.75
0.56

fore and after spring chinook salmon were released
into the bay (Fig. 5). In fact, stomach fullness of fall
chinook salmon was usually higher than that of
spring chinook salmon throughout the study period
(Figs. 3 and 5). The low stomach fullness among
spring chinook salmon following releases from the
Anadromous, Inc. facility (Fig. 5) may reflect a delay
in the start of feeding on natural prey by these hatch-
ery fish. Paszkowski and Olla (1985) suggested that
the inability of some hatchery fish to adapt to
the natural environment may contribute to the poor
survival of some groups of hatchery salmon. We con-
clude that the high dietary overlap between juvenile
fall and spring chinook salmon indicates the poten-
tial for competition for food between these salmon
groups in Coos Bay, but that in the summer of 1987
there was little evidence of actual food limitation or
competition.

Differences between smaller fall chinook salmon
and larger hatchery spring chinook salmon in spa-
tial distribution and duration of residence within
estuaries may tend to minimize their competition for
food. Small fish tend to occur in shallow, nearshore
areas or in salt marshes, whereas large fish tend to
occur in deeper channel areas (Healey, 1980a, 1991;
Kjelson et al., 1982; Levings, 1982; Simenstad et al.,
1982; McCabe et al., 1986; Macdonald et al., 1987).
Larger juvenile chinook salmon also tend to spend
less time in estuaries than do smaller fish (Myers,
1980; Simenstad and Wissmar, 1984; Fisher and
Pearcy, 1990). Both these differences may tend to
decrease competition for food between hatchery-
reared and wild chinook salmon in estuaries if there
is a large difference in their size. However, large re-
leases of hatchery salmon smolts into an estuary may
affect wild smolts detrimentally by attracting birds
and other predators that prey on juvenile salmon
(Emlen et al., 1990).

We did not investigate rates of secondary produc-
tion in the bay, rates of exchange of prey between
the adjacent ocean and the bay, the rations required
by juvenile salmon to maintain optimum growth
rates, or the fractions of available prey in the bay
eaten by juvenile salmon and other potential com-
peting species. Without such information it is diffi-
cult to assess the likelihood that the growth and sur-
vival of juvenile salmon was limited by food in Coos
Bay in 1987. The lower half of Coos Bay is strongly
influenced by the adjacent ocean (Burt and McAlister,
1959; Fisher and Pearcy, 1990). In a study of Yaquina
Bay, an Oregon estuary with physical characteris-
tics similar to Coos Bay, Myers (1980) suggested that
much of the food for juvenile salmon residing in the
bay was supplied by tidal exchange with the ocean.
Undoubtedly, the productivity of the adjacent ocean
has a strong influence on the capacity of Coos Bay to
support juvenile chinook salmon.

Upper-bay and lower-bay gradients in diet

Between the mid and lower sections of Coos Bay the
diet of juvenile fall chinook salmon shifted from pre-
dominantly drift insects, barnacle molts, and drift
algae to predominantly marine fishes (Table 4). A
similar increase in piscivory in the lower bay also
occurred among spring chinook salmon (Table 4).
Shifts in the diet of juvenile chinook salmon as they
move from the river, through the estuary, and to the
ocean appear to be related to the changes in habitat
and foraging behavior which occur as a consequence
of growth and development. Macdonald et al. (1987)
observed that large hatchery-reared chinook salmon
were often found in deeper, more saline waters of
the salt-wedge of the Campbell River estuary,
whereas smaller wild chinook salmon were often
found in the freshwater layer near the surface. Small
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fry and subyearling chinook salmon often use tidal
marshes where they eat drift and emergent insects
and epibenthic crustaceans (Kjelson et al., 1982;
Simenstad et al., 1982; Levings et al., 1991; Shreffler
et al., 1992), whereas, larger, yearling chinook salmon
spend little time in salt marshes but quickly move to
neritic habitats (Simenstad et al., 1982). When
subyearling fish move to neritic habitats their diet
shifts to fishes, decapod larvae, euphausiids, and drift
insects (Simenstad et al., 1982). McCabe et al. (1986)
observed that, in the Columbia River estuary,
subyearling chinook salmon in pelagic areas were
significantly larger than those caught in shallow in-
tertidal habitats and that the prey of juvenile chinook
salmon varied with season, habitat, and position in
the estuary. Feeding behavior is also influenced by
environmental factors, for example turbidity (Gre-
gory and Northcote, 1993).

Diets of juvenile chinook salmon in freshwater
reaches of river systems often are dominated by lar-
val, pupal, or adult insects that are captured mainly
in the drift at the surface or in the water column
(Becker, 1978; Craddock et al., 1976; Sagar and
Glova, 1987, 1988; Rondorf et al., 1990; Healey, 1991,
Levings and Lauzier, 1991; Smirnov et al., 1994).
Depending on season and habitat, both terrestrial
insects as well as different developmental stages of
aquatic insects can be important prey for chinook
salmon in rivers (Rondorf et al., 1990; Levings and
Lauzier, 1991). Insects are also important constitu-
ents of the diets of juvenile chinook salmon in many
estuaries (Healey, 1980, a and b, 1982, 1991; Levings,
1982; McCabe et al., 1986; Kask et al., 1988; this
study), particularly in fresh or brackish water tidal
marshes (Kjelson et al., 1982; Levings et al., 1991;
Shreffler et al., 1992).

Whereas insects are important prey in freshwater
and upper estuaries, fishes are important prey of
juvenile chinook salmon constituents in the lower
reaches of estuaries as well as in marine, neritic or
subtidal areas (Healey, 1980a; Myers, 1980; Kjelson
et al., 1982; Simenstad et al., 1982; Argue et al., 1986;
McCabe et al., 1986; Levings et al., 1991; Reimers et
al.3; Nicholas and Lorz%). Fish prey are also predomi-
nant in the diets of juvenile chinook salmon in ma-
rine waters off Oregon and Washington (Peterson et

3 Reimers, P. E., J. W. Nicholas, T. W. Downey, R. E. Halliburton,
and J. D. Rogers. 1978. Fall chinook ecology project, AFC-
76-2. Federal Aid Progress Reports, Fisheries. Oregon Dep.
Fish and Wildl., 2501 S.W. First Ave., P.O. Box 59, Portland,
OR 97207.

4 Nicholas, J. W., and H. V. Lorz. 1984. Stomach contents of
juvenile wild chinook and juvenile hatchery coho salmon in sev-
eral Oregon estuaries. Oregon Dep. Fish and Wildl., 2501 S.W.
First Ave., P.O. Box 59, Portland. OR 97207. Progress Rep.
84-2, 9 p.

al., 1982; Emmett et al., 1986; Brodeur and Pearcy,
1990, 1992; Brodeur et al., 1992), in the Gulf Islands
area of the Strait of Georgia (Healey, 1980b), and in
the Fraser River plume (St. John et al., 1992).

In Coos Bay, the increase in importance of marine
fish in the diets of juvenile fall and spring chinook
salmon at the lower-bay stations may reflect an up-
per-bay, lower-bay gradient in the abundance of fish
prey. Juvenile osmerids, sandlance, and rockfish were
the predominant fish prey of juvenile chinook salmon
in Coos Bay. In Yaquina Bay, larval and juvenile
stages of these species were present in peak abun-
dances in plankton samples from the extreme lower-
bay and offshore stations (Pearcy and Myers, 1974).
Myers (1980) caught more species of fishes in the
lower than in the upper section of Yaquina Bay and
suggested that much of the food for juvenile chinook
salmon residing in the bay was supplied by tidal ex-
change with the ocean. She also suggested that high
temperatures in the upper bay inhibited movement
of predominantly marine species into the upper bay.
A similar mechanism may be operating in Coos Bay.
In our beach-seine samples large juvenile and adult
surf smelt were much more abundant at lower than
at mid-bay stations (average catch per set was 2,290,
237, 108, 30, and 12 at stations 1, 2, 3, 4, and 5, re-
spectively). If, as was the case in Yaquina Bay, smaller
larval and juvenile smelt also are more abundant in
lower Coos Bay, the increased consumption by juve-
nile chinook salmon of these fish prey in the lower bay
may be a consequence of their greater density there.
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Abstract.—The accuracy and pre-
cision of estimates of catch at age from
sampled lengths were evaluated for
three different methods with simulated
red snapper, Lutjanus campechanus,
data for 1984-94. The methods in-
cluded a growth curve, age-length keys,
and a probabilistic method to classify
a known total number of fish into ages
from samples of the length frequency
of the catch. In the first method. ages
were estimated from sample lengths
directly from the growth curve. The
second method involved expanding the
sample length frequency to age fre-
quency by using age-length keys. The
probabilistic method incorporated the
cumulative frequency distributions of
length at age. year-class strength, and
estimates of prior survival to build age
probability distributions from sampled
lengths. The evaluation was based on
the error in the assigned catch at age
and on the resulting estimates of num-
bers at age and fishing mortality aris-
ing from sequential population analy-
sis. The probabilistic method was the
best of the three for the situation evalu-
ated here, and application of the age-
length key was better than that of the
growth model. However, the probabilis-
tic method requires knowledge of
growth, the distributions of size at age,
and recruitment that may not be
known, or only poorly so. Age-length
keys require no such ancillary informa-
tion and may be more practical in most
situations, but the probabilistic method
is superior if the data requirements can
be met.
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Fish age determined from length:
an evaluation of three methods
using simulated red snapper data*
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Age-structured stock-assessment
methods require estimates of the
age composition of the catch. In
stock assessments for Gulf of Mexico
red snapper, Lutjanus campechanus,
age compositions are used that are
estimated from the sampled size
distribution of the catch with
growth models (Goodyear!). The
application of age-length keys de-
veloped from age determinations of
length-stratified samples of the
catch is a superior method (Ketchen,
1950; Hoenig and Heisey, 1987) that
has been recently incorporated into
the data collection program for this
stock. However, it cannot be readily
applied retroactively to improve the
estimates of the age composition of
historical catch, and it requires sig-
nificantly more resources than the
former method. In this paper, I com-
pare the precision of the estimates
of the age composition of the catch
from these two methods with an al-
ternative, using simulated red
snapper data. The comparisons in-
clude both accuracy and precision
of the estimates of the age composi-
tion of the catch and the consequent
estimates of numbers at age and
fishing mortality arising from their
application to sequential population
analysis following the methods of
Gavaris 2 and Powers and Restrepo
(1992).

Methods

Simulated data

The population simulation model
used in this analysis (Goodyear,
1989) employed 30 discrete ages
with an instantaneous annual natu-
ral mortality (M) of 0.2 for all ages
in the fishery. Each year class was
further partitioned into growth pla-
toons (cohorts with identical age but
different mean lengths). The posi-
tion of a growth platoon in the dis-
tribution of size at age was fixed so
that the larger individuals of a year
class at age 1 remained larger
throughout their lifetime. Mean
lengths (L) at age (A) at the begin-
ning of January were assumed tobe
equal to the estimates in the 1994
stock assessment for Gulf of Mexico
red snapper (Goodyear!) and to cor-
respond to the von Bertalanffy
equation, L=88.24(1-exp(-0.159

* Miami Laboratory Contribution MIA-94/
95-42.

1 Goodyear,P. 1994. Red snapper in U.S.
waters of the Gulf of Mexico. National
Marine Fisheries Service, Southeast Fish-
eries Science Center, Miami Laboratory,
Miami, Admin. rep. MIA 93/94-63, 150 p.

2 Gavaris, S. 1988. An adaptive frame-
work for the estimation of population
size. Canadian Atlantic Fisheries Scien-
tific Advisory Committee Research Docu-
ment 88/29. 4 p.
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(A+0.458)), where L is total length in cm and A is
age in years. Size at age in the absence of fishing
mortality was assumed to be normally distributed
with a coefficient of variation of length at age (v) of
0.10 based on the observed variability in size at age
for red snapper (Goodyear!). The mean length of in-
dividuals of age a in growth platoon p, lap, was de-
termined from mean size at age (L,) by using the
normal distribution and the coefficient of variation
of length at age as

lyp =L, +Lyzpv,

where: z_is the standard normal deviate for the pth
percentife of the distribution. The simulation con-
sidered 101 growth platoons in each age class. The
resulting distributions of lengths at the beginning of
the year for ages 1-10 are shown in Figure 1. Within-
year growth was evaluated as

Wop =W,_1,exp(G,p),

where W, is the weight (kg) of an individual in
P

growth platoon p at age a, and G, = instantaneous
growth rate of growth platoon p at age a. The Gap
were estimated from lengths at age predicted from
the von Bertalanfly growth equation.

The weight of a fish at capture W, was evaluated
as

W, =W,,Z,,(exp(G, - Z,,)- 1)/

ap©ap
((Gap —Z,p)(1-exp(-Z,, )),

where Z  is the total instantaneous mortality for
growth pfatoon p at age a during the time period.
Weight was converted to length with the length-
weight equation (W=1.158 x L3-056 ,2-0.985,
n=25,375) Growth, mortality, and catch were evalu-
ated monthly.

The period simulated was from 1954 to 1994, but
catch and sample data were retained and analyzed
for 1984-94, which corresponds to the time span of
actual data from the fishery. Recruitment in the
model was specified by year class from 1954 to 1994
(Fig. 2). The values for 1972-94 follow the recruit-
ment pattern observed in trawl surveys (Goodyear?!).
Earlier values were arbitrarily varied around the
level observed at the beginning of the time series
because landings from shrimp trawlers (predomi-
nantly juvenile fish) during these years were higher
than those after 1972.

The value of fishing mortality in the model is the
product of a maximum potential value for the year
and a selectivity value based on the fish’s age (Figs.
3 and 4). A dome-shaped selectivity schedule was

; J‘”L Age 1
F J-r”-hL Age 2
é | ”h Age 3
F d “h Age 4

Relative frequency

TT
2>

=]
[
~

TTTT 77T
> >
-] «
[ o
© -]

Total length (cm)

Figure 1
Simulated length-frequency distributions of red
snapper. Lutjanus campechanus. at the begin-
ning of the year for ages 1-10.

selected on the basis of age distribution of the catch
(predominantly from handlines) in the 1994 assess-
ment (Goodyear!). The value of the annual maximum
for 198494 also follows the trend in the best estimates
from the 1994 assessment, whereas earlier values were
arbitrarily varied around the level observed at the be-
ginning of the time series. The reduction in fishing
mortality after 1990 was a response to management
actions. The selectivity schedule (Fig. 4) was selected
to produce a sample length frequency similar to that
observed in the fishery (Fig. 5). Samples were trun-
cated below 33 cm after 1990 to include the effects of
changes in minimum size regulations at that time.
The simulated observations of length (and age)
were obtained from the simulated catch. The catch
from a growth platoon in the population structure
was picked at random. It was evaluated for inclu-
sion as an observation on the basis of the ratio of its
magnitude (N ) to the maximum catch from any other
growth platoon (N, ). This was accomplished by
drawing a uniform random number (R) between 0
and 1.0. If the ratio N, /N, .. 2 R, the length and age
attributes of the cell were included as an observation;
otherwise, they were discarded. This convention caused
the sampled growth platoon to be proportional to their
magnitude in the simulated catch. The process was
repeated for each month of the simulation until 1,000
samples had been drawn. This provided 12,000 length
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samples per year. No error was added to either age or

length to simulate measurement error.

The ages of the first two fish sampled in each 1-cm
length stratum each month were retained with their

This provided a maximum sample size of 24 fish per
length stratum or about 4,000 fish per year to con-
struct the age-length key, but sample size varied
slightly because of the stochastic nature of the sam-

lengths to build the age-length key for that month. pling process.
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Selectivity schedule used in the simulation. The fishing mortality rate is the prod-
uct of the maximum fishing mortality rate (F) and the selectivity value correspond-

ing to fish age.
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Figure 5
Observed and simulated length frequencies of red snapper harvested in 1993.
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Age-estimation methods

For all three ageing methods evaluated, the number
of fish in the catch at age a, N, was estimated as

N, =Cf,,

where C, the total catch in numbers of fish, was the
known value from the simulation, and f, was the es-
timated fraction of catch at age a. Age frequencies
were estimated separately for each year between
1984 and 1994.

With the first method, the von-Bertalanffy growth
equation was rearranged to predict age from length,

A =-log,(1-L/88.24)/0.159—-0.458,

and the f, were estimated as the ratios of the num-
ber of sampled fish assigned age A to the total num-
ber of fish in the sample. For this method any
sampled fish larger than the asympotic size was dis-
carded.

With the second method typical age-length keys
(Ketchen, 1950; Westrheim and Ricker, 1978) were
constructed annually from the monthly age-fre-
quency samples. In this case the f, were estimated
by multiplying the observed age frequencies for each
length stratum by the ratio of length samples in each
length stratum to the total number of length samples
and by summing over ages.

The third (probabilistic) method is a proposed al-
ternative and requires estimates of prior survival of
year classes in the population and independent esti-
mates of year-class strength. In this method

j n
2R
fa=i=1af0 ,
J

where j is the number of length samples, n is the
number of ages, and

Wa R_v—a Sa
Y W.R,_S,
a=1

dD

W — a b

7 dL

where D, is the cumulative probability distribution

of length for age a, L, is the observed length of fish i,

R _isthe recrultment strength in year y—a, y is the

ya

year of observation, and S, is survival probability

from recruitment to age a and is given by

P,=

and

a-1
S, = expz—(F} +M;),
i=0

where F; is the fishing mortality of the year class at
age a when it was age i, and M, is the natural mor-
tality of the year class at age ¢ when it was age i.
Inspection of the data used in this method reveals
that the method requires values for nearly everything
one would wish to estimate from the age composi-
tion of the catch and consequently seems to place
the cart before the horse. However, in many cases
ancillary data on year-class strength may be avail-
able from research surveys, and estimates of natu-
ral and fishing mortalities may be available from
earlier assessments. In this investigation, this
method was applied in two ways. The first assumed
preexisting accurate knowledge of year-class
strengths and mortality. The second application as-
sumed knowledge of year-class strengths and natu-
ral mortality and proceeded iteratively. In the first
iteration, age composition was estimated with the
assumption that there was no fishing mortality. This
led to a set of estimates of catch at age that were
then used through sequential population analysis to
estimate fishing mortality at age. With the second
iteration the resulting estimates of fishing mortal-
ity were added and catch at age was reestimated.
This process was repeated several additional times.
Overall, the three methods provided 4 sets of esti-
mates of catch at age that could be compared with
the true values from the simulation: those from the
growth model, those from the age-length key, those
from the probabilistic method given knowledge of
survival, and those from the iterated probabilistic
method. In addition, numbers at age and fishing
mortality for each year were estimated from the
catches at age for each set by using sequential popu-
lation analysis (Powers and Restrepo, 1992). For the
purpose of this exercise, the selectivities for the ter-
minal year of the population analysis were the known
values from the simulation, and the tuning index was
the known number of age-4 individuals alive at the
beginning of the year. The methods were compared
by correlating the known true values from the simu-
lation to the values estimated by each method. Be-
cause there were 31 ages in the model (0-30) and 11
years, these provided a total maximum sample size
of 341; however, year-age combinations where the
true catch at age was below 100 were dropped. Thus
sample sizes for most analyses were reduced to 331.
In addition, scattergrams of the logs of the ratios of
estimated to true values were constructed for each
comparison. The r* values for the correlations be-
tween true and estimated values are presented with
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each of the scattergrams. Although the scattergrams
involve transformations to reflect the error more ac-
curately, the correlations themselves are based on
the untransformed data.

Results

The estimates of catch at age from each of the meth-
ods were highly correlated with the true values (Fig.
6). But the error in catch at age was clearly highest
for the ages assigned with the growth model (Fig.
6A). Catch at age from the age-length key was con-
siderably better than that from the growth model,
particularly for the younger more abundant ages in
the catch (Fig. 6B). The younger ages in these fig-
ures tend to be to the right side of the scattergrams
and the older, less abundant ages are on the left.
The probabilistic method, given prior knowledge
of fishing mortality and recruitment, provided the
best result, with very little difference between true
and estimated age compositions except at the oldest
ages (Fig. 6C). The bias in the estimates obtained
with this method with only natural mortality is evi-
dent in Figure 6D, but even so, the estimates for the
youngest ages are better than the estimates from the
growth model. The bias was reduced by the fifth it-

eration (Fig. 6E) and almost completely removed by
the tenth iteration (Fig. 6F).

The estimates of number at age derived from each
set of catch at age by using an age-sequenced analy-
sis are presented in Figure 7. Again the results were
least favorable for the catch-at-age matrix developed
from the growth model (Fig. 7A), followed by the age-
length key (Fig. 7B) and the probabilistic method
(Fig. 7C). The bias in estimated number at age from
the probabilistic method, where fishing mortality is
not used, is even more pronounced than it was for
the catch-at-age matrix (Figs. 5D and 6D). However,
the bias was reduced by the fifth iteration by using
the fishing mortality rates derived from prior itera-
tions and almost completely removed by the tenth
iteration (Fig. 7, E-F). The similarity of 72 values for
the correlations between observed and predicted val-
ues for the age-length key and probabilistic methods
in Figures 6 and 7 are somewhat misleading because
of the very large dynamic range of the numbers and
corresponding catches at age used in the analysis.
In actuality, the precision of the estimates arising
from applicaton of the age-length key was much lower
than that for the probabilistic method for age classes
that were infrequent in the catch.

The estimates of fishing mortality at age, derived
from each set of catch at age by using age-sequenced
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Figure 6
Ratios of estimated to true catch at age from the growth
model (A), age-length key (B), and from the probabilistic
method with knowledge of prior survival (C), and probabi-
listic iterations 1, 5 and 10 (D-F).
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Ratios of estimated to true number at age from analysis
of catch at age from the growth model (A), age—length key
(B), probabilistic method with knowledge of prior survival
(C), and probabilistic iterations 1, 5 and 10 (D-F).
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analysis, are presented in Figure 8 for ages up to 10.
Again, the results were least favorable for the catch-
at-age matrix developed from the growth model (Fig.
8A), followed by the age-length key (Fig. 8B), and
the probabilistic method (Fig. 8C). The upward bias
in estimated number at age from the probabilistic
method in the absence of fishing mortality in Figure
7D led to an underestimate of fishing mortality of
Figure 8D. However, the bias was reduced by the fifth
iteration and almost completely removed by the tenth
iteration (Fig. 8, E-F).

The relatively higher error in the catch at age for
older ages estimated by using the growth model and
age-length key (Fig. 6, A—B) led to relatively higher
error in the estimates of numbers at age from their
analysis. This resulted in poor estimation of fishing
mortality for the cldest ages in the simulated catch
which caused the correlation between true and esti-
mated fishing mortalities to decline when fish older
than 10 years were included in the analysis (Fig. 9,
A-B). The results from the probabilistic approach
also showed a similar trend but were much less sen-
sitive than those for the other two methods (Fig. 9,
D-F).

Discussion

These results indicate that for the situation evalu-
ated here the probabilistic method is superior to age
assignment from either a growth model or an age-
length key. Factors leading to this conclusion include
knowledge of the actual history of year-class
strengths and perfect knowledge of growth, natural
mortality, and the distribution of size at age. Imper-
fect knowledge of any of these elements would de-
grade the performance of the probabilistic method.
If there are sufficient data to develop a growth curve
then it should be possible to characterize the distri-
bution of size at age, at least for the more abundant
ages in the population. Poor knowledge of the growth
curve itself would also adversely affect the estimates
obtained directly from the growth curve.

The results from the age-length key would be un-
affected by poor knowledge of growth, past recruit-
ment, and natural mortality. However, the compari-
sons among methods in the current analysis assumed
no error in age assignments for the age-length key.
Experience suggests that there is uncertainty in age
assignment from hard-part analysis, an uncertainty
that increases with fish age (Beamish and Fournier,
1981). Including such error would have added to the
difference between the results of this method and
those obtained with the probabilistic method. None-
theless, the construction and application of age-
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Figure 8
Ratios of estimated to true fishing mortality (F) from analy-
sis of catch at age from the growth model (A), age-length
key (B), probabilistic method with knowledge of prior sur-
vival (C), and probabilistic iterations 1, 5. and 10 (D-F).
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length keys involves the fewest assumptions. Where
almost certain knowledge of growth and year-class
strengths is lacking, and the method for ageing the
fish is robust, this method is probably the best choice
for monitoring the age composition of a catch.

Where time-series data for year-class strengths are
available, where growth and natural mortality are
reasonably known, and where there are insufficient
age determinations to construct age-length keys, the
probabilistic method is clearly superior to age assign-
ments from inverted growth models and also might
be as good as, or better than, the age-length keys if
they were available. Where growth and year-class
strengths are well characterized and natural mor-
tality is reasonably known, the probabilistic method
should outperform all the other alternatives. Addi-
tionally, this method should be very useful for esti-
mating the age composition of catches for the most
recent year of a time series for which sample-age
analysis may not yet be complete. It should also pro-
vide a reliable method to estimate the age composi-
tions of catches for intermediate years of a time se-
ries, for which insufficient age determinations are
available to construct age-length keys.
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Abstract.—Fishery dependent and
fishery independent distribution analy-
ses together reveal that there are three
discrete areas of Argyrosomus inodorus
abundance between Cape Point and the
Kei River: one in the southeastern
Cape, one in the southern Cape, and one
in the southwestern Cape. On the ba-
sis of migratory patterns determined
from tagging and catch data, differences
in growth rates, otolith-dimension and
fish-length relationships, growth zone
structure, sizes at maturity and sex ra-
tios, and on the fact that each region
has nursery and spawning areas, the
conclusion has been drawn that these
areas of abundance represent three
separate stocks. Each stock apparently
disperses offshore in winter (to ca. 100
m depth) and concentrates nearshore in
summer (<60 m depth) in response to
oceanographic patterns. Although there
is evidence of spawning activity through-
out the year, the main spawning season
for silver kob is from August to Decem-
ber, with a peak in spring (Sep—Nov).
Size at sexual maturity for silver kob
was smaller in the southeastern Cape
than in the southern Cape, and in both
regions males matured before females.
Median sizes at maturity (L) for fe-
males and males were 310 mm TL (1.3
yr) and 290 mm TL (1 yr) respectively
in the southeastern Cape and 375 mm
TL (2.4 yr) and 325 mm TL (1.5 yr) re-
spectively in the southern Cape. East
of Cape Agulhas, A. inodorus are found
just beyond the surf zone to depths of
120 m. Adults occur predominantly on
reefs (>20 m), whereas juveniles are
found mainly over soft substrata of sand
or mud (5-120 m depth). Young juve-
niles recruit to nurseries immediately
seaward of the surf zone (5—10 m depth)
but move deeper with growth. Because
of lower water temperatures west of
Cape Agulhas, the adults in this area
are found from the surf zone to depths
of only 20 m in summer.
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Silver kob, Argyrosomus inodorus,
is an important commercial and rec-
reational sciaenid fish (max. size 34
kg) that is known from northern
Namibia on the west coast of south-
ern Africa to the Kei River on the
east coast of South Africa (Griffiths
and Heemstra, 1995). It is not com-
mon between Cape Point and cen-
tral Namibia; therefore it is likely
that the Namibian populations are
not continuous with those off the
eastern seaboard of South Africa
(Griffiths and Heemstra, 1995).
Until recently A. inodorus was
misidentified as A. hololepidotus
throughout its distribution; off
South Africa it was also confused
with a sympatric species, A. japoni-
cus (Griffiths and Heemstra, 1995).

The South African line fishery
consists of about 2,900 commercial
(Kroon!) and some 4,000 club-affili-
ated recreational (Ferreira, 1993)
vessels. These vary from 5 to 15 m
in length and operate on both east
and west coasts. Silver kob is prob-
ably the most valuable species
caught by the line fishery between
Cape Point and East London if mar-
ket value and annual catch are com-
bined; A. inodorus is also landed as
a bycatch of the sole- and hake-di-
rected inshore trawl fishery be-
tween Cape Agulhas and Port Alfred
(Japp et al., 1994) and is caught by
rock and surf anglers and commer-
cial beach-seine fishermen in the

southwestern Cape. Although an
important species, trawl and line
catch per unit of effort for this spe-
cies has declined substantially dur-
ing the last three decades, and con-
cern has been expressed over the
large contribution of recruits to line
catches in the southeastern Cape
(Smale, 1985; Hecht and Tilney,
1989).

Knowledge of the life history of
fishes “is an almost essential pre-
requisite to successful identification
of stocks” (Pawson and Jennings,
1996) and is fundamental to stock
assessment and to the formulation
of effective management strategies
for their sustainable use. Despite
the importance of A. inodorus and
evidence for declining catches, little
has been published on its life his-
tory; wise management has there-
fore not been possible. Smale (1985)
investigated the sex ratio and
spawning seasonality of “A. holo-
lepidotus” based on the catches of
lineboat fishermen in Algoa Bay but
inadvertently included both A.
inodorus and A. japonicus in his
study (established via voucher
specimens and otoliths). Griffiths
(in press, a) recently described the
growth of A. inodorus from three
geographical regions between Cape

1 Kroon. W. 1995. Sea Fisheries, Permit
Division, P. Bag X2, Roggebaai, 8012, Cape
Town, South Africa. Personal commun.
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Point and the Kei River. On the basis of grow rate,
fish-length and otolith-dimension relationships, and
the appearance of growth zones, he concluded that
silver kob within this area comprise at least three
separate stocks.

The objective of the present study was to provide
information on the life history of A. inodorus occur-
ring between Cape Point and the Kei River, includ-
ing reproductive seasonality, spawning grounds, size
at maturity, juvenile and adult distribution, and
migration. Because the identification of discrete
stocks or “management units” is essential for effec-
tive management (Pawson and Jennings, 1996), the
multiple stock concept is further developed with in-
formation on distribution and abundance, life his-
tory parameters, and mark-recapture data.

Materials and methods

The study area (from Cape Point to Kei River) was
divided into three regions for sampling purposes
{Fig. 1). These regions were identical to those used
by Griffiths (in press, a); they were not divided ac-
cording to political boundaries but rather generated
to increase analytical resolution. Biological (March
1990—January 1992) and length-frequency (January
1990-December 1994) data were collected in each
region from fish caught 1) by the line fishery, 2) by
the inshore trawl fishery, 3) by trawlers during South
Coast Biomass Surveys conducted by the Sea Fish-

eries Research Institute, and 4) by research
linefishing operations. Biological data were also ob-
tained from silver kob caught by beach seines in False
Bay (Oct 1991). Trawled fish were generally caught
over sand or mud substrata, and line-caught fish over
reef. Owing to the high relief rocky nature of the in-
shore habitat west of Cape Agulhas, this species is
not trawled in the southwestern Cape.

Fish sampled for biological purposes were mea-
sured (to the nearest 1 mm [total length]), weighed
(to the nearest gram [fish <500 g], the nearest 20 g
[fish 500 g-5 kg], or the nearest 100 g [fish 5 kg—25
kg]), cut open, and sexed. Gonads were removed, as-
signed a visual index of maturity (see Table 1), and
weighed to the nearest 0.1 g. Males were assigned
an index of drumming muscle development (1=none,
2=partially developed, 3=fully developed). Owing to
logistical constraints, monthly biological data were
obtained only for the southeastern Cape; in the other
two regions biological sampling was limited to the
spawning season.

Areas of silver kob abundance were delineated by
using returns from the commercial line fishery and
data from South Coast Biomass Surveys (SCBS’s).
Line catches consisted predominantly of adult fish,
whereas trawl catches from SCBS’s comprised mostly
juveniles and young adults (see below). Annual catch-
per-unit-of-effort data (catch per outing) were plot-
ted on a subregional basis for the commercial line
fishery (an outing did not exceed one day), and the
data from 14 SCBS’s (Table 2) were used to calculate
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Map of the three coastal regions where silver kob were sampled, and localities mentioned in the text.
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Classification and description of the macroscopic gonad maturity stages of Argvrosomus inodorus.

This stage is generally only found in fish < 200 mm TL. Testes are threadlike, and the ovaries
appear as transparent pinkish flaccid sacs, about half the length of those at stage 2.

Testes are extremely thin, flat. and pinkish white. Ovaries appear as translucent orange tubes.

Testes are wider, triangular in cross section and beige. Sperm are visible if the gonad is cut and
gently squeezed. Eggs become visible to the naked eye as tiny yellow granules in a gelatinous
orange matrix. There is very little increase in the diameter of the ovary.

Testes become wider and deeper and are mottled and creamy beige. They are also softer in
texture, rupturing when lightly pinched. Besides the obvious presence of sperm in the main
sperm duct, some sperm are also present in the tissue. Ovaries become larger in diameter and
opaque yellow in color. Clearly discernible eggs occupy the entire ovary.

Testes still larger in cross section and softer in texture. They become creamier in color owing to
considerable quantities of sperm. The ovaries are larger in diameter as a result of an increase

Testes even larger in cross section and uniformly cream in color. They are extremely delicate at
this stage and rupture easily when handled. Sperm are freely extruded when pressure is applied
to the abdomen of the whole fish. Ovaries amber in color and have a substantial proportion of

Table 1

Stage Description
1 Juvenile
2 Immature or resting

Eggs are not visible to the naked eye.
3 Active
4 Developing
5 Ripe

in egg size.
6 Ripe and running

hydrated eggs.
7 Spent

Testes are shrivelled and a mottled beige and cream. A little viscous semen may still ooze from
the genital pore when pressure is applied to the abdomen. Ovaries are reduced in size, similar
in appearance to those at stage 2 and have a few remaining yolked oocytes. These yolked oocytes
are generally aspherical and appear to be undergoing resorption.

mean numbers of silver kob per 30-min trawl per
grid block. The SCBS methods are fully described by
Badenhorst and Smale (1991); therefore only a sum-
mary is given here. The survey area extended from
Cape Agulhas to Port Alfred and seawards to a depth
of 500 m. This area was divided into four depth zones
(0-50 m, 51-100 m, 101-200 m, and 200-500 m),
which were in turn subdivided into blocks of 5 x 5
nautical miles. The blocks trawled during each sur-
vey were determined semirandomly according to the
ratio of blocks per stratum. Bobbins were not used;
therefore trawling was limited to nonreef substrata.
The shallowest depth over which the research vessel
(F.R.S. Africana) could operate was 20 m. A 180-ft
German trawler with a 25-mm-mesh (bar) liner at-
tached to the trawl bag was used. Trawl duration was
limited to 30 min, and the results of shorter trawls
(owing to technical reasons or to hitting the reef) were
standardized to that time. Bottom temperature was
recorded immediately after most trawls with a Neil
Brown MK III-B conductivity, temperature, and depth
probe (CTD). Mean numbers of A. inodorus per trawl
for each 1°C of bottom temperature were plotted to ob-
tain the preferred temperature range of this species.
Migration of A. inodorus was studied by using tag-
ging and catch data. A tagging program was initi-
ated in February 1994. Silver kob captured with hook

Table 2
Number of trawls in which juvenile A. inodorus were
caught during South Coast Biomass Surveys between Cape
Agulhas (20"E) and Port Alfred (27°E) during the period
1987-95.
Total Trawls with

Cruise trawls silver kob

9 Sep—4 Oct 1987 88 24
11 May-2 Jun 1988 93 8
11 May-28 May 1989 62 12
24 May-12 Jun 1990 58 12

8 Sep—26 Sep 1990 73 21

8 Jun-1 Jul 1991 91 24
14 Sep-2 Oct 1991 75 30

1 Apr-20 Apr 1992 82 6

3 Sep—20 Sep 1992 87 32
19 Apr-10 May 1993 109 9

2 Sep—28 Sep 1993 106 30

8 Jun-3 Jul 1994 89 11
22 Sep-16 Oct 1994 92 18
23 Apr-15 May 1995 95 9
All cruises 1.200 246

and line were tagged with plastic T-bar tags in False
Bay (n=1,034), off Struis Bay (n=750), and off Stil
Bay (n=291). The data for recaptured silver kob
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(n=157), predominantly adults, were analyzed ac-
cording to tagging locality, days free, and the mini-
mum aquatic distance travelled.

Owners of commercial line boats and inshore trawl-
ers are required to submit daily catch returns to the
Sea Fisheries Research Institute. The monthly
catches of A. inodorus made by commercial line-
fishermen in each of the three regions and the
monthly catches made by the inshore trawl fishery
in the southern Cape and the southeastern Cape for
the period 1986-94 were expressed as percentages
of the respective annual totals.

The median size at first maturity (L,,) for males
and females was estimated by fitting a logistical func-
tion (LOGIT) to the fractions of mature fish (gonad
stage 3+) per 50-mm length class (midpoint) that
were sampled in the southern Cape and the south-
eastern Cape during the breeding season. Many of
the smaller males with active testes lacked drum-
ming muscles. Logistical functions were therefore
also fitted to the fractions of males (per 50-mm length
class) with fully developed drumming muscles. Be-
cause A. inodorus are not trawled in the southwest-
ern Cape, few juveniles were sampled and L, val-
ues could not be calculated for that region.

Reproductive seasonality was established in the
southeastern Cape by calculating both gonado-
somatic indices (GSI’s) and the monthly percent fre-
quency of each maturity stage for fish >L,,.

GSI = gonad weight/
{fish weight — gonad weight) x 100.

The extent of the spawning area was determined by
computing the percent frequency of each maturity
stage for fish (>L)) that were sampled during peak
spawning (Oct and Nov 1991) off East London, Port
Alfred, Mossel Bay, St Sebastian Bay, and False Bay.
Sex ratios were tested statistically for significant
deviations from unity with a chi-square test (P<0.05).
Nursery areas were delineated by comparing the
length-frequency distributions of silver kob caught
1) during South Coast Biomass Surveys (SCBS), 2)
during experimental linefishing expeditions (no mini-
mum size) and 3) by the line fishery (1990-94) as
well as by analyzing the catch and effort distributions
generated for silver kob during SCBS's (1987-95).

Results

Catch distribution and migration

Geographically related catch and CPUE trends for
the line fishery consisted of three modal groups

(Fig. 2), indicating that there are three areas of adult
abundance between Cape Point and the Kei River
(one in each region). Data from SCBS’s showed that
adult abundance trends were reflected in juvenile
distribution, at least for the east coast (Fig. 3). Sub-
stantial differences in growth rates, otolith-dimen-
sion and fish-length relationships. and growth zone
structure (Griffiths, in press, a) suggest that these
areas of abundance represent three allopatric stocks.
Tag returns from the present study revealed that
South African silver kob are capable of migrations of
240 km in six months but that most fish (84%) did
not move more than 50 km from their tagging local-
ity (Fig. 4). Only one fish tagged in False Bay was
recaptured outside of that bay. Of the silver kob
tagged in the Struis Bay vicinity, five (5.3%) had
migrated westwards to False Bay, and the rest were
recaptured either within 50 km of the tagging local-
ity (77.8%) or had moved eastwards (17%), but only
as far as Mossel Bay. None of the tagged fish were
recaptured in the southeastern Cape. Tagging data
therefore support the three-stock concept but sug-
gest that there is limited exchange between silver
kob in the southern Cape and those in the south-
western Cape. Based on catch data, the foci of each
stock are apparently False Bay, Stil Bay, and Port
Alfred, which are separated by distances of 396 and
630 km, respectively. Struis Bay is situated towards
the westerly extreme of the area occupied by the
southern Cape stock: therefore it is not surprising
that of the recaptured silver kob that had moved
substantial distances (>50 km) from this tagging lo-
cality, most had moved to the east.

Interviews with commercial linefishermen ([n=36];
also confirmed by author’s personal experience) in-
dicated that their silver kob catch was made on reefs
at depths of 20-60 m to the east and 5-20 m to the
west of Cape Agulhas. Inshore trawling between
Cape Agulhas and Port Alfred occurs on soft ground
at depths of 50-120 m (Japp et al., 1994). Decreases
in the line catches of all three stocks during winter
{Fig. 5) and corresponding increases in the catches
made by inshore trawlers (Fig. 6) suggest that silver
kob move farther offshore at this time of the year.
Because inshore trawlers fish over substrata that are
different from those over which linefishermen fish
and since they land mostly juvenile and young adult
A. inodorus (Fig. 7), it could be argued that trawl
catch data do not reflect the winter locality of the
adult population. The offshore movement of adults
is supported, however, by the recapture of four speci-
mens (435-720 mm) tagged in 30 m of water off Struis
Bay in summer 1995 by inshore trawlers operating
in 80 m off Stil Bay and off Cape Infanta in the winter
and early spring of that year. Presumably, large adults
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Cape Point and the Kei River, 1986-94. See Figure 1 for localities.
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are also found on predominantly untrawlable rocky sub-
strata during their offshore winter distribution.

Size at maturity

Silver kob were found to mature at a smaller size in
the southeastern Cape than in the southern Cape,
and in both regions males matured at a smaller size
than did females. Females began to mature at about
250 mm in both regions, but the percentages of ma-
ture fish in consecutive size classes increased more
rapidly in the southeastern Cape than in the south-
ern Cape (Fig. 8, A and B). Estimated median lengths
at maturity (Lg,) were 310 mm and 375 mm for the
two regions respectively. All females in the south-
eastern Cape larger than 450 mm and all females in
the southern Cape larger than 550 mm were mature
(Fig. 8, A and B).

A comparison of the testes method with the drum-
ming muscle method for estimating male maturity
indicated that, within each region, the two methods
produced similar estimates for length at total matu-
rity but that the testes method produced higher es-

timates for the proportions of mature fish in size
classes below this length. In the southeastern Cape,
males began to mature at 150 mm (testes method)
and at 200 mm (drumming muscle method), L, was
calculated at 205 mm (testes method) and 290 mm
{(drumming muscle method), and total maturity was
attained at 400 mm (both methods)Fig. 8, C and E).
In the southern Cape, males began to mature at 200
mm (testes method) and at 250 mm (drumming
muscle method), L, was calculated at 270 mm (tes-
tes method) and 325 mm (drumming muscle method),
and total maturity was attained at 450 mm (both
methods)(Fig. 8, D and F).

Many of the smaller males (<300 mm) classified
as mature (i.e. testes contained sperm), had dispro-
portionately smaller gonads and also lacked drum-
ming muscles. Because male drumming plays an
important role in sciaenid spawning behavior
(Takemura et al., 1978; Saucier and Baltz, 1993;
Connaughton and Taylor, 1995; Connaughton, 1996),
it is not known whether these fish would actually
spawn. Even if the small males (without drumming
muscles) managed to spawn with a communal spawn-
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ing aggregation (doubtful as this may be), their con-
tribution to the total reproductive output (of the ag-
gregation), in relation to the small size of their tes-
tes, would likely be extremely low. Therefore, from a
management view point, the L, estimates based on
drumming muscle development were regarded as
more useful than those based on gonad staging.
According to Griffiths (in press, a), there was no
difference between the growth rates of A. inodorus
in the southeastern Cape and those in the southern
Cape during 1990-91. The smaller sizes at maturity
in the former region were therefore due to earlier ma-
turity and not to slower growth. Female L, and total
maturity are attained at about 1.3 and 3.5 yr in the
southeastern Cape and at about 2.4 and 4.7 yr in the
southern Cape. Male L, based on testes staging and
on drumming muscle development, was attained at <1
yr and at 1 yr for silver kob in the southeastern Cape,
and at <1 yr (testes staging) and at 1.5 yr (drumming
muscle development) in the southern Cape. Total male
maturity was attained at about 2.8 yr in the south-
eastern Cape and at about 3.4 yr in the southern Cape.

Spawning

Gonadosomatic indices (Fig. 9) and gonad maturity
indices (Fig. 10) for silver kob in the southeastern
Cape showed that although some spawning occurred
throughout the year, there was a clearly defined
breeding season from August to December and that
peak spawning occurred in spring (Sep—Nov). These
results are in general agreement with those of Smale
(1985) for Algoa Bay, but his spawning season ap-
pears to have been “extended” by about one month,
through the inclusion of A. japonicus, which spawns
from October to January (Griffiths, in press, b) in
the southeastern Cape. The low proportion of ripe
and running (stage-6) females sampled during the
spawning season (Fig. 10; and Smale, 1985) suggests
that females feed less and are therefore less prone
to capture (with hook and line) after oocyte hydra-
tion. This inference is supported by a much higher
proportion of stage-6 females in catches of silver kob
caught by beach seines in False Bay than in catches
made by using hook and line in four other localities
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Figure 4
Minimum distance travelled versus days at liberty for recap-
tured Argyrosomus inodorus that were tagged in the south-
ern Cape and in the southwestern Cape (False Bay), South
Africa (1994-96). Positive values signify a coastwise migra-
tion to the east, and negative values a movement to the west.

Days free

(during similar months and times of day)(Fig. 11).
Very low numbers of females with hydrated oocytes
have also been reported in line catches of other
sciaenids, e.g. Sciaenops ocellatus (Fitzhugh et al.,
1988), Micropogonias undulatus (Barbieri et al.,
1994), and Atractoscion aequidens (Griffiths and
Hecht, 1995a); no hydrated oocytes were detected
from line catches of Argyrosomus japonicus (Griffiths,
in press, b). Most silver kob caught during SCBS’s
were juveniles. Nevertheless, none of the adult fe-
males that were trawled had hydrated oocytes, per-
haps because these fish were captured on the nurs-
ery grounds and not on adult habitat where spawn-
ing is expected to occur (see below).

The large proportion of ripe and ripe and running
(stages 5 and 6) males and females at each of the
five sites between Cape Point and the Kei River (Fig.
11) during October—November suggests that spawn-
ing occurs throughout the study area and that peak
spawning occurs during spring for all three stocks.
The inshore distribution of the adults during spring
and summer, the absence of Argyrosomus eggs and

larvae in the Agulhas Current (ca. 200 m)Beckley,
1993), and the occurrence of significant numbers of
early stages of A. inodorus larvae (identified as “A. holo-
lepidotus “) in 5~7 m in Algoa Bay (Beckley, 1986) sug-
gest that spawning occurs in less than 50 m depth of
water. However, even though early life stages of lar-
vae and juvenile recruits (see “nursery areas” below)
are found just seaward of the surf zone (5-7 m), it is
not certain whether spawning occurs in this area or
whether it occurs in slightly deeper water and the eggs
and larvae are transported shorewards by currents.
Although spawning in other sciaenids, including
A. japonicus, occurs at night (Fish and Cummings,
1972; Takemura et al., 1978; Holt et al., 1985; Saucier
and Baltz, 1993; Connaughton and Taylor, 1995;
Griffiths, in press, b), the fact that large proportions
of ripe and running females caught in seine nets in
False Bay (Fig. 11) were caught between 11:30 h and
14:30 h, suggests that spawning in A. inodorus may
occur during the day. The water temperature in which
ripe and running females were captured was 18—
19°C, but as indicated for other sciaenids (Saucier
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and Baltz, 1993; Connaughton and Taylor, 1995), a
range of spawning temperatures is expected.
Hydrophonic monitoring of drumming levels
(Takemura et al., 1978; Saucier and Baltz, 1993;
Connaughton and Taylor, 1995) would provide bet-
ter information on the times, sites, and oceanographic
conditions necessary for spawning of silver kob.

Although the ovaries of A. inodorus were not ex-
amined microscopically, substantial increases in the
number of spent gonads towards the end of, and im-
mediately after, the five-month spawning season (Fig.
10}, as opposed to throughout the season, suggest
that they are multiple spawners. Unfortunately par-
tially spawned fish could not be identified macro-
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scopically. Multiple-batch spawning has been de-
scribed for several other species of sciaenids, e.g.
Sciaenops ocellatus (Fitzhugh et al., 1988), Seriphus
politus (DeMartini and Fountain, 1981), Cheilotrema
saturnum (Goldberg, 1981), Genyonemus lineatus
{Love et al., 1984), Cynoscion nebulosis (Brown-
Peterson et al., 1988), Pogonias cromis (Fitzhugh et
al., 1993; Nieland and Wilson, 1993), and Micro-
pogonias undulatus (Barbieri et al., 1994).

Sex ratios

From the total numbers of silver kob sampled, it was
evident that there were significantly more females

(1.6x) in the southeastern Cape, more males (1.2x)
in the southern Cape, and more females (2.1x) in the
southwestern Cape (Table 3). Except for the small-
est size class sampled in the southeastern Cape
(where males predominated), all other size classes
sampled in the southeastern Cape and in the south-
western Cape contained significantly more females.
Smale (1985) also recorded consistently higher pro-
portions of female “A. hololepidotus® per 100-mm
length class for fish sampled in the southeastern
Cape (1978-81). Although he included both A.
inodorus and A. japonicus in his study, the latter
species recruits to the line fishery only at about 1,000
mm TL (Griffiths, in press, b), therefore his speci-
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Table 3
Sex ratios of Argyrosomus inodorus from three regions along the South African eastern seaboard. * = significant difference at
P<0.05.
Southeastern Cape Southern Cape Southwestern Cape
Total length -
{mm) M:F n x2 M:F n x? M:F n x2
100-199 14:1 188 4.2% 12:1 114 0.9
200299 1:1.2 562 4.4* 1.1:1 320 1.3
300-399 1:1.7 1,194 72.4% 1.2:1 289 2.5 1:13 72 0.9
400499 1:2.0 541 61.9* 13:1 544 10.6* 1:3.1 49 12.8*
500-599 1:29 212 49.1¥ 15:1 212 9.1* 1:1.7 57 4.0*
600699 1:2.0 119 7.1*% 1:1.2 76 0.8 1:2.6 36 7.1*
700-799 1:1.8 58 4.4* 1:12 30 0.1 1:1.8 61 13.8*
800-899 1:15 56 2.6* 11:1 25 0.0 1:2.0 77 8.1*
900-999 1:3.2 25 6.8* 19:1 43 3.9* 1:2.8 57 12.8*
1000-1099 1:6.3 21 11.6* 13:1 80 1.0 1:26 29 5.8*
1100-1199 1:15 5 0.2 1:1.1 30 0.1
All sizes 1:1.6 2,982 158.7* 1.2:1 1,764 20.1* 1:21 446 57.4*
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mens below this length were mostly A. inodorus. Of
the 11 size classes sampled in the southern Cape,
eight contained more males and three contained more
females (Table 3). However, the ratios of only three
of these size classes (each with more males) were sig-
nificantly different from the expected 1:1. Because
more males were sampled within most size classes

in the southern Cape, it would appear that there are
more males than females in this region and that the
lack of significance for several of the size classes could
be due to limitations of the statistical test. The chi-
square test is based on absolute differences (between
observed and expected) and does not take into ac-
count sample size, e.g. although a ratio of 1.2:1
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Figure 8
Percentage of mature female (gonad stage 3+) and male (gonad stage 3+ and drumming muscle stage 3) Argyrosomus
inodorus by 50-mm total-length intervals, sampled during the spawning period in the southeastern Cape and in the south-
ern Cape. The solid line describes the fitted logistical function. Ly,= median length at first maturity (mm total length); n =
sample size.
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female and male Argyrosomus inodorus sampled in the southeastern Cape, April
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(n=1,764) was significant (even at P<0.001), one of
1.3:1 (n=80) was not (Table 3). Thus researchers
studying sex ratios should make every effort to ob-
tain large samples, particularly if the chi-square
method is to be used as a test for significant difference.

Nursery areas

Argysomus inodorus landed by the line fishery were
mostly adult fish between 40 and 120 cm TL (Fig.
12). Although fish <40 cm TL were not represented
in the present study owing to the minimum size limit
imposed on linefishermen, experimental linefishing
indicated that silver kob on the linefishing grounds (reef
substrata) were mostly >30 cm TL (Fig. 12) and that in

the southeastern Cape and in the southern Cape they
were generally larger than the female L, estimates.
Argysomus inodorus trawled between Cape
Agulhas and Port Alfred during SCBS’s (nonreef sub-
strata) ranged between 5 and 120 cm TL but were
generally <45 em TL, and largely immature (Fig. 13).
The modal length class increased from 20-25 cm at
depths of 25-50 m, to 25-30 cm at 50—100 m and
30-35 cm at 100-150 m; and the proportion of ma-
ture fish increased accordingly. Although depths <25
m were not sampled during SCBS’s, silver kob (iden-
tified as “A. hololepidotus™) trawled in <9 m during
an earlier survey of the bays between Mossel Bay
and Algoa Bay were mostly 9-18 ecm TL (Smale,
1984). Beckley (1984) recorded A. inodorus (also iden-
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Monthly percentage of gonad stages for mature female and male Argyrosomus
inodorus in the southeastern Cape, April 1990-January 1992. n=sample size.

1991 |

tified as “A. hololepidotus”) as small as 1.3 cm TL
just behind the breakers (5-7 m depth) in Algoa Bay.
Voucher specimens (including otoliths) from both of
these studies were identified as A. inodorus. There
is therefore a trend of increasing length with increas-
ing depth and distance from the shore for juvenile
silver kob occurring between Cape Agulhas and Port
Alfred. This finding suggests that juveniles are re-
cruited to the nursery grounds just seaward of the
surf zone and that they move farther offshore as they
grow. Silver kob do not enter estuaries, and between
Cape Agulhas and the Kei River, they do not occur in
the surf zone (Griffiths and Heemstra, 1995). The
SCBS CPUE-analyses revealed that juvenile A.
inodorus were not homogenously distributed over the
survey area but were found mostly in <120 m depth
and comprised two disjunct distributional ranges, i.e.

Cape Agulhas to Mossel Bay and Cape St Francis to
Port Alfred (Fig. 3). Although the inshore areas of
the southwestern Cape are not suitable for trawl-
ing, analysis of commercial beach-seine catches
(Lamberth et al., 1994) revealed that juvenile A.
inodorus (identified as “A. hololepidotus”) are also
found in False Bay.

Discussion

The results of this study strongly suggest that silver
kob between Cape Point and the Kei River comprise
three discrete stocks. The foci of each of these stocks
are False Bay in the southwestern Cape, Stil Bay in
the southern Cape, and Port Alfred in the southeast-
ern Cape. Tagging evidence indicates that there is lim-
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Percentage of gonad stages observed for male and female Argyrosomus inodorus
at five localities during the peak spawning season in 1991. EL=East London,
PA=Port Alfred, MB=Mossel Bay, SSB= St Sebastian Bay, FB=False Bay, and
n=sample size. Fish sampled at the first four localities were caught by hook
and line, whereas those in False Bay were caught with beach-seine nets.

ited exchange between the southwestern Cape and the
southern Cape stocks but that there is no exchange
between either of these two stocks and the one in the
southeastern Cape. Analysis of catch and tagging data
shows that each of the three stocks is concentrated in-
shore in summer but disperses seawards in winter.
The distribution of silver kob on the South African
eastern seaboard, including the existence of the three
stocks and their onshore—offshore movement, is also
supported by regional oceanographic patterns. Dur-
ing spring, summer, and autumn, the east coast be-
tween Cape Agulhas and the Kei River is character-
ized by three zones: 1) a warm inshore band (0-20
m) with an average temperature of 21°C (although

in certain areas temperatures can drop to <12°C for
brief periods following coastal upwelling); 2) a zone
of intermediate temperature (12—19°C) between 20
and 50 m; and 3) a bottom mixed layer of <12°C found
below 50 m (Eagle and Orren, 1985; Swart and
Largier, 1987; Goschen and Schumann, 1988; Boyd
and Shillington, 1994; Greenwood and Taunton-
Clark?). Silver kob prefer temperatures of 13-16°C
(Fig. 14) and are therefore mainly confined to the

2 Greenwood, C., and J. Taunton-Clark. 1992. An atlas of mean
monthly and yearly average sea surface temperatures around
the southern African coast. Sea Fisheries Research Institute,
Private Bag X2, Roggebaai 8012, Cape Town., South Africa. In-
ternal report 124, 112 p.
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Regional total-length distributions of Argyrosomus inodorus 1)
landed by the South African line fishery, 1990-94 (hatched lines)
and 2) caught on linefish grounds during experimental fishing
operations and which were below the minimum size limit (40 cm)
(shaded area). Arrows indicate female median length at matu-

rity (Ly,). Ly, was not estimated for the southwestern Cape.

intermediate zone. During spring, summer, and au-
tumn, the intermediate zone is restricted to an area
within a few kilometres of the coast and is within
easy range of line boats (see 50-m isobath in Fig. 1).
In winter the bottom mixed layer retreats down the
shelf to about 100 m (Schumann and Beekman, 1984;
Eagle and Orren, 1985; Swart and Largier, 1987).
As the intermediate zone expands, I propose that A.
inodorus stocks disperse seaward, moving beyond the

grounds of the linefishery and onto the inshore trawl-
ing grounds. Because Agulhas Bank is much nar-
rower in the southeastern Cape than in the south-
ern Cape (Fig. 1), offshore movement would have
been more constrained than in the latter region and
hence would explain the higher winter line catches
in the southeastern Cape (Fig. 5).

Owing to a higher degree of coastal upwelling off
the southwestern Cape, the bottom mixed layer
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Figure 13
Total-length distributions per depth range for Argyrosomus
inodorus trawled between Cape Agulhas and Port Alfred during
South Coast Biomass Cruises, 1990-94. The proportion of imma-
ture fish in each length class is an average of the values pre-
sented for males (drumming muscle method) and females in the
southeastern Cape and the southern Cape in Figure 8.

(<12°C) is shallower (20 vs. 50 m on the east coast)
from spring to autumn, and the temperatures above
20 m are generally 13-19°C during this period
(Atkins, 1970; Boyd et al., 1985; Largier et al., 1992;
Greenwood and Taunton-Clark?). Because inshore
temperatures are lower than those on the east coast,
silver kob are caught by linefishermen from the surf
zone to depths of 20 m. As along the east coast, the

bottom mixed layer deepens to about 100 m in win-
ter (Atkins, 1970; Boyd et al., 1985; Largier et al.,
1992), and silver kob are expected to move offshore
(as indicated by catch trends [Fig. 5]). Because the
depth contours broaden east of Cape Hangklip, it is
possible that there is also an easterly component to
the offshore dispersal of silver kob. A seaward and
eastward winter migration has also been postulated
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Mean number of Argyrosomus inodorus per trawl for each 1°C bot-
tom temperature category during South Coast Biomass Surveys,

for subadult Atractoscion aequidens (Sciaenidae),
occurring in the southwestern Cape (Griffiths and
Hecht, 1995a).

Data from all 14 SCBS’s revealed that the bottom
mixed layer (<12°C) extends farther up the shelf (and
is closer to the coast) in the area between Knysna
and Cape St Francis (Fig. 15; see also Le Clus and
Roberts, 1995), thus inhibiting exchange between the
silver kob stock in the southern Cape and that in the
southeastern Cape. Along the eastern and western
sides of False Bay, the 20-m isobath is found <500 m
from the shore (van Ballegooyen, 1991). Because suit-
able temperatures for silver kob are found at depths
shallower than 20 m in the southwestern Cape dur-
ing spring to autumn, the movement of silver kob
into or out of False Bay (the focus of the southwest-
ern Cape stock) during this period is therefore re-
stricted. In addition, the upwelled bottom mixed layer
frequently extends to the shore between Cape
Hangklip and Cape Agulhas, particularly from De-
cember to April (Boyd et al., 1985; Largier et al.,
1992), thus further limiting exchange between in
False Bay and in the southern Cape.

Spawning occurred throughout the distributional
ranges of all three stocks and peaked in spring (Sept—
Nov) in all regions. Sizes and ages at maturity were,
however, substantially smaller in the southeastern
Cape than in the southern Cape. Female L,  was 310
mm TL (1.3 yr) in the former and 375 mm TL (2.4 yr)
in the latter region. Changes in ages and sizes at
maturity have been correlated with exploitation rate
for several fish species (Healey, 1975; Borisov, 1978;
Ricker, 1981; Beacham, 1983; Wysokinski 1984;

Armstrong et al., 1989). Because fishing mortality 1s
significantly higher in the southeastern Cape than
in the southern Cape (I'=0.67 vs. 0.42)(Griffiths, in
press, ¢), the smaller sizes at maturity recorded for
the southeastern Cape are possibly due to fishing
pressure. The mechanisms accounting for the de-
creases in the size and age at maturity in the south-
eastern Cape, however, remain to be identified. One
explanation is that the younger ages and smaller
sizes at maturity for silver kob in the southeastern
Cape could be the result of density-dependent effects;
higher mortality results in more food for surviving
fish, in additional energy for gonad growth, and con-
sequently in earlier maturity. In several other spe-
cies, ages or sizes (or both) at maturity have been
correlated with the amount of accumulated surplus
energy within a fish (Armstrong et al., 1989; Rowe
et al., 1991; Berglund, 1992; Kerstan?). On the other
hand, Ricker (1981) stated that “If a fish matures
before it is large enough to be vulnerable to fishing,
its expectation of contributing to future generations
will be greater than that of a sibling of the same size
that does not mature until a year later. The result
can be a gradual decrease in the mean size at matu-
rity.” Female silver kob attain the minimum size limit
for the line fishery (400 mm TL) at ca. 2.8 yr in both
the southeastern Cape and the southern Cape
(Griffiths, in press, a). Approximately 95% of these

3 Kerstan, M. 1995. Sex ratios and maturation patterns of
horse mackerel (Trachurus trachurus) from the NE-and SE-
Atlantic and the Indian Ocean—a comparison. ICES council
meeting H:6, 20 p. (Mimeo.)
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new recruits are mature in the southeastern Cape,
but only 69% in the southern Cape. Assuming that
size at maturity for silver kob in the southeastern
Cape was at one time similar to that in the southern
Cape, the removal of late-maturing fish, before they
had spawned for the first time, could have reduced
the sizes and ages at maturity to those recorded in
this study. The large contribution of recruits (400—
450 mm TL) to the southeastern Cape line catch (ca.
50% by number)(Fig. 12), supports this hypothesis.

Investigation of sex ratios showed that there are
substantially more females in the southeastern Cape
(1.6x) and southwestern Cape (2.1x) stocks, but more
males in the southern Cape (1.2x). Most natural
populations tend to stabilize at sex ratios of 1:1
(Conover and Van Voorhees, 1990), including those
of other sciaenids (Shepherd and Grimes, 1984;
Murphy and Taylor, 1989; Wilson and Nieland, 1994;
Ross et al., 1995; Griffiths and Hecht, 1995a). The
deviations from this ratio observed for South Afri-
can silver kob are not easily explained. Basically, the
reasons for an observed sex ratio that deviates from
unity may be grouped into three categories: 1) more
individuals of either sex are produced (e.g. environ-
mental sex determination); 2) equal numbers of both

sexes are produced, but those of one sex are dimin-
ished through either emigration or mortality; and 3)
sampling methods are biased towards one of the
sexes. Although environmental sex determination
can temporarily result in skewed sex ratios in some
species (Conover and Heins, 1987), frequency-depen-
dent selection is expected to return the ratios of such
populations to equality through future generations
(Conover and Van Voorhees, 1990). Higher propor-
tions of either sex over most size classes (therefore
spanning several age classes) in each region, with
consistency over two periods (1978-81 and 1990-91)
in the southeastern Cape, render environmental sex
determination an unlikely cause of the observed sex
ratios. Male emigration from the southeastern Cape
and the southwestern Cape to the southern Cape is
also unlikely. Because the smallest size class sampled
in the southeastern Cape consisted of males without
drumming muscles and also consisted of more males
than females, it is tempting to suggest that male
drumming during the protracted spawning season
may have resulted in sex-selective predation in this
region and in the southwestern Cape. However, there
is no reason to believe that predation rates should
be higher in the southeastern Cape and the south-
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western Cape than in the southern Cape. Because
capture methods were the same in all three regions,
increased vulnerability of either sex to capture is not
a plausible explanation either. Thus additional re-
search is required before the regionally specific sex
ratios observed for A. inodorus can be adequately
explained.

Silver kob use inshore (<120 m depth) sand and
mud substrata as nursery areas. They apparently
recruit (ca.1.5 cm TL) just seawards of the surf zone
(5—7 m depth) but move offshore with growth. Upon
attaining maturity they recruit to adult populations
that are found on reefs. Distributional analyses have
revealed that juvenile A. inodorus between Cape
Agulhas and the Kei River comprise two disjunct
distributional ranges, one in the southern Cape and
the other in the southeastern Cape. Although the
inshore areas of the southwestern Cape are not suit-
able for trawling, analysis of commercial beach-seine
catches (Lamberth et al., 1994) has revealed that
juvenile A. inodorus (identified as “A. hololepidotus™)
are also found in False Bay. The existence of nursery
areas and spawning grounds in each of the three
sampling regions, and the differences in size at ma-
turity and sex ratio, lend further credence to the sepa-
rate stock concept.

Conclusion

Distributional analyses based on fishery dependant
and fishery independent data revealed that there are
three areas of silver kob abundance between Cape
Point and the Kei River. The fact that each of these
“populations” has its own spawning grounds and
nursery areas and the fact that there are observed
differences in growth rates, otolith-dimension and
fish-length relationships, growth zone structure,
sizes at maturity, and sex ratios, together indicate
that these “populations” represent separate stocks.
This three-stock concept is further supported by mi-
gratory patterns indicated from catch and tagging
data and by the oceanography between Cape Point
and the Kei River.

Although genetic differentiation should ideally
form the basis of inferences concerning stock distine-
tion, analyses based on protein electrophoresis and
mitochondrial DNA have generally been unsuccess-
ful in differentiating between marine stocks (see
Campana and Casselman, 1992; Pawson and
Jennings, 1996), including those of sciaenids (Ramsey
and Wakeman, 1987; Graves et al., 1992; King and
Pate, 1992). Although none of the data used to infer
separate silver kob stocks necessarily reflect genetic
differences (Ihssen et al., 1981), the identification of

three allopatric units of fish with different popula-
tion parameters indicates that each may respond
differently to fishing and that the exploitation of one
unit will not affect the size or composition of the other
two, thereby supporting separate management of the
three units and their stock status (Spangler et al.,
1981; Brown and Darcy, 1987; Campana and Gagné,
1995; Edmonds et al., 1995; Pawson and Jennings,
1996).

Recent application of per-recruit models to South
African silver kob (based on the results presented in
this study) indicates that, owing to their different
population parameters, each stock requires a differ-
ent combination of fishing mortality and age at first
capture for optimal exploitation (Griffiths, in press,
¢). Therefore A. inodorus should ideally be managed
on a regional and not on a national basis. Studies of
the life histories of two other South African sciaenids,
Atractoscion aequidens (Griffiths and Hecht, 1995a)
and Argyrosomus japonicus (Griffiths and Hecht,
1995b; Griffiths, in press, b), have revealed that they
consist of single stocks with allopatric age or size-
determined subpopulations, even though they occur
from Cape Point to southern Mozambique and are
therefore more widely distributed on the eastern sea-
board than are A. inodorus. Inferences from stock struc-
ture, based on closely related taxa, are therefore not
desirable because they could result in erroneous con-
clusions and consequently in poor management.
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Abstract.—Estimates of tag-shed-
ding and tag-reporting rates are re-
quired for an estimation of fishing and
natural mortality rates from tagging
data. For this purpose, double-tagging
and tag-seeding experiments were un-
dertaken by the South Pacific Commis-
sion, in conjunction with a large-scale
tuna tagging program, in the western
tropical Pacific Ocean during 1989-
1992. Estimates of tag-shedding rates
indicated that 89% (95% confidence in-
terval of 82%—94%) of tagged tuna still
retained their tags after two years at
liberty. Differences in shedding rates
among skipjack, yellowfin, and bigeye
tuna. and differences in shedding rates
among taggers were found not to be sta-
tistically significant. Tag seeding car-
ried out on board purse seiners by ob-
servers resulted in 342 returns of the
532 tags seeded, for a return rate of 64%
(60%—68%). The return rate of seeded
tags varied significantly by unloading
location (most tags were recovered dur-
ing unloading), but not by species. The
highest return rates of seeded tags oc-
curred from American Samoa, Philip-
pines, and Solomon Islands, whereas
Korea and Thailand had the lowest re-
turn rates. The overall average report-
ing rate, weighted by the estimated
numbers of tags recovered at each lo-
cation, was 0.59. A bootstrap procedure
was used to estimate a 95% confidence
interval of 0.49-0.67. These results
implied that, of the 146,581 tags re-
leased during the large-scale tagging
program, 31,166 (27,208-37,264) were
recaptured, of which 18,266 were re-
turned to the South Pacific Commission.
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Tag release-recapture experiments
are commonly used to estimate pa-
rameters, such as growth, mortal-
ity, and population size, of exploited
fish stocks (Beverton and Holt,
1957; Seber, 1973). One method
used to estimate mortality rates is
to fit a tag-attrition model to a time
series of tag-return data (Seber,
1973; Kleiber et al., 1987). In its
simplest form, the tag attrition
model can be expressed as

6, =(1-a)T

F
F+M+2A
[1-exp(-F -M - 2)),

exp [-(F+M+A)(j- D]

(1)

where ¢ ; is the predicted number
of tag returns in time period j, arep-
resents all type-1 tag losses, 7'is the
number of tag releases, F is the in-
stantaneous rate of fishing mortal-
ity (assumed constant), M is the in-
stantaneous rate of natural mortal-
ity (assumed constant), and A rep-
resents all continuous type-2 tag
losses. Type-1 tag losses include im-
mediate tag shedding, immediate
tagging-induced mortality, and fail-
ure to report recovered tags. Type-
2 tag losses include continuous tag
shedding, continuous mortality di-
rectly attributable to the tag, and
emigration of tagged fish away from
the area of the fishery. For unbiased
estimates of F and M to be obtained,

it is clear from Equation 1 that
these tag losses must be estimated
and included in the tag-attrition
model.

In general, type-1 and type-2 loss
rates cannot be estimated directly
from tag-return data, although es-
timation of type-1 losses may be
possible under circumstances where
fishing intensity is highly variable
(Beverton and Holt, 1957). More
commonly, loss rates are estimated
from independent experiments car-
ried out in conjunction with a tag-
ging program. Tag-shedding rates
may be estimated from double-tag-
ging (two tags per fish) experiments
(Wetherall, 1982) or from direct ob-
servation of tagged fish held in cap-
tivity. Tag-reporting rates may be
estimated from tag-seeding experi-
ments (Youngs, 1974; Green et al.,
1983; Campbell et al., 1992), from
sequential observations of recover-
ies at different stages of catch han-
dling and processing (Hilborn,
1988), and by comparing tag return
rates from the fishery with those
from a control group (such as ves-
sels carrying fisheries observers)
assumed a priori to report all tag
recoveries (Paulik, 1961; Seber,
1973). Type-1 and type-2 tagging
mortality rates may, for some spe-
cies, be estimated from observations
of tagged and untagged fish held in
captivity.

The South Pacific Commission
(SPC) recently conducted a large-
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scale tuna tagging program, the Regional Tuna Tag-
ging Project (RTTP), in the western tropical Pacific.
From 1989 to 1992, 146,581 tagged skipjack tuna,
Katsuwonus pelamis, yellowfin tuna, Thunnus
albacares, and bigeye tuna, Thunnus obesus, were
released throughout the western tropical Pacific from
the Philippines and eastern Indonesia to approxi-
mately 170°W. This area is fished by purse-seine,
pole-and-line, longline, handline, and troll vessels,
which have collectively harvested more than one
million metric tons of tuna per year since 1989
(Lawson, 1994). As of 31 May 1995, 18,266 tagged
fish had been recaptured and the tags and accompa-
nying recapture information returned to SPC. Tagged
tuna were recaptured by all of the fishing methods
of the western Pacific fishery. Most tag returns (76%)
originated from purse seiners, consistent with the pro-
portion of total catch attributed to that gear (67% for
1990-1993). Few additional tag recoveries are expected.

One of the major objectives of the tagging program
was to estimate the rates of fishing-induced and natu-
ral mortality by using models similar to Equation 1,
so that the impacts of the fishery on the stocks could
be assessed. It was therefore necessary to obtain es-
timates of type-1 and type-2 tag losses. In this pa-
per, I focus on the estimation of tag-shedding rates
and tag-reporting rates. Tag-shedding rates were
estimated from double-tagging experiments carried
out in conjunction with the tag-release program. Dif-
ferences in shedding rates among species and differ-
ences among individual taggers were evaluated. Tag-
reporting rates were estimated from tag-seeding ex-
periments in which tuna caught by purse seiners
were surreptitiously tagged by fisheries observers
prior to the fish being placed in the fish wells. Dif-
ferences in the rates of reporting seeded tags by spe-
cies, time, and port of unloading were investigated.
An estimate of the overall reporting rate of recov-
ered RTTP tags and its variability, which takes into
account the variability in tag reporting among un-
loading ports, was obtained.

Materials and methods

Doublie-tagging experiments

Field operations Tagging was carried out on a pole-
and-line vessel from which tuna were captured with
standard commercial gear. Only uninjured fish that
were cleanly hooked in the jaw were selected for tag-
ging. Fish with excessive mouth damage, eye dam-
age, or gill damage were not tagged. Selected fish
were placed in a vinyl tagging cradle and their fork
lengths measured to the nearest centimeter. For

single-tagged fish, a Hallprint™ 13 cm dart tag was
inserted by using a sharpened stainless steel appli-
cator, into the musculature at an angle of about 45°,
1-2 c¢m below the posterior insertion of the second
dorsal fin. Smaller (10-cm) tags were used for tuna less
than 35 ecm FL. Ideally, the tag barb was anchored be-
hind the pterygiophores of the second dorsal fin.

Throughout the three-year tag release program, a
small sample (approximately 3%) of the tagged tuna
were double tagged. Double tagging occurred on par-
ticular days chosen in advance by the cruise leader
and on such days, most fish were double tagged. The
objectives were for each principle tagger to double
tag at least 400 tuna, and for the double-tag releases
to be as representative as possible of the species and
size composition of the single-tag releases. These
objectives were largely accomplished (Fig. 1).

The technique for double tagging was identical to
that of single tagging, with the exception that a sec-
ond tag was inserted on the opposite side of the fish,
1-2 c¢m anterior to the first tag to avoid damaging it
with the applicator. For single and double tagging,
fish were generally out of the water for less than ten
seconds.

Data analysis Observations of the numbers of tags
retained by double-tagged tuna at recapture can be used
to estimate tag-shedding rates. I used a simple tag-
shedding model (Beverton and Holt, 1957; Hampton
and Kirkwood, 1990), which defines the probability,
Q(), of a tag being retained at time ¢ after release as

Q)= (1~ p)exp(—Lt), (2)

where p is the immediate type-1 shedding rate and
L is the continuous type-2 shedding rate. These pa-
rameters can be estimated from a double-tagging
experiment under the assumption that all tags not
immediately shed have identical shedding probabili-
ties that are independent of the status of the com-
panion tag. Given this assumption, the probabilities
of two, one, and no tags being retained at time ¢ af-
ter release are, respectively,

By(t) = Q(t)?,
P,(t)=2Q)[1- Q1)) (3)
Py(t)=[1-Q)1.

Consider a double-tagging experiment resulting in
m recaptures of fish bearing two tags at times ¢, (i =
1,...,m) and in n recaptures bearing one tag at times
t;; ¢ =1, ..., n). The negative log likelihood of the
data (t,, t,) given the model parameters p and L is
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Distributions of single-tag and double-tag releases by (A) tagger,
(B) species and (C) size.

Q(ts,t,1p,L)= —Zln\iﬁ)z(‘t)—zl):‘_

il Py
1-By(ty;)

where the terms in square brackets represent the
probabilities of two tags and one tag being observed
for each recapture, given that at least one tag is ob-
served. Maximum-likelihood estimates of p and L can

(4)

therefore be obtained by minimizing Q with
respect to the parameters.

The model was fit to pooled recapture data,
to data classified by species, and to data classi-
fied by tagger. As an approximate indication of
the overall losses due to tag shedding for each
data set, the proportion of tags retained after
two years (99% of RTTP tag returns were re-
captured within two years of release), Q2 » Was
calculated from Equation 2 by using the esti-
mated parameters. Approximate 95% confi-
dence intervals for @, were obtained by the
percentile method (Efron, 1982) applied to dis-
tributions of Q2 generated from 1,000 paramet-
ric bootstrap (or "Monte Carlo) replicates of each
data set. The replicates were constructed by
using the observed distributions of times at lib-
erty, and the numbers of tags observed for each
pseudo-return were determined randomly with
the conditional probabilities of a recaptured tuna
bearing two tags or one tag, i.e. {5 and 5,
respectively, given the estimated parameters.

The statistical significance of improvements
in fit of models that included species-specific
and tagger-specific shedding parameters was
determined by using likelihood-ratio tests
(Kendall and Stuart, 1961).

Tag-seeding experiments

Rationale Tag seeding was carried out by ob-
servers placed on board purse-seine vessels as
part of regional and national observer pro-
grams. The purse-seine fleet was targeted for
tag-seeding experiments for several reasons.
First, purse seiners account for most of the tuna
catch in the western Pacific (and also recovered
most tags); the estimation of reporting rates for
this gear type in particular was therefore of
critical importance. Second, the large, modern
purse seiners typical of the western Pacific fleet
handle large quantities of tuna very rapidly,
with little opportunity for onboard inspection
of individual fish for tags. As a result, tagged
tuna recaptured by purse seiners were mostly
detected during unloading (when individual fish
are handled) or during the initial stages of pro-
cessing in canneries. The efficacy of tag detec-
tion during these periods was unknown prior
to the commencement of the tagging experi-
ment; it was feared that delayed detection of
tags might result in significant losses which, if
ignored, would compromise the objectives of the
tagging experiment. Third, the very fact that
most tagged tuna recaptured by purse seiners
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would be detected during or after unloading of the
catch in port offered the opportunity for tagged tuna
to be planted in the catches before these detection
processes began. Furthermore, the layout of purse-
seine vessels and the method of onboard handling of
the catch facilitated the opportunity for planting
tagged tuna surreptitiously, out of sight of the vessel’s
crew. Such tag-seeding operations would be more
difficult on other types of vessels, e.g. pole-and-lin-
ers and longliners, operating in the fishery.

Field operations Selected observers on purse sein-
ers were asked to plant up to five tagged tuna in the
catch during a voyage. The number of tagged funa
was limited to five so as not to attract undue atten-
tion during unloading; it was not unusual during the
RTTP for five (and sometimes more) tagged tuna to
be recovered from a single unloading. The exact tim-
ing of tagging individual fish depended on the cir-
cumstances encountered during a cruise, particularly
the frequency of successful sets. Therefore, the pe-
riod over which the five tags were seeded ranged from
a few days to several weeks.

Fish were tagged discretely, usually on the well
deck (one level below the work deck where the fish
are landed), as they passed down the chute just prior
to entering the well. The tags and manner of attach-
ment were identical to those used in the tagging pro-
gram proper. Tag numbers, dates, species, sizes, and
well numbers were recorded and the information sent
to SPC at the completion of the voyage. Upon recov-
ery, seeded tags were processed in the same fashion
as genuine tag recoveries. Tag finders were paid the
standard reward for seeded tags and were not informed
that the tags were part of a seeding experiment.

Estimation of return rates of seeded tags Return
rates of seeded tags were calculated for the overall
data set, for the three species (skipjack, yellowfin,
and bigeye tuna ) and for the seven unloading loca-
tions represented in the data (American Samoa, Ja-
pan, Korea, Philippines, Puerto Rico, Solomon Is-
lands, and Thailand). For one unloading location
(American Samoa), there were sufficient returns to
estimate reporting rates by time period (year). Dif-
ferences in seeded tag-return rates among species,
unloading locations, and time periods were assessed
by using chi-square tests (Sokal and Rohlf, 1981).
Return rates were estimated by assuming that the
number of returns, r, in a given category was a bino-
mial variate. Given the number of tags seeded, N, the
estimated return rateis givenby p = r/ N .Underthese
conditions, 95% confidence limits for return rates were
also obtained. Lower and upper confidence limits, p,
and py, for p were determined by solving the equations

N
NY . ,
Z( ; )pk(l—pA)N" = and

Z(Ij)p%(l—pa)l‘"" =

i=0 \

where 1-2a is the confidence level (0.95 in this in-
stance). Solutions for p, and pg can be easily obtained
using an optimization program, such as the Microsoft
Excel Solver.

Estimation of overall reporting rate for the
RTTP An unbiased estimate of the overall return
rate of recovered tags (i.e. the total number of tags
returned divided by the total number of tags recap-
tured) is required for the estimation of fishing and
natural mortality rates from the RTTP data. The
return rates of seeded tags can be considered as
sample means of the overall (population) mean re-
porting rate. It transpired that seeded tag-return
rates varied greatly by unloading location, requir-
ing that the data be stratified by unloading location
in the estimation procedure. The parametric boot-
strap (or Monte Carlo) approach was used to obtain
approximate 95% confidence intervals for the over-
all reporting rate and its components (with the per-
centile method), taking account of the different prob-
ability distributions of reporting rate by unloading
location. One thousand simulations (or bootstrap
replicates) were run. In each, the weighted average
reporting rate across locations is given by

p'=) R,
J

where R, is the number of tags returned from loca-
tion j and p’ is the bootstrap (or pseudo) reporting
rate for location j.

For each replicate, the p} were randomly sampled
from probability distributions. For recoveries in lo-
cations covered by tag-seeding experiments, beta dis-
tributions B(x ¥;» @;, b) were used to represent the
probability dlstn'{)utlons of the true reporting rates.
These continuous distributions are related to the bi-
nomial distributions defined by the tag-seeding data
by x=r; and y=Nr.+1 (Mendenhall and Scheaffer,
1973). The 11m1ts of the distributions, a and b, would
normally be 0 and 1, respectively. In this case, we
assumed b=1 and set the lower limit of reporting rate
for location j, a,to the local tag-return rate (i.e. num-
ber of local returns divided by the number of local
releases), so as to avoid the possibility of estimated
recoveries out-numbering releases for any replicate.
For two locations, Solomon Islands and Philippines,

J
’
5 Pi
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there were local tag releases that resulted in most of
the tag returns from those locations. These local tag-
return rates (0.126 and 0.223, respectively) were used
as the lower bounds for the reporting rate distribu-
tions for Solomon Islands and Philippines. For the
other locations, it was not possible to identify sets of
local releases to calculate local tag-return rates be-
cause the release locations of the local returns were
widely distributed throughout the tag release area,
not just in the vicinity of the unloading ports. In these
cases, I made the minimal assumption that the “lo-
cal” releases comprised all tag releases except those
returned from other locations. Thus, the shapes of
the reporting-rate probability distributions are de-
termined by the tag-seeding data and by this notional
minimum possible return rate. Note that the means
and medians of such distributions could be quite dif-
ferent from the tag-seeding sample means p;. In
general, the differences will be greatest where p; is
close to 0 or 1 and »n is small.

For returns from locations where no tag-seeding
data were available or for tag returns that could not
reasonably be pooled with purse-seine returns be-
cause the recovery processes were different (14% of
all returns), values of p; were sampled from uni-
form distributions U10.5,1.0). While somewhat arbi-
trary, this procedure is meant only to reflect some
knowledge of the minimum possible reporting rate
from these locations. In fact, this assumption prob-

ably understates the likelihood of tags being reported;
almost all of these tags were recovered in Indonesia
and in Pacific Island countries, where widespread
publicity and the attractiveness of cash rewards are
likely to have resulted in high reporting rates.

Results

Tag shedding

In all, 4,541 tuna (2,557 skipjack, 1,498 yellowfin,
and 491 bigeye) were double-tagged during the RTTP.
Return rates of double-tagged tuna were comparable
to those of single-tagged tuna.

Returns from 525 double-tagged tuna were avail-
able for analysis. Fitting the model specified in Equa-
tion 2 to the pooled data provided estimates of p and
L that, according to the model, would result in 89%
(95% confidence interval of 82%—94%) of the origi-
nal tags being retained after two years at large (Table
1). Both p and L were significantly different from
zero (P<0.001).

Fitting the model to the three species separately.
although yielding somewhat different tag-retention
rates (Table 1), did not result in an overall statisti-
cally significant improvement in fit (P=0.334, Table
2). Similarly, there were differences in tag-shedding
estimates for the different taggers (Table 1), but over-

Table 1
Double-tagging results (m is the number of returns bearing two tags and n is the number of returns bearing one tag), tag-
shedding parameter estimates, the estimated proportion of tags retained after two years at liberty (@,,,). and likelihood function
values (Q) for fits of the tag-shedding model to the various data sets. )
Tag-shedding parameters
95% confidence

Data set m+n m n P L (/mo.) Qyyr interval for @,,, Q
Pooled data 525 457 68 0.05861 0.002312 0.89 0.82-0.94 201.498
Skipjack tuna 241 211 30 0.03485 0.007179 0.81 0.68-0.93 87.637
Yellowfin tuna 204 176 28 0.06574 0.001532 0.90 0.81-0.95 81.434
Bigeye tuna 80 70 10 0.06667 0.000000 0.93 0.74-0.97 30.142
Total 525 457 68 199.213
Tagger 1 42 40 2 0.01111 0.002788 0.92 0.76-1.00 7.909

2 45 36 9 0.07348 0.009636 0.74 0.42-0.93 22.023

3 45 39 6 0.07143 0.003400 0.86 0.76-0.94 17.670

4 53 47 6 0.06000 0.000000 0.94 0.68-0.98 18.718

5 106 94 12 0.03604 0.004257 0.87 0.73-0.96 36.533

6 68 57 11 0.08800 0.000000 091 0.70-0.95 30.096

7 81 67 14 0.00000 0.018460 0.64 0.50-0.85 34.184

8 60 53 7 0.03566 0.007403 0.81 0.55-0.97 21.110
Other taggers 25 24 1 0.00000 0.003059 0.93 0.78-1.00 3.600
Total 525 457 68 191.843




Hampton: Estimates of tag-reporting and tag-shedding rates for tuna in the tropical Pacific Ocean 73

all, classification of the model by tagger did not re-
sult in a significant improvement in fit (P=0.253,
Table 2). It is therefore appropriate to use the pa-
rameter estimates for the pooled model in models
such as that defined by Equation 1.

Tag reporting

Return rates of seeded tags by species, unloading
location, and time period Tag seeding was carried
out on 111 observer cruises between May 1990 and
September 1994. During these cruises, 532 tuna were
tagged and placed in fish wells. Of these, 342 (64%)
were later recovered during unloading or processing
of catches in canneries. The species breakdown of
seeded tag releases and returns is given in Table 3.
The numbers of returns by species did not differ sig-
nificantly from those expected from the return rate
pooled across species (P=0.648). On this basis, re-
porting of tags can be assumed to be independent of
species.

Most tag-seeding cruises (77) were undertaken on
United States purse seiners because this fleet had
the highest observer coverage during the period of
the experiment. Tag-seeding cruises were also un-
dertaken on purse seiners from Japan (18), Taiwan
(8), Korea (4), Federated States of Micronesia (3), and

Table 2
Statistical tests of the pooled tag-shedding model versus
species-specific and tagger-specific tag-shedding models.

No. of

Model parameters Q x af P
Pooled 2 201.498

4570 4 0334
Species-specific 6 199.213
Pooled 2 201.498

19.310 16 0.253
Tagger-specific 18 191.843

Solomon Islands (1). It was expected that the tag-
reporting rate would vary by fleet, not because of
variable cooperation by fishing vessel crews, but be-
cause different fleets tend to unload their catches in
different ports. As tag detection took place during
unloading of catches and at later stages of process-
ing, it was suspected that variation in the effective-
ness of tag detection and reporting at unloading ports
would result in large differences in tag-reporting
rates. The individual tag-seeding cruises were there-
fore classified by unloading location. In several in-
stances, a vessel’s catch was transshipped to two or
more ports. In these cases, the seeded tags were classi-
fied individually according to the destination of fish in
the wells into which the seeded tags had been placed.

The numbers of seeded tag releases and returns,
by unloading location, are given in Table 4. The re-
turn rates vary considerably among unloading loca-
tions; for example, the 95% confidence intervals on
the return rates for the two unloading locations with
the largest numbers of seeded tags, American Sa-
moa and Thailand, do not overlap and are in fact
widely separated. Not surprisingly, the observed
numbers of returns by unloading location differed
significantly from those expected from the return rate
pooled across unloading locations (P<0.001).

For American Samoa, there were sufficient seeded
tags to test the hypothesis of constant return rate of
seeded tags over time. The return rate was low in
1990 but was consistently high for 1991 through 1994
(Table 5). The differences in return rates among years
were statistically significant (P=0.005), but this was
due entirely to the lower than expected (on the basis
of the return rate pooled across years) number of
seeded tags returned in 1990. The differences among
years 1991 through 1994 were not statistically sig-
nificant (P=0.706). Other locations (Japan and Thai-
land) also had highly variable reporting rates across
years, but the numbers of seeded tags for these loca-
tions were too few to support a statistical treatment
of the data.

Table 3

Numbers of seeded tag releases and returns, by species. The 95% confidence intervals were calculated assuming a binomial
distribution.

Tuna species Number seeded Number returned Return rate 95% confidence interval
Skipjack 333 222 0.667 0.613-0.717
Yellowfin 158 94 0.595 0.514-0.672
Bigeye 35 23 0.657 0.478-0.809
Unknown 6 3 0.500 0.118-0.882
Total 532 342 0.643 0.600-0.684
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binomial distribution.

Table 4

Numbers of seeded-tag releases and returns, by unloading location. The 95% confidence intervals were calculated assuming a

ing a binomial distribution.

Unloading location Number seeded Number returned Return rate 95% confidence interval
American Samoa 324 254 0.784 0.735-0.828
Japan 80 39 0.487 0.374-0.602
Korea 16 0 0.000 0.000-0.206
Philippines 5 4 0.800 0.284-0.995
Puerto Rico 16 9 0.562 0.299-0.802
Solomon Islands 5 5 1.000 0.478-1.000
Thailand 86 31 0.360 0.260-0.471
Total 532 342 0.643 0.600-0.684
Table 5

Numbers of seeded tag releases and returns from American Samoa, by year. The 95% confidence intervals were calculated assum-

Year Number seeded Number returned Return rate 95% confidence interval
1990 23 3 0.130 0.028-0.336.
1991 116 95 0.819 0.737-0.884
1992 50 48 0.960 0.863-0.995
1993 101 83 0.822 0.733-0.891
1994 34 25 0.735 0.556-0.871
Total 324 254 0.784 0.735-0.828

Estimation of overall reporting rate for the
RTTP The variation in return rates of seeded tags
by unloading location (and possibly over time for
some locations) means that the simple, pooled return
rate of seeded tags may provide a biased estimate of
the overall tag-reporting rate for the RTTP. There-
fore, the tag-seeding data were stratified by unload-
ing location, and an overall average reporting rate
weighted by the estimated numbers of RTTP tags
recovered at those locations was determined. I did
not attempt to take into account the possible varia-
tion in reporting rates by time because of insufficient
information for most locations.

The estimates of the numbers of RT'TP tags recov-
ered at various locations and in total are shown in
Table 6. Median reporting rates, numbers of tags
recovered, and their 95% confidence intervals are
based on bootstrap sampling from the reporting-rate
probability distributions indicated in Table 6. The
relationships between the bootstrap distributions
and the sample means p; from tag seeding are shown
in Figure 2. For some locations, notably Philippines
and Solomon Islands, p; overestimates the median
of the probability distribution of p;. This is due to

the small numbers of seeded tags in these locations
and the resulting effect on the shape of the assumed
underlying probability distributions.

The estimation of tag recoveries and reporting
rates for Korea and Taiwan had to be treated differ-
ently because no RTTP tags were returned from Tai-
wan and only four tags were returned from Korea
(which were given to a SPC staff member during a
brief visit). Additionally, it was not possible to seed
tagged fish into shipments bound for Taiwan. There-
fore, there was no basis for estimating tag recover-
ies and reporting rates in Korea and Taiwan directly
from tag-seeding and RTTP tag-return data.

However, other information was available to de-
rive estimates for these locations. During the period
of the RTTP, approximately 100,000 t of tuna was
processed annually by canneries in Korea, all of
which was supplied by Korean purse seiners (Lewis!).

1 Lewis, A.D. 1993. Product flows of tuna in the western Pa-
cific, 1991 with likely trends during 1992. Sixth standing com-
mittee on tuna and billfish; 16-18 June 1993, Pohnpei, Feder-
ated States of Micronesia, South Pacific Commission, Noumea,
New Caledonia. Information paper 2, 7 p.
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Figure 2
Frequency distributions of reporting rates p; sampled from the probability distributions
specified in Table 6. The arrows indicate values of the sample mean reporting rates p,
obtained from tag-seeding data. The number of observations in each distribution is 1,000.

A similar quantity of the Korean purse-seine catch
in the western Pacific was delivered to canneries in
Thailand. Assuming a similar occurrence of tagged
tuna in these components of the Korean catch, the
number of tagged tuna in catches delivered to Korea
can be approximated by the tag returns from Korean
purse seiners unloading in Thailand (658) divided
by the estimated reporting rate for Thailand (0.355).
On this basis, 1,798 (95% confidence interval of
1,412-2,386) tagged tuna are estimated to have been
landed in Korea, of which only four were returned to
SPC under the special circumstances described
above. Similarly, the disposition of the Taiwanese
purse-seine catch (approximately 20,000 t to Taiwan

and 155,000 t to Thailand annually) and tag returns
from Taiwanese purse seiners unloading in Thailand
(928) implies that 327 (257—434) tagged tuna were
present in catches delivered to Taiwan.

Summing across locations, it is estimated that
31,166 (27,208-37,264) RTTP tags were recovered
from all fisheries in the western Pacific, resulting in
an overall reporting rate of 0.586 (0.490—-0.671).

Discussion

The objective of this study was to quantify two
sources of tag loss, tag shedding and failure to re-



76

Fishery Bulletin 95(1), 1997

Table 6

Numbers of tags returned and estimates of numbers of tags recovered from various unloading locations. Median reporting rates,
median numbers of tags recovered. and their respective 95% confidence intervals, were determined from 1,000 bootstrap replica-
tions based on random sampling from the specified beta (B) or uniform (U) distributions. Parameters for the beta distributions
Bix,y,a,b) are x=r, y=N—r+1, where N is the number of tags seeded, r is the number of seeded tags returned, a is the minimum
possible reporting rate (based on the local tag-return rate), and b is the maximum possible reporting rate (1). The estimations for
Korea and Taiwan could not be carried out in the usual way because of zero or very small numbers of seeded or RTTP (or both) tag
returns. Estimations for these locations are described fully in the text.

Reporting rate Number of tags recovered
Unloading Number of Probability 95% confidence 95% confidence
location tags returned distribution Median interval Median interval
American Samoa 2,070 B(254,71,0.016,1) 0.784 0.739-0.826 2,639 2,505-2,802
Japan 1,969 B(39,42,0.015,1) 0.492 0.386-0.595 4,000 3,307-5,104
Korea 4 0.002 0.002-0.003 1,798 1,412-2,386
Philippines 6,671 B(4,2,0.223,1) 0.764 0.476-0.961 8,727 6,940-14,003
Puerto Rico 297 B(9,8,0.002,1) 0.525 0.301-0.753 565 395-988
Solomon Islands 2,226 B(5,1,0.126,1) 0.877 0.526-0.994 2,540 2,239-4,232
Taiwan 0 0.000 0.000-0.000 327 257434
Thailand 2,218 B(31,56,0.017,1) 0.366 0.276-0.466 6,061 4,761-8,043
Tagging vessel 243 1.000 1.000-1.000 243 243243
Other 2,568 U10.5,1.0) 0.746 0.518-0.987 3.442 2,601-4.956
Total recoveries 18,266 0.586 0.490-0.671 31,166 27,208-37,264

port tags, in a large-scale tuna tagging experiment
in the western tropical Pacific Ocean.

Tag-shedding rates were estimated by fitting a tag-
shedding model to double-tagging data. The appli-
cation of a double-tagging experiment to the estima-
tion of the rate at which tags are shed from single-
tagged fish requires several assumptions that are
discussed in detail by Beverton and Holt (1957). In
this study, there are four assumptions that warrant
discussion. First, it must be assumed that the shed-
ding rates of tags applied in the double-tagging ex-
periment are the same as those for single-tagged fish.
This assumption might fail if, for example, less care
was taken with double tagging than with single tag-
ging because of the need to return fish to the water
within certain time limits. In the RTTP tagging ex-
periment, taggers were instructed to take as much
care in implanting each tag in double-tagged tuna
as they would for single-tagged tuna. Although it is
not possible to test this assumption with the limited
amount of double-tagging data, the similarity in re-
turn rates of double- and single-tagged tuna (South
Pacific Commission?) suggests that there had not

2 South Pacific Commission. 1994. Oceanic Fisheries Programme
work programme review 1993-94 and work plan 1994-95. Sev-
enth standing committee on tuna and billfish; 5-8 August 1994,
Koror, Palau, South Pacific Commission, Noumea, New
Caledonia. Working paper 5, 66 p.

been a gross violation. If the assumption did fail, as
described above, the shedding rates as applied to
single-tagged tuna would be overestimated.

Second, it is necessary to assume for double-tagged
fish that the events potentially resulting in shedding
of tags are random and independent with respect to
the two tags. If this assumption fails, there will be
fewer observations of fish retaining one tag, and con-
sequently shedding rates will be underestimated.
This assumption is difficult to test unless it is pos-
sible to identify fish that have shed both tags, which
of course will not normally be the case under field
conditions. The techniques adopted in this experi-
ment (individual tag placement on opposite sides of
the fish) were designed to facilitate compliance with
this assumption, but the actual extent of compliance
remains unknown.

Third, it must be assumed that the first (primary)
and second (companion) tags applied to fish in a
double-tagging experiment have the same probabili-
ties of shedding. This assumption might fail if, for
example, the companion tag is less securely im-
planted because tagging on the opposite side of the
fish is an unfamiliar task. This assumption can be
tested by using the frequencies of primary and com-
panion tag retention in fish that were recaptured
bearing one tag. In this double-tagging experiment,
there were 68 returns that consisted of one tag. Of
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these, 29 returns were of the primary tag and 39 were
of the companion tag. The cumulative binomial prob-
ability of 29 or less of either the primary or compan-
ion tag being found in a sample size of 68 is 0.275,
indicating that there is a reasonable chance of the
assumption being satisfied.

Fourth, in the analysis carried out here, it was
assumed that tag pairs (from fish recovered with two
tags) are reported (or not) as a pair—i.e. either both,
or none are reported. Furthermore, it was assumed
that the probability of reporting a tag pair was the
same as that of reporting a single tag. I will refer to
this as the dependent hypothesis. An alternative
hypothesis is that the reporting of individual tags
forming a pair is completely independent; whether
or not one tag of a pair is reported has no effect on
the probability that the other will be reported. I will
refer to this as the independent hypothesis. Under ei-
ther hypothesis, we can define the probability, U(¢), that
a tag is retained at recapture time ¢ and is reported as

Ut) = pQ(t| p,L)= p(1- p)exp(—Lt). (2a)

However, the probabilities of two, one, and no tags
being retained at recapture time ¢, and, in the case
of at least one tag being retained, also reported, are
different under the two hypotheses, as follows:

Pyy(t) pgy Ly) = pQ(t 1 py L)
Pyt pg,La) =2p@t | pg, Ly)[1-Qt 1 pg, Ly)]
Pdo(t | pd’Ld )= PQ(t | Pd ,Ld)z —ZPQ“ | pd’Ld)+ 1

(3a)
and
P,tlp,L)=p*Qtlp, L)
Pt p;,L;)=2pQt| p,-,L,-)[l—pQ(t lp;,L; )]
Pio(tIpi’Li)=[1_PQ(t|P,-,L,-)]2, (3b)

where the d and i subscripts indicate the dependent
and independent hypotheses, respectively.

It can be shown that substitution of the right-hand
gides of Equations 3a into the log-likelihood Equa-
tion 4 produces an identical result to substitution of
Equation 3; the p’s cancel out and reporting rate has
no influence on the estimates p, and L; when the
dependent hypothesis is true. This is therefore
equivalent to using Equation 2 as the tag-shedding
and reporting model, as I have done in this study.

Under the independent hypothesis, substitution of
the right-hand sides of Equations 3b into the log-
likelihood Equation 4 does not result in a canceling
out of p terms, and therefore p must be included in
the tag-shedding and reporting model as shown in

Equation 2a. However, p is totally confounded with
1-p;, and cannot be estimated from the double-tag-
ging data. If an independent estimate of p is avail-
able (for example, from a tag-seeding experiment),
Equation 2a can be applied and p, estimated free of
the effects of p.

For most double-tagging experiments, it will not
be known with any certainty whether the dependent
or independent hypothesis is more appropriate. The
following procedure may provide some insight in this
regard:

1 Obtain tag-shedding parameter estimates p, and
L,;, assuming that the dependent hypothesis is
true (using Equations 2 and 3).

2 If an independent estimate of the reporting rate,
D, is available, obtain tag-shedding parameter
estimates p, and L;, assuming that the indepen-
dent hypothesis is true (using Equations 2a and
3b). Small values of p (less than 1- p,) will usu-
ally result in p; entering an unreasonable (nega-
tive) domain. Alternatively, if p; is constrained to
be nonnegative, L; will differ from L, and the fit
to the data will degrade (i.e. Q; >Q,). In either
case, this indicates inconsistency between the re-
porting rate estimate p and the independent hy-
pothesis. In the present study, the estimated re-
porting rate (0.586) was much smaller than 1-p,
(0.941, see Table 1). If p is applicable to the
double-tagged tuna, this implies that the indepen-
dent hypothesis is inappropriate for these data.

In reality, it is likely that the actual situation with
respect to the reporting of tag pairs will lie some-
where between completely dependent and completely
independent reporting. It is possible to generalize
the tag-shedding model with respect to these hypoth-
eses by defining a coefficient of independence, ¢, such
that

p1-pexp(-Lt)

Ut =
c(l1-p)+p

Setting c=0 is equivalent to the dependent hypothesis,
¢=1is equivalent to the independent hypothesis, while
O<c<1 implies partial independence. For the RTTP
double-tagging data and p =0.586, ¢c<0.088 allows an
unconstrained p to remain nonnegative. This range of
possible values of ¢ implies that the dependent hypoth-
esis is likely to be appropriate for these data.

The tag-shedding model fitted to the double-tag-
ging data assumes that the rate of tag shedding is
constant over time. Kirkwood (1981) and Hampton
and Kirkwood (1990) found that, in some cases, a
model that allowed the probability of shedding to
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decrease over time provided a better fit to double-
tagging data for southern bluefin tuna, Thunnus
maccoyii, than the model used in this study. They
reasoned that tags might become more securely fixed
over time, and thus less likely to be shed, as the fish
grows and tissue is built up around the tag shaft. I
fitted the three-parameter variable-rate shedding
model (model 4 in Hampton and Kirkwood [1990]) to
the pooled data set and to the three species-specific
data sets and found that the improvement in fit over
the constant shedding-rate model was negligible in
each case and did not warrant the addition of the
extra parameter. There is thus little evidence of a
decline in shedding rates over time in these data.
This may in part be due to the relatively short peri-
ods at liberty (maximum of 2 years) of the double-
tagged tuna in this study compared with those for
the southern bluefin tuna (up to 18 yr) analyzed by
Hampton and Kirkwood (1990).

Given compliance with the assumptions of the ex-
periment and the appropriateness of the model, it
can be concluded that losses of tags through shed-
ding are relatively modest (about 11% after two years)
for the RTTP. This shedding rate is comparable to
those reported by Hampton and Kirkwood (1990) for
the more recent southern bluefin tuna double-tag-
ging experiments (16% and 12% after two years for
experiments 7 and 8, respectively), where comparable
tags and techniques to those used in this experiment
were used. Other tuna tagging experiments have
reported substantially higher tag losses after two
years, e.g. 30%—50% for the early southern bluefin
tuna experiments (Hampton and Kirkwood, 1990),
43% for eastern Pacific yellowfin tuna (Bayliff and
Mobrand, 1972), and 35% for Atlantic bluefin tuna
(Lenarz et al., 1973; Baglin et al., 1980). It is pos-
sible that the higher shedding rates observed in some
of these experiments were due to inferior tags, in
which the streamers were prone to detach from the
tag head. The streamers of tags used in this experi-
ment and the recent southern bluefin tuna experi-
ments were heat fused to the tag heads, making de-
tachment impossible under normal conditions.

The analysis of tag-seeding and associated data
indicated that, despite extensive publicity and attrac-
tive rewards for tag finders, failure to report tags
was a significant source of tagloss in the RTTP. Given
the diverse nature of the fishery, its spatial extent,
and the methods of processing large quantities of fish
caught by purse seiners in particular, this is hardly
surprising. The estimated overall reporting rate in
fact compares more than favorably with those for
some tagging experiments carried out on more local
scales (e.g. Campbell et al., 1992 for coastal shrimp
in the Gulf of Mexico). My estimates of reporting rates

based on tag-seeding data may, if anything, err on
the pessimistic side. It is suspected that one cause of
failure to report purse-seine—caught tagged tuna may
be the detachment of tags (through abrasion) from
fish while they are held in the vessels’ wells. If this
occurs, detached tags would likely be flushed out of
the wells into the sea, after which detection would
be highly improbable. It is possible that tags placed
in dead tuna by observers were more prone to de-
tachment in the well than tags placed in live tuna
that had been at liberty for some time. The tag head
and the portion of the tag shaft imbedded in the
musculature of live tuna were frequently observed
to be encased in a fibrous capsule, which would tend
to fix the tags more securely than tags placed in dead
tuna. “Shedding” of seeded tags could conceivably
result in losses of seeded tags of the same order as,
or greater than, the immediate tag-shedding rates
estimated from the double-tagging experiment on live
tuna (about 6%). It may be possible to estimate the
extent of this problem by conducting a double-tag-
ging experiment for seeded tags.

The main purpose of estimating tag-shedding and
reporting rates is to allow these processes to be in-
corporated into analyses of the tagging data for the
purpose of estimating mortality rates. Typically, this
would involve substitution of the point estimates of
the parameters into equations such as Equation 1;
mortality rates that are free of the effects of these
tag losses could then be estimated from the tagging
data (e.g. Kleiber et al., 1987). However, where the
ultimate objective of the analysis (mortality rate es-
timation) is stock assessment related, it is impor-
tant to have not only estimates of the mean rates
but also estimates of their precision that are uncon-
ditional on estimates of nuisance parameters such
as tag-shedding and reporting rates.

In this study, estimates of precision (expressed as
95% confidence intervals) of tag-shedding and report-
ing rates were obtained by using the percentile
method applied to the bootstrap distributions of the
parameter estimates. For the tag-shedding analysis,
I confined this to estimates of precision of szr, al-
though confidence intervals for the model parameters
could be similarly derived. The advantage of the boot-
strap approach as applied to the analysis of tag re-
porting is that it allowed the precision of the overall
reporting rate to be easily determined given some
knowledge, or reasonable assumptions, regarding the
reporting-rate probability distributions for differing
components (in this case, based on unloading loca-
tion) of the data set. The approach also provided a
convenient means of integrating uncertainties in tag-
shedding and reporting rates (via the individual boot-
strap values) into a similarly structured bootstrap
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procedure for the estimation of mortality rates from
the overall RTTP tagging data. The precision of the
mortality rates estimated with such a procedure will
then incorporate uncertainties in the estimates of
tag-shedding and reporting rates and not be condi-
tional on point estimates of these parameters.
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Abstract.—Gonad weights and re-
sults of histological analyses from 85
swordfish, Xiphias gladius, were used
to develop a validated method for clas-
sification of the reproductive activity of
female swordfish based on gonad indi-
ces (GI's). The validated method pro-
vides a significant improvement over
previously published (unvalidated)
methods. The method was shown to be
independent of the length of individual
fish, important when length is used as
a criterion for selection of individuals
from which summary statistics based
on GI are being developed. Female
swordfish were found to be in a repro-
ductively active condition when GI =
Intgonad weight in gm)/In(eye-fork-
length in e¢m) > 1.375. Classification
methods for species with comparable
reproductive habits and characteristics
may be alike, and it is speculated that
results for other billfishes would be
similar to those described for swordfish.
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Use of gonad indices to estimate the
status of reproductive activity of
female swordfish, Xiphias gladius:

a validated classification method

Michael G. Hinton
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8604 La Jolla Shores Drive, La Jolla, California 92037-1508

Ronald G. Taylor
Michael D. Murphy

Florida Marine Research Institute, Florida Department of Environmental Protection
100 Eighth Avenue SE, St. Petersburg. Florida 33701-5095

We describe a validated classifica-
tion method that uses gonad indi-
ces (GI’s) to determine accurately
the reproductive condition of female
swordfish, Xiphias gladius. This
study uses previously unpublished
data as well as histological analy-
ses detailed in Taylor and Murphy’s
(1992) study of the reproductive bi-
ology of swordfish captured in the
Straits of Florida. It is standard
practice to use GI’s to identify re-
gions and times of active spawning
in studies of the distribution and
structure of stocks of many species
of fish, including swordfish (e.g.
Kume and Joseph, 1969; Shingu et
al., 1974; Miyabe and Bayliff, 1987;
Sosa-Nishizaki, 1990; Nakano and
Bayliff, 1992; Arocha and Lee, 1993;
Arocha et al., 1994; Gouveia and
Mejuto, 1994; Arocha and Lee, 1995;
Hinton and Deriso, in press). Data
on the reproductive activity of
swordfish are costly and difficult to
obtain but essential to studies such

. as those noted; full use should be

made of all available information.
Our classification method over-
comes problems of published meth-
ods (e.g. Miyabe and Bayliff, 1987),
which have the potential to reduce
the information database of the re-
searcher by over 50%. To our knowl-

edge, it is the first method appli-
cable to female swordfish to have
been validated with data obtained
from histological analyses, which
provide a verifiable measure of the
reproductive status of individual
swordfish.

The standard practice (Gouveia
and Mejuto, 1994) in studies using
values of GI for female swordfish
has been to estimate GI = 10* x GW/
EFL3, where GW = gonad weight in
grams, and EFL = length from the
posterior edge of the orbit to the fork
of the tail in centimeters (we note
that without loss of generality, other
length measurements, such as
lower-jaw fork length (LJFL), have
been used) (Kume and Joseph,
1969). The latter assumed that “[fe-
males] with gonad indices equal to
or greater than 3 are about to
spawn.” Miyabe and Bayliff (1987)
modified their method by assuming
that “only females with gonad indi-
ces of 7.0 or greater were [about to
spawn].” Arocha and Lee (1995)
modified the method of Kume and
Joseph (1969) when they noted that
females with GI's greater than 4.0
were in prespawning condition. In
certain applications of these meth-
ods, e.g. comparison of average GI's
for different regions or time periods,
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it is necessary to ensure that the averages being com-
pared are for individuals with comparable reproduc-
tive potential or maturity. Thus, it is standard prac-
tice to use a minimum length (e.g. Miyabe and Bayliff,
1987; Sosa-Nishizaki, 1990; Nakano and Bayliff,
1992, Arocha et al., 1994; Arocha and Lee, 1995) to
decide which data to include in estimates of average
values of GI, making it important to document that
minimum-length criteria have no impact on meth-
ods used to estimate reproductive status (Cayré and
Laloég, 1986).

Data and methods

Details on data collection and histological analyses,
other than estimation of the values of individual go-
nad indices, may be found in Taylor and Murphy
(1992). Female swordfish were assigned to eight de-
velopmental classes (Murphy and Taylor, 1990) based
on the appearance of histological features (Wallace
and Selman, 1981). These classes and mean observed
oocyte diameters were 1) immature, < 20 umm; 2)
developing, 71 pmm; 3) maturing, 160 umm; 4) ma-
ture, 434 umm, 5) gravid, 723 pmm; 6) spawning or
partially spent, 823 umm; and 7) spent, 181 pmm.
Individuals in class 8 (recovering) were observed but
not described in Taylor and Murphy (1992). Gonads

of swordfish in class 8 exhibited signs of having
spawned in the previous season and were undergo-
ing maturational, prespawning development for sub-
sequent reproductive efforts.

The preferred formulation for GI may be deter-
mined by examining the relation of gonad weight to
measures of body size (de Vlaming et al., 1982). The
formulation chosen should meet the underlying as-
sumptions (de Vlaming et al., 1982) for use of GI as
an index of reproductive status. In addition to exam-
ining the previously described “standard” expression
of GI (hereafter referred to as GI(1)), we examined
GI = In(GW)In(EFL), hereafter referred to as GI(2),
and GI = GW/EFL. Stepwise analysis of covariance
(ANCOVA) was used to examine how well these for-
mulations for GI met the underlying assumptions
(de Vlaming et al., 1982) for use of GI as an index of
the reproductive status of female swordfish. Values
of GI were determined for the fish for which histo-
logical data had been obtained. For those individu-
als for which measurements of EFL were not ob-
tained, measurements of LJFL were used to estimate
EFL as follows: EFL =—8.259 + 0.930 x LJFL [n=316,
r?=0.996, P<0.001] (Taylor and Murphy, 1992). Of the
over 400 fish examined by Taylor and Murphy (1992),
there were 85 individuals (Table 1) with measure-
ments (40) or estimates (45) of EFL ranging from 73
to 253 cm, for which there were GW’s and data from

Table 1
The status of reproductive activity (R) of swordfish determined by histological analyses [Taylor and Murphy, 1992]), EFL = eye
fork length (cm), and GW = gonad weight (gm).
R GW EFL R GW EFL R GW EFL R GW EFL
2 3 77 2 100 113 3 752 169 6 8,740 221
2 13 86 2 110 147 4 530 161 6 8,840 208
2 14 88 2 135 115 4 780 182 6 9.920 206
2 15 94 2 140 118 4 800 187 6 10,180 188
2 30 96 2 140 128 4 1,320 186 6 10,430 227
2 30 95 2 150 121 4 2,140 219 6 11,340 223
2 30 92 2 220 93 4 2,888 201 6 15,140 253
2 35 97 2 225 73 5 2,690 169 8 446 167
2 35 99 2 255 148 5 3,950 184 8 540 172
2 35 106 3 100 121 6 1,240 181 8 600 166
2 35 106 3 105 130 6 1,540 202 8 640 164
2 37 101 3 110 123 6 1,760 174 8 730 183
2 45 114 3 200 137 6 2,270 182 8 800 190
2 50 99 3 240 139 6 3,650 181 8 980 179
2 50 96 3 300 168 6 3,780 171 8 995 197
2 55 104 3 353 166 6 3,850 208 8 1,325 200
2 70 103 3 437 120 6 3.900 155 8 1,340 222
2 70 105 3 470 184 6 4,000 180 8 1,360 249
2 80 104 3 500 181 6 4,700 191 8 1,500 211
2 80 112 3 620 185 6 4,720 197 8 1,790 191
2 90 113 3 680 186 6 6,034 154
2 100 128 3 680 174
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histological analyses. According to the results of the
histological analyses, swordfish were considered to
be in spawning condition, i.e. spawning was in
progress or imminent in the region in which the fish
was captured, if they were either “gravid” or “spawn-
ing or partially spent” (classes 5 and 6 of Taylor and
Murphy [1992]). Individuals in these conditions were
classified as in an active (A) reproductive status. All
others were classified as quiescent (Q).

In our study the results of histological analyses
represent the known reproductive status of indi-
vidual swordfish, and the H(i) are various hypoth-
esized classification methods (Table 2) for placing
swordfish into categories A or Q. In some cases, these
H(i) indicate minimum-length criteria used to deter-
mine which data from individual swordfish should
be included in estimates of average values of GI. To
facilitate the examination of impacts of minimum-
length criteria on classification methods, these cri-
teria were treated as a component of the H(i) in our
analyses. We do not attempt to define minimum-
length criteria for size at maturity in this study (cf.
Taylor and Murphy [1992]); our concern was to de-
termine if classification methods based on GI were
independent of such criteria. The hypotheses identi-
fied in Table 2 as “Present study” are representative
of a multitude of hypotheses we examined.

The optimum value (OV) and confidence intervals
for the value of GI to be used as criteria, GI*, to esti-
mate the reproductive condition of individual female
swordfish were determined by using maximum-like-
lihood estimation procedures and the following
model:

Let R = 1 if a swordfish is reproductively active
(classes 5 and 6 of Taylor and Murphy [1992]), oth-

Table 2

Levels of gonad indices (GI) used to classify the reproduc-
tive activity of female swordfish and minimum eye fork
length (EFL) criteria used to standardize statistics for com-
parison among areas and times, as employed by various
researchers. Formulations for GI(1) and GI(2) are given in
the text.

H(i)} Classification method Author

1 GI(1)23.0 Kume and Joseph
2 GI(1Y27.0and EFL > 150 cm  Miyabe and Bayliff
3 GI(1)27.0and EFL > 160 cm  Sosa-Nishizaki

4 GI(1)24.0 and EFL > 131 em? Arocha and Lee

5 GI(1)>6.0 Present study

6 GI(2) 21.37 Present study

! Authors used lower-jaw fork length >150 cm.

erwise R = 0. Then for individual fish, i, selected at
random,

P (a swordfish is reproductively given its gonad in-
dex) = 7(GI)E x (1 — n(GD))'1 -2,

Maximum-likelihood estimates of M GI) are given by
the number of successes in the series of trials deter-
mined by the value of GI* in the data, divided by the
number of trials. Thus, for our data set: [GI,, ..., GL.*,
.., GI 1and[R,, ..., R,, ..., R,] = [the observed values
of GI] and {the respective measure of reproductive
status determined by histological analyses] for indi-
vidual fish, these estimates are given by

((number of individuals with
R=1and GI <GI}) for individuals
k-1 with GI < GI,

n(GI) =5
{(number of individuals with
R=1and GI >GI})

for all others
n-k+1

It follows that the optimum value, GI*, is that which
maximizes the following log-likelihood function
(LKLHD):

LKLHD =) [RxIn(n(GD)+(1- R)x In(1- m(GD)|

Results and discussion

Results of classifying individuals as either A or Q
based on the results of the histological analyses and
from application of the various H(i) (treated in each
test as the null hypothesis) are given in Table 3. It is
clear that H(2) and H(3) fail to classify individuals
correctly according to reproductive status as deter-
mined by histological analyses. Under H(2) and H(3),
individuals below the minimum-length criteria are
not classified. About 75% of the individuals whose
lengths were above the size restrictions stated in
these hypotheses were classified correctly, but only
48% of the individuals in this group that were repro-
ductively active were correctly classified which rep-
resents a significant type-1 error that may be ex-
tremely costly in terms of loss of information on the
distributions of reproductively active swordfish. How-
ever, this is a result of the value of GI included in
the hypotheses and not a result of restrictions placed
on lengths of individuals included in the analyses,
as is evidenced by the results for the other H(i). We
also note that length was not found to be a signifi-
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Table 3

Comparison between the correct (from histological analy-
ses [HA] of the ovaries) and estimated (from GI's) classifi-
cation of reproductive status of female swordfish. Individu-
als were classified as reproductively active (A) or quies-
cent (Q). Asterisks designate incorrect classifications based
on GI’s, IC is the percentage of all individuals [n deter-
mined by H(i)] classified correctly, and AC is the percent-
age of reproductively active individuals, within the n indi-
viduals, that were classified correctly.

GI GI
Hii) n HA A Q IC AC
1 85 A 19 2% 95.3 90.5
Q 2% 62
2 48 A 10 11* 771 47.6
Q 0* 27
3 46 A 10 11* 76.1 47.6
Q 0* 25
4 52 A 17 4* 92.3 81.0
Q 0* 31
5 85 A 15 6% 92.9 71.4
Q 0* 64
6 85 A 21 0* 9563 100.0
Q 4* 60

cant term in logistic regressions that included EFL
as a classification variable.

Under H(1) and H(6), 95% of the 85 individuals
were classified correctly (Table 3); further, under H(6)
all individuals that were reproductively active were
correctly classified, which was significantly (see fol-
lowing discussion) more than the 91% of the repro-
ductively-active individuals correctly classified un-
der H(1) and the 71% to 81% correctly classified un-
der H(5) and H(4), respectively. Hypothesis H(6)
placed about 4.7% of the individuals that were qui-
escent in the active category, and H(1), about 2.5%,
both of which represent relatively low rates of type-
2 error.

Although length-cubed is often the choice to stan-
dardize GW, as in the “standard” expression for GI,
length is also frequently used. Further, GW may be
exponentially related to body size (de Vlaming et al.,
1982), in which case log transformation as in GI(2)
is indicated. We examined these hypotheses in for-
mulations of GI for female swordfish. The results of
ANCOVA revealed significant (P<0.01) heterogene-
ity among slopes and intercepts of the regressions of
GW on EFL and on EFL3 for reproductive classes (2,
3, 4, [5, 6] and 8) of Taylor and Murphy (1992). At
the same time, ANCOVA on the log-transformed data
yielded only one significant (P<0.01) coefficient, that
for the intercept of class (5, 6); however this coeffi-

cient was only about 28% of the estimated intercept
of the overall regression. Thus, the formulation of
the gonad index that best conformed to the underly-
ing assumptions (de Vlaming et al., 1982) was GI(2).
In addition, the maximum-likelihood test based on
the values of LKLHD for the difference between
methods showed that model GI(2) provided a signifi-
cant (¥%(1), P=0.033) improvement over model GI(1).
The estimate of OV obtained from maximum-likeli-
hood analyses for GI(2) was (1.366 < OV < 1.375).
Note that although GI(2) has a continuous distribu-
tion, the interval estimate of OV is a function of the
distribution of values of GI(2) in the sample data,
and thus any hypothesized value in this range would
yield LKLHD and tabled results identical to those
shown for H(6). Further, because the solution for the
function LKLHD is so knife-edged, the estimate of
OV includes the 90% confidence interval, and the 95%
confidence interval for the estimate of OV, (1.357 <
OV < 1.375), differs only in the lower bound.

Two points should now be clear. First, the classifi-
cation methods that are based on GI(1) that have
been used and published in studies requiring esti-
mates of the reproductive status of female swordfish
do not meet the underlying assumptions (de Vlaming
et al., 1982) for use as an indicator of reproductive
status, and they may also be viewed in some in-
stances as overly restrictive, in that they may have
excluded significant amounts of usable data from
analyses that were already hampered by limited in-
formation. This resulted, at least in part, from using
values of GI that corresponded to a fully ripe and
running condition of the gonad. Second, the classifi-
cation methods, both previously published and de-
scribed herein, were not impacted by minimum-
length criteria which may be required to standard-
ize comparisons of statistics that are based on gonad
indices.

Our results are conservative in the following re-
spect. We have no knowledge of the frequency of
spawning of female swordfish. Thus, because hydra-
tion of eggs may occur over a very short period of
time, by not including individuals in class 4 (“ma-
ture ovaries” of Taylor and Murphy [1992]), some
individuals that might be expected to spawn within
a short period of time, and thus presumably within
the general area of capture, may be excluded from
consideration. The question of whether to include
these individuals as reproductively active could be
addressed by conducting a study of spawning fre-
quency of female swordfish based on the condition of
yolk development in the eggs, as has been done for
yellowfin tuna, Thunnus albacares (Schaefer, 1996).
Alternatively, it may be possible to determine
whether or not class-4 individuals should be included
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by estimating the distribution of spawning using both
a classification scheme that considers these individu-
als as reproductively active, and the classification
developed herein, with subsequent testing by com-
parison of these distributions to other measures of
spawning activity, such as distributions of larval fish
or of male:female ratios.

Given the interval estimate for OV, and taking a
conservative approach with respect to including in-
dividuals that are not reproductively active in esti-
mates of the spatial and temporal distributions of
spawning, we recommend that researchers requir-
ing an estimate of the reproductive status of female
swordfish adopt a method that classifies reproduc-
tively active female swordfish as those for which GI
= In(GWY/In(EFL) > 1.375, the upper limit of the in-
terval. When additional information becomes avail-
able, further analyses should be undertaken.

The need to develop species-specific classification
methodologies has been clearly documented (de
Vlaming et al., 1982). However, methods for species
with similar characteristics and reproductive habits
may be similar (Cayré and Lalo&, 1986). Merrett
(1970) found that for sailfish (Istiophorus platy-
pterus); striped (Tetrapturus audax), blue (T.
nigricans), and black (T indica) marlin; and spearfish
(T. angustirostris), changes in ovaries through
oogenic cycles were similar in all species, as was the
shape of the gonads (with the exception of the shape
of the spearfish gonad, which was Y-shaped rather
than bilaterally symmetrical). These changes are
similar to those observed in swordfish (cf. Taylor and
Murphy, 1992). Thus, while we concur with de Vlaming
et al. (1982) and strongly recommend that classifica-
tion methods be developed and validated for each spe-
cies of billfish, we would speculate that results for these
species would be comparable to those shown herein.
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Abstract.—The annual cycle of
abundance and the monthly distribu-
tions of the copepod Centropages
hamatus are described for U.S. north-
east continental shelf waters from
plankton samples collected approxi-
mately bimonthly from 1977 to 1987.
The copepod was found distributed
throughout the study area with a
strong onshore—offshore abundance
gradient. After its annual low, C.
hamatus was found to increase in abun-
dance slowly along the coast and to ex-
pand offshore following the northward
progression of spring conditions. The
highest monthly mean abundance es-
timates of C. hamatus were found on
Georges Bank during the month of July.
Distribution begins to constrict inshore
following peak abundance periods.
Examination of environmental vari-
ables revealed that in general Centro-
pages hamatus was prevalent when
surface temperatures ranged from 12
to 17°C, when water-column chloro-
phyll levels were high, and where sa-
linity was low on the shelf. The popu-
lation in the Middle Atlantic Bight sub-
area declines sharply as water tem-
peratures rise in summer and does not
begin to recover until temperatures
decline in the fall. In contrast, popula-
tions in the more northern regions de-
crease slowly from peak abundance and
do not increase from their annual low
until water temperatures rise in early
spring. The pelagic population that sur-
vives through low abundance periods
is concentrated in shoal or inshore (or
both) waters where temperature is low
and phytoplankton biomass high. There
was no evidence from survey data that
predation by ctenophores, chaetognaths,
or the copepod Centropages typicus has
a major effect on C. hamatus abundance.

Manuscript accepted 10 July 1996.
Fishery Bulletin 95:85-98 (1997).

85

Persistent spatial and temporal
abundance patterns for late-stage
copepodites of Centropages hamatus
(Copepoda: Calanoida) in the U.S.
northeast continental shelf ecosystem

Joseph Kane
National Marine Fisheries Service, NOAA

28 Tarzwell Drive, Narragansett, Rhode Island 02882-1199
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The calanoid copepod Centropages
hamatus (Lilljeborg, 1853) is one of
the dominant members of the zoop-
lankton assemblage found within
North Atlantic shelf waters (Davis,
1987; Sherman et al., 1987 ). The
species has a wide latitudinal range
that is reported to be as far north
as Labrador (Pinhey, 1926) and
southward to coastal waters off
Florida in the Gulf of Mexico (Marcus,
1989). It occurs primarily in shel-
tered, coastal, and shoal regions of
the continental shelf. This omni-
vorous copepod produces subitan-
eous eggs during the breeding sea-
son and also can produce diapausal
ones in response to an environmen-
tal trigger (Pertzova, 1974; Marcus,
1989). McLaren (1978) estimated
that generation period is compara-
tively short, 21-25 days at 12-13°C,
and describes C. hamatus as a
highly productive and ecologically
efficient component of the zooplank-
ton community. Sherman et al.
(1987) reported that it is a major
prey item of larval, juvenile, and
adult fish stocks within continental
shelf waters.

The National Marine Fisheries
Service has monitored the zooplank-
ton populations of the U.S. north-
east shelf ecosystem with broad-
scale surveys since 1977 as part of
the MARMAP (Marine Resources
Monitoring, Assessment, and Pre-

diction) program (Sherman, 1980).
The resulting historical data set
provides the information needed to
form a baseline for detection of fu-
ture changes to the ecosystem. Pre-
vious reports on the annual abun-
dance cycle of Centropages hamatus
within the ecosystem have been lim-
ited to specific areas or to compara-
tively short periods (or both) (Bige-
low, 1926; Deevey, 1956, 1960;
Judkins et al., 1980; Davis, 1987;
Sherman et al., 1987; Grant, 1988;
Kane, 1993). No description of the
monthly distribution of the copepod
in this region has been published
from collected data. This report uses
information collected during
MARMAP surveys from 1977 to
1987 to describe the persistent dis-
tribution and abundance patterns
of C. hamatus throughout the eco-
system. Measurements of salinity,
temperature, bottom depth, chloro-
phyll, and potential predator abun-
dance were considered to gain in-
sight into factors affecting the dis-
tribution and annual abundance
cycle of C. hamatus.

Methods

Sample collection and analysis

The U.S. northeast shelf ecosystem
extends from the Gulf of Maine to
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Cape Hatteras (Sherman, — T

1994). Plankton samples were
collected within the ecosystem
at monthly or bimonthly inter-
vals from 1977 to 1987. Plank- -
ton surveys occupied approxi-
mately 184 standard station lo-
cations that were relatively un-
changed during the 11-yr period
(Fig. 1). Samples were also col-
lected on trawl and dredge
cruises at randomly selected lo-
cations that varied yearly. Ar-
eal coverage and station spac-
ing on these surveys were simi-
lar to broadscale plankton
cruises.

Zooplankton were collected at
each station from one side of a
61-cm bongo frame fitted with
a 0.333-mm mesh net. The gear
was lowered at 50 m/min to
within 5 m of the bottom, or to
a depth of 200 m maximum, and
retrieved at 20 m/min. Ship
speed was adjusted to maintain
a 45° angle to the towing wire.
A digital flowmeter was posi-
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tioned in the center of the bongo
frame to measure the volume of
water filtered. All collections
were preserved in 5% formalin.
Samples were reduced to ap-
proximately 500 organisms in
the laboratory by subsampling
with a modified box splitter. Zooplankton were sorted,
identified, and counted at the Plankton Sorting Cen-
ter, Szczecin, Poland. The total number of samples
analyzed for this report was 10,715. The abundance
of Centropages hamatus is expressed here as num-
bers/100 m? of water filtered and includes only ad-
vanced copepodite stages CV and CVI. Earlier
copepodite stages were excluded because other cope-
pods of similar size are undersampled by 0.333-mm
mesh nets (Anderson and Warren, 1991).

The seasonal abundance cycles of known preda-
tors of copepods captured with the nets used during
the surveys were examined to determine which might
affect Centropages hamatus population levels. The
three copepod predators examined in this study are:
1) ctenophores, 2) the copepod Centropages typicus,
and 3) chaetognaths.

Sea-surface temperature was measured at each
station to the nearest 0.1°C with a stem thermom-
eter. During plankton surveys from 1977 to 1986,

Figure 1

Locations of standard MARMAP stations (*) in the U.S. northeast shelf ecosystem and
subarea boundaries (MAB=Middle Atlantic Bight; SNE=Southern New England;
GBK=Georges Bank; and GOM=Gulf of Maine).

water bottles with reversing thermometers were used
to collect water samples at standard depths in order
to measure salinity and temperature. Measurements
of bottom temperature were determined by means
of the deepest bottle or by means of a special bottom-
tripped water-bottle sampler in water less than 75
m. Temperature and salinity data in 1987 were col-
lected with a CTD (conductivity-temperature-depth)
probe. Phytoplankton biomass was determined by
measuring the concentration of chlorophyll ¢ in the
netplankton (>20 pmm) and the nanoplankton (<20
pmm) size fractions from water samples down to 100
m on plankton surveys from 1977 to 1984. These size
fractions were summed to generate an estimate of
total chlorophyll. The average water-column value
of a variable for each station was calculated by ar-
ithmetically integrating measurements over depth.

More detailed accounts of sampling procedures and
individual cruise tracks are given by Sibunka and
Silverman (1984, 1989).
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Statistical analysis

Estimates of Centropages hamatus and predator
abundance were log transformed [log!%(no./100m3
+1)] prior to contouring and data analysis. Contoured
C. hamatus distribution maps were made by using
Surface III software (Sampson, 1988) on station
abundance data from the 11-yr data set grouped by
monthly intervals.

Evaluation of species interannual abundance vari-
ability was facilitated by subdividing the ecosystem
into four subareas: Middle Atlantic Bight (MAB),
Southern New England (SNE), Georges Bank (GBK),
and Gulf of Maine (GOM) (Fig. 1). Each subarea is
characterized by distinct patterns of circulation and
bathymetry (Sherman et al., 1983). The average an-
nual cycle of abundance and its variation was por-
trayed for each subarea by plotting the monthly mean
abundance of all samples with its 95% confidence
interval bar. Individual survey mean abundance and
its 95% confidence interval bar were then superim-
posed on the latter plot. Surveys where the error bar
did not overlap the one from the average cycle were
judged to be situations where abundance departed
substantially from the average cycle. Only surveys,
except the one noted below, that covered 75% or more
of a subarea were included in the analysis of
interannual variability. Statistical analyses, compar-
ing individual survey means with the time series
monthly mean were not undertaken because they re-
quire the assumption of independence.

Several surveys (see Table 1) prior to 1981 were
conducted by foreign vessels that did not have per-
mission to sample east of the U.S.-Canada maritime
boundary line in the GBK and GOM subareas. Al-
though areal coverage in these surveys was reduced
approximately 40% in relation to complete surveys,
Lincluded them in the analysis of this study because
the area undersampled was consistent and our sur-
veys still provided adequate coverage of the depth
strata found within the two subareas.

Spearman’s rank correlation coefficients were cal-
culated for monthly subsets of station data to mea-
sure the strength of the relationship within indi-
vidual months between Centropages hamatus abun-
dance and the following variables: surface tempera-
ture, bottom depth, and the average water-column
values of temperature, salinity, and total chlorophyll.
Initial distribution plots of C. hamatus revealed that
species abundance has a strong onshore—offshore
gradient. Thus, to control the effect of depth on the
calculation, Spearman’s partial correlation coeffi-
cients were calculated for monthly subsets where
both abundance and the other variable were signifi-
cantly (P<0.05) correlated to depth.

Results

Distribution and abundance

The time-series mean distribution charts by month
for Centropages hamatus are presented in Figure 2,
A and B. Immediately apparent is the persistent on-
shore—offshore abundance gradient throughout the
study area. There are high concentrations of the cope-
pod inshore and within the shoal waters of GBK.
Abundance in offshore waters is always much lower.
Centropages hamatus is found throughout most of
the ecosystem at some time during the year, the only
exception being certain areas of the eastern offshore
waters of the GOM where it is absent year round.

The timing of the annual abundance cycle of
Centropages hamatus was not consistent through-
out the ecosystem. The population in southern
reaches of the study area declines through the sum-
mer, nearly disappearing from the water column
during early autumn (Fig. 3). In December dense
concentrations of C. hamatus begin to appear close
to shore in the MAB subarea. These inshore centers
of abundance slowly enlarge and expand along the
coast and over the central shoals of GBK with the
northward progression of spring (Fig. 2, A and B).
Thus, peak times of abundance in the designated
subareas vary with latitude (Fig. 3): May in the MAB,
June in SNE, July on GBK, and September in the
GOM. The population becomes distributed over
nearly the entire shelf of each subarea during the
annual peak period of abundance. The distribution
and monthly abundance figures clearly show that
GBK is the area of highest abundance for C. hamatus
within the northeast shelf ecosystem.

Distribution begins to constrict towards the shore
in each subarea during the months approaching the
annual period of low abundance (Fig. 2). Abundance
estimates in the SNE, GBK, and GOM subareas de-
cline slowly through the autumn and, unlike the
MAB region, do not reach the annual low until win-
ter (Fig. 3).

Interannual variation in abundance of Centropages
hamatus is shown in Figure 4 and individual survey
statistics are given in Table 1. Although no long-term
temporal trends in abundance were evident within
any of the subareas, population estimates in certain
years were exceptional. For example, the copepod’s
abundance in both the MAB and SNE subareas was
high for an extended period in 1984 (Fig. 4). Both of
these areas also had high abundance during the
spring of 1987 and low population estimates in 1982.
Departures from the average annual cycle of abun-
dance were not always continuous across these sub-
areas; C. hamatus density was low during early
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Table 1
Centropages hamatus abundance data for each subarea by survey. The asterisk indicates where survey operations were not
completed past the US-Canadian maritime boundary. Abbreviation Key: MAB = Middle Atlantic Bight; GBK = Georges Bank;
SNE = Southern New England; GOM = Gulf of Maine; Yr = year; no. = number of samples, Mid-day = survey midpoint (jday), Log
mean =log (10) mean abundance, SE = standard error of the mean.

78 29 49 116 0.27 78 31 60 107 0.20
78 28 112 2.00 0.29 78 30 131 138 0.25
78 29 177 243 0.30 78 34 188 2.12 0.27
78 31 227 0.72 0.25 78 31 233 125 0.25
79 46 59 174 0.24 78 31 294 162 0.28
79 30 129 3.06 0.29 79 40 64 164 0.20
79 49 172 274 0.22 79 27 107 112 0.29
79 46 226 0.59 0.18 79 27 134 230 0.29
79 31 280 0.17 0.12 79 44 188 2.13 0.23
80 49 64 135 0.23 79 37 232 059 0.21
80 47 111 2.66 0.23 79 27 290 141 0.28
80 48 147 252 0.23 80 43 170 198 0.18
80 45 201 097 0.23 80 41 117 221 021
80 47 273 0.11 0.08 80 43 157 228 0.26
80 40 327 0.66 0.22 80 40 207 256 0.22
81 48 82 1.82 0.24 80 43 282 038 0.15
81 43 90 2.08 0.30 80 44 341 1.08 0.23
81 42 222 099 025 81 43 77 125 0.8
81 43 271 0.00 0.00 81 44 103 1.39 0.28
82 3 80 175 027 81 35 162 207 0.256
82 44 81 260 0.26 81 33 191 275 0.29
82 29 157 1.62 031 81 30 228 180 0.35
82 34 214 129 0.28 81 38 284 143 0.26
82 38 268 055 0.19 82 40 75 1.62 0.19
83 36 53 133 0.28 82 34 100 125 0.25
83 39 78 205 0.27 82 44 146 144 021
83 46 149 2.60 0.18 82 39 198 2.58 0.20
83 33 212 031 0.13 82 24 285 1.86 0.38
83 43 268 0.07 0.07 82 43 348 120 0.21

MAB SNE GBK GOM
Mid- Log Mid- Log Mid- Log Mid- Log
Yr no. day mean SE Yr no. day mean SE Yr no. day mean SE Yr no. day mean SE
77 30 86 259 0.33 M 29 74 195 0.29 77 19 49 0.16 0