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Abstract.— Atlantic croaker,
Micropogonias undulatus, col-
lected from commercial catches in
Chesapeake Bay and in Virginia
and North Carolina coastal waters
during 1988-1991 (n=1,967) were
aged from transverse otolith sec-
tions. Ages 1-8 were recorded, but
eight-year-old fish were rare. Mar-
ginal increment analysis showed
that for ages 1-7, annuli are
formed once a year during the pe-
riod April-May. Otolith age read-
ings were precise: >99% agree-
ment within and between readers.
Observed lengths-at-age were
highly variable and growth rate
decreased after the first year. De-
spite the high variability in sizes-
at-age, observed lengths for ages
1-7 fit the von Bertalanffy growth
model (r2=0.99; n=753) well. No
differences in growth were found
between sexes. Total annual in-
stantaneous mortality (Z) esti-
mated from maximum age and
from a catch curve of Chesapeake
Bay commercial catches ranged
from 0.55 to 0.63. Our results do
not indicate the existence of a
group of larger, older Atlantic
croaker in Chesapeake Bay com-
pared with more southern waters
and suggest that the hypothesis of
a basically different population
dynamics pattern for this species
north and south of Cape Hatteras,
North Carolina, should be reevalu-
ated.
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Age, growth, and mortality of
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region, with a discussion of
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The Atlantic croaker, Micropo-
gonias undulatus (Linnaeus), is
one of the most abundant inshore
demersal fishes along the Atlantic
and Gulf of Mexico coasts of the
United States (Joseph, 1972). Al-
though recent commercial and rec-
reational catches have come prima-
rily from the South Atlantic Bight
and the Gulf of Mexico, Atlantic
croaker still support important
fisheries along the Mid-Atlantic
coast, especially from Maryland to
North Carolina (Wilk, 1981). In
Chesapeake Bay, they are caught
by commercial and recreational
fishermen during late spring and
early fall migrations and, to a
lesser extent, during the summer.
In winter, Atlantic croaker leave
the Bay to overwinter off the coast
of Virginia and North Carolina,
where they are caught by otter
trawl and gillnet fisheries (Haven,
1959).

Little is known about age,
growth, and mortality of Atlantic

croaker in the Middle Atlantic and
Chesapeake Bay regions. Studies
based on length frequencies (Ha-
ven, 1957; Chao and Musick, 1977)
require considerable subjective in-
terpretation given the extended
spawning period of Atlantic croaker
(Morse, 1980; Warlen, 1982; Bar-
bieri et al., unpubl. ms.) and the
difficulty in distinguishing modal
groups at older ages (White and
Chittenden, 1977; Jearld, 1983). Al-
though scale-ageing has also been
used (Welsh and Breder, 1923;
Wallace, 1940; Ross 1988), prob-
lems in applying this method to
Atlantic croaker have been widely
reported (Roithmayr, 1965; Joseph,
1972; Barger and Johnson, 1980;
Barbieri, 1993).

In this study we provide informa-
tion on age, growth, and mortality
of Atlantic croaker in the Chesa-

* Contribution No. 1806 from the College of
William and Mary, School of Marine Sci-
ence/Virginia Institute of Marine Science,
Gloucester Point, Virginia 23062
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peake Bay region using a validated otolith-ageing
method. We also evaluate the relationship between
otolith size and fish size and age, and discuss the
implications of using otoliths for ageing Atlantic
croaker. Finally, based on current information on
growth, and size and age compositions in Chesa-
peake Bay, we discuss the hypothesis of White and
Chittenden (1977) and Ross (1988) regarding the
existence of a basically different population dynam-
ics pattern for Atlantic croaker north and south of
Cape Hatteras, North Carolina.

Methods

Atlantic croaker were collected between June 1988
and June 1991 from commercial pound-net, haul-
seine, and gillnet fisheries which operate from early
spring to early fall in Chesapeake Bay. Local fish
processing houses and seafood dealers were con-
tacted weekly or fortnightly, and one 22.7-kg (50-1b)
box of fish of each available market grade (small,
medium, or large) was purchased. Although boxes
of fish were not randomly selected, Chittenden
(1989) found only minor among-box differences in
Atlantic croaker length compositions in pound-net
and haul-seine catches. Because nearly all variation
in size compositions was captured by the within-box
variation, box selection did not present a problem.

Since Atlantic croaker migrate from Chesapeake
Bay in early fall to overwinter offshore (Haven,
1959), samples for the period November-March
were obtained from commercial trawlers which op-
erate in Virginia and North Carolina shelf waters.
Young of the year (90-114 mm total length, TL) used
to validate the first annulus on otoliths were ob-
tained from the Virginia Institute of Marine Science
juvenile bottom trawl survey.

Fish were measured for total length (TL, +1.0
mm), weighed for total weight (TW, £1.0 g), sexed,
and both sagittal otoliths removed and stored dry.
The left otolith was transversely sectioned through
the core with the diamond blade of a Buehler low-
speed Isomet saw. Sections 350-500 pum thick were
mounted on glass slides with Flo-texx clear mount-
ing medium and read under a dissecting microscope
(6-12x) with transmitted light and bright field, with
the exception of samples from the period April-May,
when sections were also read with reflected light
and dark field to help identify the last annulus.

Ages were assigned based on annulus counts;
January 1 was taken as an arbitrary average
birthdate when fish from one age class were as-
signed to the next oldest (Jearld, 1983). Although
the average spawning date (average biological

birthdate) of Atlantic croaker in the Chesapeake Bay
region occurs in September (Barbieri et al., unpubl.
ms.), we chose, for ageing purposes, to use January
1 as the average birthdate because annuli are
formed during the period April-May (see Age deter-
mination below). To assess ageing precision, all
otolith sections (n=1,967) were read twice by each
of two readers, and agreement between readings and
readers evaluated by percent agreement. All dis-
agreements were resolved by a third reading with
both readers.

Annuli were validated by the marginal increment
method (Bagenal and Tesch, 1978). For each age, the
translucent margin outside the proximal end of the
last annulus was measured along the ventral side
of the otolith sulcal groove (Fig. 1). Measurements
(+0.02 mm) were taken with an ocular micrometer
at 25x.

To evaluate growth, observed lengths at ages
1-7 were fit to the von Bertalanffy model (Ricker,
1975) by using nonlinear regression (Marquardt
method). Model parameters were the following: L _,
the mean asymptotic length; K, the Brody growth
coefficient; and ¢, the hypothetical age at which a
fish would have zero length (Ricker, 1975). To cor-
rect for growth after the time of annulus formation,
only data for September, the peak spawning and
thus average biological birthdate for Atlantic
croaker in the Chesapeake Bay region (Barbieri et
al., unpubl. ms.), were used for growth analysis.

To evaluate changes in otolith size relative to fish
length and age, 30 randomly selected otoliths per
age, for ages 1-7 (198-400 mm TL), were measured
for maximum length (OL, +0.05 mm) and maximum
thickness (OT, £0.05 mm), and weighed (OW,
+ 0.001 g). After sectioning, otoliths were measured
for otolith radius (OR, +0.02 mm), defined as the dis-
tance between the center of the core and the otolith
outer edge along the ventral side of the sulcal groove
(Fig. 1). Relationships between otolith measure-
ments and fish TL were evaluated by regression
analysis. The effect of fish age on these relationships
was evaluated by analysis of covariance (ANCOVA).

Linear regression was used to determine a length-
weight relationship for fish ranging from 152 to 400
mm TL (36.3 to 967.0 g TW). Difference between
sexes was tested by ANCOVA. The hypothesis of
isometric growth (Ricker, 1975) was tested by ¢-test.

Instantaneous total annual mortality rates, Z,
were estimated from maximum age by using
Hoenig’s pooled regression equation (Hoenig, 1983),
by calculating a theoretical total mortality for the
entire lifespan following the reasoning of Royce
(1972), and by the regression method with a catch
curve of combined pound-net, haul-seine, and gillnet
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Proximal

Ventral

Figure 1
Transverse otolith section of an 8-year-old Atlantic croaker caught in Sep-
tember 1988 in Chesapeake Bay. Arrows indicate annuli. The translu-
cent zone beyond the last annulus represents additional growth after the
annulus was formed during April-May. SG =sulcal groove. a = artifact

of preparation. Ventral and proximal indicate axes of orientation.

data for all recruited ages having five or more fish
(Chapman and Robson, 1960). To avoid sampling
bias associated with individual gears, we considered
the age-frequency distribution obtained from data
from combined gears as the best estimate of Atlan-
tic croaker age composition in Chesapeake Bay
(Ricker, 1975). Commercial trawl collections were
not used in this analysis because they had different
length compositions than the other gears and could
be biased towards small fish. Because in catch curve
analysis the age group represented by the apex of
the catch curve may or may not be fully recruited
to the gears (Everhart and Youngs, 1981), mortal-
ity estimates were based on ages 3-7 only. Data
from 1988 to 1991 were combined to minimize the
effect of variation in year-class strength (Robson and
Chapman, 1961). The right tail of the catch curve
(Ricker, 1975) was tested for deviation from linear-
ity by analysis of variance (ANOVA). Values of Z
were converted to total annual mortality rates, A,
by using the relationship A = 1 — e - (Ricker, 1975).

All statistical analyses were performed by using
the Statistical Analysis System (SAS, 1988). Rejec-
tion of the null hypothesis in statistical tests was
based on a=0.05. F-tests in ANCOVA were based on
Type III sums of squares (Freund and Littell, 1986).

Assumptions of linear models were checked by re-
sidual plots as described in Draper and Smith
(1981). For the OL-TL, OW-TL, and TW-TL relation-
ships, and for all ANCOVA and ANOVA analyses,
data were log,,~transformed to correct for non-lin-
earity and heterogeneous variances. For the catch
curve analysis, log -transformed numbers at age
were regressed on age. Unless otherwise indicated,
back-transformed data and regression equations are
presented in the results.

Results

Age determination

Transverse otolith sections of Atlantic croaker show
very clear, easily identified marks that can be used
for ageing. Typical sections have an opaque core
surrounded by a blurred opaque band composed of
fine opaque and translucent zones (Fig. 1). This
band represents the first annulus. The width of this
annulus varies among fish, from a very narrow band
that is almost continuous with the core, to a wide,
well-defined band clearly separated from the core.
Because of this variation in width and proximity to
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the core, the first annulus is sometimes difficult to
identify. Subsequent annuli are represented by eas-
ily identified, narrow, opaque bands that alternate
with wider translucent bands outside the proximal
margin of the first annulus (Fig. 1).

Annuli are formed on otoliths once a year in the
period April-May. For ages 1-7, mean monthly
marginal increment plots show only one minima

during the year, indicating that only one annulus is
formed each year (Fig. 2). The trough starts abruptly
in April, a period when there is, in general, maxi-
mum variation in the mean marginal increment,
suggesting that some fish have begun to form the
annulus while others have not. Lowest marginal
increment values occurred in May, the most inten-
sive period of annulus formation. Marginal incre-

0.5

0.0

0.0

Marginal increment (mm)

0.5

0.0

0.5

0.0

J FMAMJJASOND

Figure 2

Mean monthly marginal increment for Atlantic croaker ages 1-8 from the Chesa-
peake Bay region, 1988-91. Vertical bars are 1 standard error. Numbers above
the bars are sample sizes.
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ment values progressively rise to a somewhat stable
maximum from October through March or April,
indicating a period of little or no otolith growth.
Because only two age-8 fish were collected, it was
not possible to validate annuli beyond age 7.

To confirm our interpretation that the blurred
opaque band around the otolith core represents the
first annulus, (i.e., that fish hatched in the fall form
a mark during their first spring), otolith sections of
young of the year (94-114 mm) collected during the
period March—June were examined. All those col-
lected in March—April were developing fine opaque
marks around the core, and all those in May—June
had an opaque mark already formed (Fig. 3).

Otolith age readings were very precise, both
within and between readers. Percent agreement was

99.5% for reader 1, 99.3% for reader 2, and 99.2%
between readers. In all cases of disagreement, the
difference never exceeded 1 year. Only one of the
1,967 left otoliths sectioned was crystallized and
could not be read. In that case, the right otolith was
read. Difficulty in ageing Atlantic croaker from
otolith sections did not increase with increasing age.
However, proper identification of the first annulus
was very important. All disagreements, independent
of age, were due to problems in identifying the first
annulus.

Otolith size relative to fish size and age

Changes in otolith size relative to fish size were not
constant along all axes (Fig. 4). Otolith maximum
length was the only axis that showed a linear,

Figure 3
Transverse otolith section of a young-of-the-year Atlan-
tic croaker (114 mm TL) collected in June 1990 in Chesa-
peake Bay. The arrow indicates the outer edge of the first
annulus formed during the period April-May. SG=sulcal
groove; Ve=ventral; Pr=proximal; a=artifact of preparation.

isometric increase with fish length. Otolith ra-
dius, the axis along which annuli were read in
transverse sections, showed a non-linear rela-
tionship with fish length, and had the small-
est r2 of all variables (Fig. 4). The curvilinear
relationship suggests that otolith growth rela-
tive to fish growth slows down along this axis
as fish get bigger.

Despite its poor relationship with fish length,
otolith radius showed a very strong linear re-
lationship with fish age. An ANCOVA model
showing length, age, and their interaction ex-
plained 97% of the variation in otolith radius
(Table 1). All factors in the model were highly
significant (P<0.01). Similar models for otolith
maximum length, maximum thickness, and
weight were also highly significant and had
high coefficients of determination (r2>0.85).
However, significance for these models was due
to fish length only, neither age nor the inter-
action factor was significant.

Growth

Observed lengths varied greatly within ages
(Fig. 5). Atlantic croaker showed a rapid in-
crease in size during the first year, but annual
growth rate greatly decreased during the sec-
ond year, remaining comparatively low there-
after (Fig. 5). On average, 64% of the cumula-
tive total observed growth in length occurred
in the first year and 84% was completed after
two years.

No differences in mean lengths at age were
found between sexes (¢-test at each age; P>0.05
for all ages). Mean observed total lengths for
pooled sexes were 201, 263, 274, 285, 290, 307,

309, and 313 mm, for ages 1-8, respectively.
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Scatter plots and fitted regression lines of different otolith measurements versus At-
lantic croaker total length: (A) otolith radius (OR); (B) otolith maximum thickness
(OT); (C) otolith maximum length (OL); and (D) otolith weight (OW). Sample size in
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Observed lengths at age and fitted von Bertalanffy
regression line for Atlantic croaker from the Chesa-
peake Bay region (September, 1988-91). Numbers
above data points are sample sizes at each age.

Age (years)
Figure 5

Despite the high variability in sizes at age, observed
lengths at ages 1-7 showed a very good fit to the
von Bertalanffy growth model (72=0.99; n=753). Esti-
mated model parameters, asymptotic standard errors,
and 95% confidence intervals are given in Table 2.

No difference in the length-weight relationship
was found between sexes (ANCOVA; F=2.46;
df=3,005; P=0.15). The equation for pooled sexes
(Fig. 6) was

TW =2.41x107TL*3 (+* = 0.97;n = 3,006; P < 0.01).

The slope of the regression line (6=3.30; SE=0.0141)
was significantly different from 3.00 (¢-test; £=7.26;
P<0.01), indicating allometric growth.

Size and age compositions

Length-frequency distributions of Atlantic croaker
samples obtained from different fishing gears were
similar (Fig. 7), with the exception of commercial
trawl data which were dominated by fish smaller
than 275 mm. The smallest Atlantic croaker cap-
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Table 1
Summary of ANCOVA to evaluate the effect of
Atlantic croaker (Micropogonias undulatus) total
length (TL) and age on otolith maximum thickness
(OT), maximum length (OL), weight (OW), and ra-
dius (OR). n = 210 for each analysis; a = 0.05.
Otolith Source of
relation variation r2 P-value
oT model 0.85 0.0001
TL 0.0001
age 0.3263
TL x age 0.6214
OL model 0.88 0.0001
TL 0.0001
age 0.9780
TL x age 0.7907
ow model 0.90 0.0001
TL 0.0001
age 0.0863
TL x age 0.1402
OR model 0.97 0.0001
TL 0.0001
age 0.0001
TL x age 0.0008

tured by each gear was approximately 200 mm, al-
though these data represent only market foodfish
grades (small, medium, or large) and did not include
smaller fish sold as scrap. The maximum length
recorded was 400 mm, from a pound-net catch in
1988. However, for all gears 99% of the Atlantic
croaker collected were <345 mm.

Age compositions from different gears were not as
similar as length frequencies suggest (Fig. 7). Haul-
seines, gill nets, and commercial trawls caught a
large proportion of fish at ages 1 and 2, and had age
2 as the first age fully recruited. Pound nets cap-
tured a comparatively larger proportion of fish at
ages 4-7, and had age 3 as the first age fully re-
cruited. Age-1 fish were not fully recruited to any
of the gears sampled, but this may reflect, in part,
the exclusion of scrap fish from our collections.

The maximum age sampled was 8 years. Despite
the large sample size and the variety of gears used,
only two eight-year-old fish were collected, one from
a pound net in September 1988 (334 mm) and one
from a gill net in September 1990 (293 mm).

Mortality

Instantaneous total annual mortality rates (Z)
ranged from 0.55 to 0.63. Estimates obtained for a

Table 2

Parameter estimates, standard errors, and 95%
confidence intervals for the von Bertalanffy
growth model for Atlantic eroaker (Micropogonias
unpulatus) in the Chesapeake Bay region (1988-90).

95% confidence

Standard __ intervals
Parameter Estimate error Lower Upper
L 312.43 7.44 297.82 327.04
K 0.36 0.08 0.20 0.52
t -3.26 0.84 491 -1.61

maximum age of 8 years were 0.55 (A=42%) by us-
ing Hoenig’s (1983) method, and 0.58 (A=43%) by
using Royce’s (1972) method. A regression estimate
obtained from the slope of the catch curve (Fig. 8)
was 0.63 (A=47%); confidence intervals were 0.36
(A=30%) and 0.90 (A=59%). The regression line did
not deviate significantly from linearity (ANOVA;
F=1.15; P=0.40).

Discussion

Age determination

Our criteria for ageing Atlantic croaker from otolith
sections differ from those of Barger (1985), in that
we considered the first annulus to be the blurred
opaque band surrounding the otolith core. However,
evidence from both studies seems to support our
interpretation. Barger (1985) reported 58% of the
otoliths in his samples had marks that were too thin
or discontinuous and too close to the core to be con-
sidered annuli. By examining otoliths of young of the
year during the period of annulus formation, we
were able to validate this mark as the first annu-
lus, formed during their first spring in the estuary.
Because spawning of Atlantic croaker in the Chesa-
peake Bay area extends from late July to Decem-
ber (Barbieri et al., unpubl. ms.) and the first an-
nulus is formed during their first spring after hatch-
ing, fish forming the first annulus could range from
5 to 10 months of age. As marginal increment plots
indicated, all subsequent annuli formed at yearly
intervals.

Variation in the width of the first annulus also
seems to reflect the protracted spawning period of
Atlantic croaker. Early hatched fish (July—August)
would probably be large enough by April or May to
have this annulus close to, but not continuous with,
the otolith core. In contrast, late-hatched fish (No-
vember—-December) would be small in the spring and
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Figure 6

Length-weight relationship of Atlantic croaker in
the Chesapeake Bay region, 1988-91.

would probably show the first mark and the core
virtually fused together. Since Atlantic croaker also
spawn over a long period in the Gulf of Mexico
(White and Chittenden, 1977), this might explain
why the first annulus was apparent in only a por-
tion of Barger’s (1985) fish.

Our interpretation of the first annulus is also con-
sistent with evidence from another ageing method.
Ross (1988) reported that some Atlantic croaker
from North Carolina showed an early, age-0 scale
mark, apparently formed during their first winter.
However, they were not counted as annuli.

The high precision of repeated age readings and
validation of annuli almost to the maximum ob-
served age indicate that otolith sections represent
a very reliable method for ageing Atlantic croaker.
Identifying the first annulus may require some prac-
tice, but all other annuli are extremely clear and
easy to identify. Otolith sections do not have the
problems scales reportedly do, such as the occur-
rence of double marks (White and Chittenden, 1977,
Music and Pafford, 1984; Ross, 1988; Barbieri,
1993), or marks that are poorly defined and difficult
to distinguish (Joseph, 1972; Barger and Johnson,
1980; Barbieri, 1993).

The pattern of otolith growth relative to fish
growth also indicated the high reliability of trans-
verse otolith sections for ageing Atlantic croaker.
Although otolith radius, the axis we used to read
annuli, showed a poor correlation with fish length,
the strong linear relationship between otolith radius

and age indicates that otolith growth along this axis
seems to be continuous with age, independent of fish
growth. This supports previous suggestions
(Mosegaard et al., 1988; Wright, 1991) that a pro-
cess other than somatic growth governs the rate of
otolith accretion. Because otoliths grow at a faster
rate than the body during slow somatic growth, they
are excellent structures for recording the seasonal
cycle and age in slow-growing and old fish, especially
those approaching asymptotic length (Casselman,
1990). The high correlation we found between otolith
radius and age for Atlantic croaker seems to confirm
this pattern.

Growth and mortality

High variability of observed lengths at age indicates
that length is a very poor predictor of age for Atlan-
tic croaker, especially beyond age 2. The wide range
in lengths at age can be attributed to a combination
of two factors: 1) most of Atlantic croaker’s growth
occurs during the first two years, becoming asymp-
totic after age 2; and 2) fish are born at different
times during the extended spawning season and
display different growth rates. Warlen (1982) re-
ported that Atlantic croaker larvae caught later in
the spawning season had slower growth rates than
those taken during peak spawning. Since growth
decreases sharply after their first year, such differ-
ences in growth rates among young of the year is
likely to cause a large variation in lengths at age.
Growth parameter estimates reported here do not
agree with previous reports for Atlantic croaker.
However, comparisons with previous studies are
difficult because other estimates were based on dif-
ferent ageing methods (White and Chittenden, 1977;
Ross, 1988), different otolith-ageing criteria (Barger,
1985; Hales and Reitz, 1992), or a period before any
significant fishery for Atlantic croaker occurred
(Hales and Reitz, 1992). Methods used to estimate
length-at-age data or to fit the von Bertalanffy
model also varied. Previous studies on Atlantic
croaker growth generally used back-calculated
rather than observed lengths at age. Although back-
calculation has been widely used and represents
standard methodology in age and growth studies
(Bagenal and Tesch, 1978; Jearld, 1983), recent evi-
dence indicates that it may generate biased results
(Campana, 1990; Ricker, 1992). By basing our
growth parameter estimates on observed lengths at
age of fish collected in September—the average
spawning period of Atlantic croaker in the Chesa-
peake Bay area—we avoided problems related to
back-calculation procedures or seasonal growth effects.
Our total mortality estimates are the lowest ever
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reported for Atlantic croaker. However, the close ous studies are difficult because other estimates
agreement we found between estimates obtained were based on different ageing methods (scales and
from maximum age and from the catch curve indi- length frequencies), and on collections from a single
cates our values are probably realistic, at least for sampling gear and different geographical areas

the Chesapeake Bay area. Comparisons with previ- (White and Chittenden, 1977; Ross, 1988).
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Catch curve for Atlantic croaker collected from pound-
net, haul-seine and gillnet commercial catches in
Chesapeake Bay, 1988-91. Ages 1, 2, and 8 (triangles)
were not used in calculating the regression line.

Geographic comparisons

The possible existence of two groups of Atlantic
croaker, exhibiting different life history and popu-
lation dynamics attributes north and south of Cape
Hatteras, North Carolina, has been extensively dis-
cussed in the scientific literature (Chittenden, 1977;
White and Chittenden, 1977; Ross, 1988). Ross
(1988) hypothesized that these groups may overlap
and mix in North Carolina and stated that, if the
Atlantic croaker designated in his study as “north-
ern” were fish migrating south from the Chesapeake
and Delaware Bay areas, their larger sizes (350-520
mm TL) and older ages (5—7 years, as aged by
scales) would be consistent with the proposed north-
ern group life history pattern. However, our results
do not support the hypothesis of a group of larger,
older Atlantic croaker in Chesapeake Bay, at least
in recent years.

Mazximum length and size ranges reported here
are consistent with recent data from North Carolina,
both for inshore waters as well as for the offshore
trawl fishery. Since 1982, Atlantic croaker trawl
catches in North Carolina have been dominated by
small fish. Fish larger than 300 mm TL and older
than 3 years have represented less than 1% of the
recent catches (Ross, 1991). Although records of
large fish do exist, Atlantic croaker as large as those
reported by Ross (1988) have never been common in
commercial catches from the Chesapeake Bay re-
gion. Even in the early 1930’s, when the winter
trawl fishery had just been established off the coasts

of Virginia and North Carolina and catches of At-
lantic croaker were dominated by large fish, most
fish measured 260-360 mm TL (Pearson, 1932).
Length frequencies of Atlantic croaker sampled from
commercial pound nets in the lower Chesapeake Bay
in 1922 (Hildebrand and Schroeder, 1928) and dur-
ing 1950-1958 (Massmann and Pacheco, 1960), as
well as from pound nets and haul-seines in Pamlico
and Core sounds, North Carolina (Higgins and
Pearson, 1928), show the same pattern.

Recreational catch records also indicate that the
large Atlantic croaker reported by Ross (1988) have
not been common in the Chesapeake and Delaware
Bay areas. Between 1960 and 1970 the minimum
citation weight for Atlantic croaker in the Virginia
Saltwater Fishing Tournament ranged from 0.91 to
1.36 kg. Although 741 citations were issued during
this period, only 1.9% were for Atlantic croaker
>1.82 kg. Between 1977 and 1982, however, al-
though the minimum citation weight was raised to
1.82 kg, 599 citations were issued, including 47
entries for Atlantic croaker 22.27 kg (483-610 mm
TL). The largest number of citations occurred in
1979 and 1980, coinciding with Ross’s (1988) sam-
pling period in North Carolina. Records from the
Delaware State Fishing Tournament show the same
pattern as that from Virginia. The number of cita-
tions was very small during the early 1970’s,
reached a peak in 1980, and decreased rapidly there-
after. Although complete information covering their
entire range is not available, state records of Atlan-
tic croaker along the east coast of the United States
show the same pattern. Records from Georgia to
New Jersey were broken during the period 1977-82,
indicating that 1) unusually large fish occurred
during this period and have not occurred since; and
2) their occurrence was not limited to areas north
of North Carolina.

In conclusion, recent size and age composition
data do not indicate the existence of a group of
larger, older Atlantic croaker in the Chesapeake Bay
region compared with more southern waters. His-
toric information agrees well with our results and
indicates that fish >400 mm TL have not repre-
sented a large proportion of Atlantic croaker in this
area. The abundance of unusually large fish during
the period 1977-82 apparently constituted an un-
usual event and may reflect passage through the
fishery of a few strong year classes that seemingly
disappeared after 1982. Similar episodes—the occur-
rence of larger fish for a few years—have been pre-
viously reported for Atlantic croaker in Chesapeake
Bay (Hildebrand and Schroeder, 1928; Massmann
and Pacheco, 1960), suggesting the phenomenon
happens periodically. An increase in survivorship of
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early spawned fish, combined with higher mortal-
ity of late-spawned fish as a result of low winter
temperatures in estuarine nursery areas (Mass-
mann and Pacheco, 1960; Joseph, 1972; Warlen and
Burke, 1991) could account for an increase in the
proportion of larger fish in certain years and explain
the episodic occurrence of large Atlantic croaker in
this area.

Our results for Chesapeake Bay, together with
records of large fish south of North Carolina during
1977-82, suggest that the hypothesis of a basically
different life history and population dynamics pat-
tern for Atlantic croaker north and south of Cape
Hatteras, North Carolina, should be reevaluated.
However, sampling programs over time describing
size and age compositions of Atlantic croaker
throughout their range are still necessary to fully
evaluate this question.
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Abstract.— Statolith micro-
structural analysis was applied to
126 specimens of the oceanic bo-
real clubhook squid, Onychoteuthis
borealijaponica, for estimation of
age and growth rates. Specimens
were captured from the western,
central, and eastern North Pacific
between approximately lat. 38° N
and 47°N by driftnet fishing,
trawling, and jigging in the sum-
mers of 1990 and 1991. Results
suggest that increments were de-
posited at a rate of one per day.
Both sexes live approximately one
year; males mature at smaller
sizes and younger ages than fe-
males. Exponential growth models
suggest that growth in length was
similar for males and females
(0.80% ML/day) in the central
North Pacific, while growth in
weight was higher for females
(1.90% WT/day) than males (1.40%
WT/day). Females in the western
North Pacific exhibited faster
growth rates than individuals
from the central North Pacific. O.
borealijaponica were estimated to
have hatched year round based on
back calculation of statolith incre-
ments from the time of capture.
Post-recruit individuals exploited
in the O. borealijaponica jig fish-
ery and Ommastrephes bartramii
driftnet fishery typically hatched
from late summer to early winter.
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Age and growth of the oceanic
squid Onychoteuthis borealijaponica
in the North Pacific

Keith A. Bigelow
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The oceanic boreal clubhook squid
Onychoteuthis borealijaponica
Okada, 1927 is common in subarc-
tic waters of the North Pacific. This
species ranges from the western
coast of the United States and
Canada to the eastern coast of
Hokkaido, Japan, and the Kurile
Islands, but does not occur in the
Sea of Okhotsk or Bering Sea
(Young, 1972; Murata et al., 1976;
Naito et al., 1977a; Fiscus and
Mercer, 1982; and Kubodera et al.,
1983). Onychoteuthis borealijapon-
ica has commercial value through-
out its range. Between 1971 and
1979, commercial landings aver-
aged 1,171 metric tons (t) per year
from a jig fishery in oceanic waters
east of Hokkaido, Japan (Okutani
and Murata, 1983), and approxi-
mately 254 and 2,705 t of O. bor-
ealijaponica were caught in 1990
and 1991, respectively, by Japan,
Korea, and Taiwan in the Ommas-
trephes bartramii highseas driftnet
fishery (DiNardo and Kwok, in re-
view!). Based on exploratory fish-
ing, Fiscus and Mercer (1982) sug-
gested that O. borealijaponica
could be commercially exploited by
a jig fishery from the Gulf of Alaska
westward to the Aleutian Islands,
and Murata (in Okutani, 1977) in-
dicated that the potential fishery
yield of O. borealijaponica may be
50,000-200,000 t in an area west of

1 DiNardo, G. T., and W. Kwok. In review.
Estimates of fish and cephalopod catch in
the North Pacific high-seas driftnet fish-
eries, 1990-91.

long. 152°E and lat. 40-45°N. If a
commercial fishery does develop,
accurate life-history information is
essential for management purposes.

The general biology and feeding
ecology of Onychoteuthis borealija-
ponica have been investigated
(Naito et al., 1977b; Okutani and
Murata, 1983); however, little in-
formation is available on age and
growth. Average growth rates have
been inferred from length-fre-
quency distributions of sequential
jigging samples (Murata and Ishii,
1977). This study suggested that
the lifespan for boreal clubhook
squid is approximately one year;
females grow faster and attain a
larger size (370 mm mantle length
(ML)) than males (270 mm ML).
Growth estimates from driftnet
studies (Kubodera et al., 1983;
Kubodera, 1986) were inconclusive
because length-frequency modes
were impossible to detect, possibly
because of protracted spawning
seasons or variable individual
growth rates within a population.

The accuracy and precision of
cephalopod growth estimates have
been greatly enhanced through the
use of daily increments within sta-
toliths (Natsukari et al., 1991).
Ageing by counting statolith incre-
ments allows the estimation of size
at age and may provide informa-
tion on individual age and growth
rates. Hatchdates can be estimated
by back calculation of daily incre-
ments. Age and growth estimates
derived from statolith analysis

13
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have been obtained from a variety of neritic squid
species (see review by Rodhouse and Hatfield, 1990a).

The objectives of this study were to 1) estimate
the age and growth of O. borealijaponica from sta-
tolith microstructural analysis, 2) determine the
periodicity of increment formation, 3) statistically
compare appropriate growth models fit to the age-
ing data, 4) determine the distribution of back-cal-
culated hatching dates of O. borealijaponica and
draw inferences about spawning locations, and 5)
determine the relationship between age and matu-
rity stages.

Materials and methods

Taxonomic clarifications

At least five onychoteuthid species are found in the
North Pacific: O. borealijaponica from subarctic
waters; an undescribed species occupying the North
Pacific transition zone (~29—40°N, Bigelow, unpubl.
data); and three subtropical species of the O. banksii
complex (Young and Harman, 1987). Juvenile, sub-
adult, and adult O. borealijaponica (69—343 mm ML)
were separated from other onychoteuthid species
based on the number of tentacular hooks (n=25-29)
on each club. Identification of O. borealijaponica
paralarvae (11.5 to 35 mm ML) was based on mantle
chromatophore patterns (Bigelow, unpubl. data).

Data collection

Subadults, adults During July—September 1990,
O. borealijaponica specimens were collected on vari-
ous research cruises in the North Pacific. Most squid
specimens were captured by research drift net (mesh
gize=48-220 mm stretch mesh) in the western and
central North Pacific, but squid jigs were also used
to capture specimens from the central and eastern
North Pacific (Fig. 1, Table 1). Squid samples were
frozen (—20°C) upon capture and returned to the
laboratory for analysis.

Paralarvae, juveniles From 5 to 24 August 1991,
39 tows with a modified Cobb trawl were made
along meridian 179°30'W between 36°56'N and
46°00'N, and along meridian 174°30'W between
39°00'N and 45°00'N. The trawl was dual warp, with
a mouth area of approximately 140 m? when fish-
ing and a cod-end liner constructed of 3.2 mm
knotless nylon delta mesh (Wyllie Echeverria et al.,
1990; Lenarz et al., 1991). Thirty-one oblique night
tows (0-150 m) and eight oblique day tows (0—750
m) were conducted. O. borealijaponica specimens
from eight tows (Fig. 1, Table 1) were sorted on

board and immediately frozen (-20°C, juveniles) or
fixed in 95% ethyl alcohol (paralarvae).

Laboratory analysis

Dorsal mantle length measurements were made to
the nearest millimeter (mm) on thawed specimens.
Squids less than 0.5 g were blotted dry and weighed
to the nearest 0.001 g, whereas larger specimens
were weighed to the nearest 0.1 g. No correction was
made for shrinkage of paralarvae from fixation in
ethanol, because the species possesses a strong
gladius and exhibited minimal shrinkage (<2%).
Specimens were sexed and assigned a maturity
stage (I: juvenile; II: immature; III: preparatory;
IV: maturing; V: mature) based on the appearance
and relative size of the gonads and accessory repro-
ductive organs (Lipinski, 1979). Statoliths were dis-
sected from the specimens and stored in 95% ethyl
alcohol.

Statolith preparation and microstructural
analysis One statolith of the pair was mounted on
a microscope slide in Eukitt resin (Calibrated In-
struments Inc. 200 Saw Mill Rd., Hawthorne, NY
10532) with the concave side (anterior) facing up.
The transparency of paralarval statoliths allowed
their examination without further preparation (Fig.
2). The thickening of statoliths from larger squid
(>35 mm ML) required that they be ground with
fine-grained (1200-grade) carborundum paper and
polished with 0.3—um alumina-silica powder prior to
microstructural examination.

Increments were counted beginning at the first
visible increment outside the nucleus (Fig. 3A), and
continued to the margin of the dorsal dome (Fig. 3B).
The diameter of the circular nucleus averaged 28.0
pm (SD=2.4 um, n=37). The precision of increment
counts was assessed by using the coefficient of varia-
tion (Chang, 1982). Two nonconsecutive blind incre-
ment counts were made on each statolith with trans-
mitted light at a magnification of 1500x. The mean
of the two increment counts was accepted if the co-
efficient of variation was <7.0%, otherwise a third
count was conducted. With this criteria, two incre-
ment counts were acceptable for 115 statoliths,
whereas three increment counts were required for
11 statoliths. Hatching dates were computed by
subtracting the mean increment count from the date
of capture and were pooled into monthly periods.
Increment counts were assumed to represent the
individuals’ age in days, based on the following re-
sults (periodicity of increment deposition) which
provided support for the hypothesis that one incre-
ment is deposited per day.
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Figure 1
Location of stations in the North Pacific sampled for Onychoteuthis borealijaponica: Western North Pacific 1990
(open circles), central North Pacific 1990 (closed circles), central North Pacific 1991 (closed triangles), and east-
ern North Pacific 1990 (open squares).

Periodicity of increment deposition Three sub-
adult squid caught by jig or trawl in the central
North Pacific were placed for two hours in 20 L of
seawater containing 250 mg/L oxytetracycline hy-
drochloride (OTC). After OTC exposure, squid were
maintained in a 20-L tank with flowthrough sea-
water under ambient photoperiod and temperature
conditions. Freshly captured live saury (Cololabis
saira) were introduced as prey, but no feeding was
noted or observed. Squids survived up to 61.5 hours
in captivity. Statoliths were prepared as above and
illuminated with ultraviolet (Fig. 4) and natural
light. Under fluorescent light, an ocular marker was
aligned with the inner edge of the OTC band. The
statolith was then examined under natural light,
but increments peripheral to the band were difficult
to count. Therefore, to determine the periodicity of
increment deposition, statolith growth following
OTC exposure was related to the average increment
width prior to exposure. The distance from the in-
ner edge of the OTC band to the statolith perimeter
was divided by the mean width of increments prior
to the OTC band. Three estimates of statolith
growth after OTC exposure were made, and the

average increment width calculated for 15 incre-
ments prior to the OTC band.

Statistical procedures

Mantle length-weight relationships Mantle
length-weight regressions were fit to the data by
using the model

WT (g)=a*ML(mm)® (1)

Separate ML-weight equations were developed for
both sexes, and a single equation was used for squid
of unknown sex (<60 mm ML).

Fitting of size-at-age data Researchers have used
a variety of different models to describe cephalopod
growth (e.g., linear, logistic, von Bertalanffy), al-
though the rationale for using a given model is usu-
ally not stated. Schnute (1981) proposed a flexible four-
parameter model to describe growth which includes
most growth models historically used in fisheries re-
search as special cases. The model takes the form

b 1 _ e—ﬂ(f—ll )

1/b
Y(r)=[y|b+()’§-y|)l—_efa(ﬁ] . 2)
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Table 1
Data on samples of Onychoteuthis borealijaponica collected for age analysis.
Mantle
Depth Temperature length
Date Lat. Long. Gear (m) cC) n (mm)
Western North Pacific
24 Jul. 1990 42°00'N 158°58'E Driftnet 0-10 14.9 5 197-316
25 Jul. 1990 43°03'N 158°59'E Driftnet 0-10 15.5 12 203-311
26 Jul. 1990 44°02'N 158°56'E Driftnet 0-10 16.1 14 214-343
28 Jul. 1990 44°00'N 160°00'E Driftnet 0-10 16.5 15 206-339
29 Jul. 1990 43°16'N 159°58'E Driftnet 0-10 15.7 8 204-233
06 Aug.1990 43°30'N 161°02'E Driftnet 0-10 16.0 2 275288
20 Sep.1990 44°45'N 160°03'E Driftnet 0-10 15.7 1 182
Total 57
Central North Pacific
SAMPLE A
08 Jul. 1990 42°30'N 172°32'W Driftnet 0-8.5 14.8 2 165-195
04 Aug.1990 46°30'N 162°30'W Driftnet 0-8.5 12.1 4 147-180
10 Aug.1990 46°30'N 157°30'W Driftnet 0-8.5 11.8 7 191-313
12 Aug.1990 43°29'N 157°2TW Driftnet 0-8.5 14.3 1 343
SAMPLE B
06 Aug.1991 37°59'N 179°28'W Cobb 0-154 11.7-24.1 5 11.5-32
06 Aug.1991 37°55'N 179°26'W Cobb 0-1568 11.7-24.1 8 24-35
09 Aug.1991 41°08'N 179°30'W Cobb 0-130 11.0-203 1 42
12 Aug.1991 43°12'N 179°30'W Cobb 0-775 3.5-16.4 1 58
12 Aug.1991 43°04'N 179°30'W Cobb 0-156 8.6-15.9 6 69-83
15 Aug.1991 44°59'N 179°27'W Jig 0-5 12.6 7 119-190
18 Aug.1991 45°00'N 174°31'W Cobb 0-162 6.8-13.2 4 75-82
20 Aug.1991 43°00'N 174°30'W Cobb 0-142 8.8-16.5 2 72-78
22 Aug.1991 41°14'N 174°29'W Cobb 0-730 5.6-21.1 1 66
Total 49
Eastern North Pacific
18 Aug.1990 42°4T'N 125°25'W Jig 0-100 15.1 5 214-251
19 Aug.1990 44°12'N 124°54'W Jig 0-100 15.9 2 229-236
04 Sep. 1990 44°23'N 124°44'W Jig 0-75 16.4 13 218-312
Total 20

where Y(?) is the estimated length or weight at age
t, and y, and y, represent size at two ages ¢, and ¢,,
which are typically the youngest and oldest indi-
viduals in the sample. The estimated parameters a
and b describe how the model connects y, and y,.
Values of @ and b and their 95% confidence inter-
vals lead to the selection of other submodels.

The Schnute model (written in Microsoft
Quickbasic) was fit to the size-at-age data (Fig. 5)
by nonlinear regression on an IBM-compatable mi-
crocomputer. Growth modelling was restricted to
individuals from the central North Pacific samples,
because of inadequate age representation from the
western and eastern North Pacific samples.
Paralarval size-at-age estimates were included in
the growth models for males and females, because

size-at-age results were similar for juvenile (6683
mm ML) males and females.

Model comparison If we assume that the Schnute
model exactly predicts the size of an individual, then
the residual sum of squares (RSS) of this full model
is an estimate of measurement error. To ascertain
if a reduced model with fewer parameters (e.g., 2—
parameter exponential) adequately describes the
data, the RSS’s from the reduced model and full
model were compared using an F test statistic:

4= (RSSg = RSS;)/(DF; -~ DFy)
RSS;/DF;,

3)

with DFy — DF;, DF;. degrees of freedom,
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Figure 2

Onychoteuthis borealijaponica. Light micrograph of a transverse section of a sta-
tolith from a 11.5-mm mantle length paralarva. Duplicate increment counts were

61 and 63.

Figure 3
phs of a ground statolith. (A) Increment deposition within early
life history. Arrow indicates edge of nucleus. (B) Statolith microstructure within dorsal dome region.

Onychoteuthis borealijaponica. Light microgra
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Figure 4

Onychoteuthis borealijaponica. UV micrograph of a ground
statolith stained with tetracycline.

where RSSy is the RSS from the full
(Schnute) model, RSSy is the RSS from the
reduced (exponential) model, DFjy is the
number of degrees of freedom from the full
model, and DFy is the number of degrees
of freedom from the reduced model (Neter
et al., 1985).

Differences in the slopes of the ML-
weight and size-at-age relationships by sex
and geographical location were compared
with analysis of covariance (ANCOVA) and
F-tests (Sokal and Rolff, 1981). Data were
initially In-transformed, and ANCOVA was
used to test for differences in slopes of the
linearized equations. Elevations of the lin-
earized equations were compared with F-
tests. Analyses were performed on central
North Pacific male and female growth data
and western North Pacific female data
with the assumption that females in the
western North Pacific exhibited a similar
type of growth as individuals in the central
North Pacific. There were too few individu-
als to test for differences in growth rates
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Figure 5

Relation between age (determined by number of increments within statoliths) and
mantle length (mm) and weight (g) for male and female Onychoteuthis
borealijaponica. Western North Pacific 1990 (open circles), central North Pacific 1990
(closed circles), central North Pacific 1991 (closed triangles = juveniles-subadults,
open triangles = unknown sex), and eastern North Pacific 1990 (open squares).
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of western North Pacific males or eastern North Pa-
cific males and females.

Results

Statolith analysis

Statolith microstructural analysis was applied to
131 squid from the western, central, and eastern
North Pacific. Five statoliths (3.8%) were broken or
poorly sectioned and excluded from further analy-
sis. The coefficient of variation about the mean for
the aged samples (n=126) averaged 3.7% based on
2-3 increment counts for each statolith. No obvious
trend existed in the coefficient of variation with the
increment count or body size.

Periodicity of increment formation

A fluorescent OTC band was evident in the sta-
toliths of the three squid exposed to oxytetracycline.
While increments peripheral to the inner edge of the
OTC band could not be reliably counted, the rela-
tion between the growth of the statolith, rearing
period, and the width of increments prior to the OTC
band suggested that increments were deposited
daily (Table 2). Statolith growth in the dorsal dome
region ranged from 1.4 to 4.3 pm over the rearing
period (26-61.5 hr). The average number of incre-
ments deposited per day after oxytetracycline expo-
sure was 1.30 (range 1.08-1.52) for the three squid.

Mantle length-weight relationships

The ML-weight relationship for paralarval O.
borealijaponica from the central North Pacific is
represented by the equation

The ML-weight relationships for juvenile-adult O.
borealijaponica from the western, central, and east-
ern North Pacific are represented by the following
equations:

males:

WT =1.873x107* ML**%R? =0.96(n=43) (5)
females:

WT =3.521x107° MI*°;R* =0.99(n=68) (6)

The slopes of the ML-weight regressions for male
and female O. borealijaponica were significantly
different (P<0.001).

Growth

A good relationship existed between the number of
increments within statoliths and squid size for in-
dividuals in the central North Pacific (Fig. 5). An
exponential model (Table 3, Equation 7) was appro-
priate to describe the ML-at-age relationship
(f=1.82, F=2.49) for females (paralarvae-subadult)in
the central North Pacific. A logistic model was ap-
propriate to describe the ML-at-age relationship
(f=1.85, F=2.93) for males (paralarvae-adult) in the
central North Pacific. However, the oldest individual
(394 days, 245 mm ML) was a mature male (stage
V) which influenced the type of model selected.
Omitting that individual resulted in the selection of
an exponential model (f=2.49, F=2.55) over a logis-
tic model (f=4.73, F=2.94) to describe paralarval-
subadult growth (Table 3, Equation 8). Exponential
models were also fit to weight-at-age data for
paralarval-subadult males and females (Table 3,
Equations 9 and 10).

Growth in length (% increase in length per day)
was similar for males and females (0.80% ML/day)
in the central North Pacific, while growth in weight
was faster for females (1.90% WT/day) than males
(1.40% WT/day). By using the exponential models,

WT =2.484x107° ML3%%;R* =0.99(n =36). 4) mantle length, weight-at-age, and absolute growth

Table 2
Age validation information for Onychoteuthis borealijaponica with oxytetracycline (OTC) technique. Width of
oxytetracycline band is the distance observed between the fluorescent band and the margin of the statolith.
Mean increment width is that of the outer 15 increments formed prior to the OTC band.

Width of Estimated
Rearing oxytetracycline Mean increment increments
No. ML (mm) period (hr) band (um) width (um) per day
1 162 26 14 1.19 1.08
2 166 615 4.3 1.10 1.52
3 175 44 2.8 1.16 1.32
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Pacific Ocean.

Table 3
Exponential equations for growth of male and female Onychoteuthis borealijaponica from the central North

Variable Age interval (d) n Equation r2 Equation no.
Length (F) 62-376 36 mm = 18,41¢9-00785¢ 0.97 7
Length (M) 62-314 27 mm = 17.17¢%-00796¢ 0.89 8
Weight (F) 62-376 36 g = 0.74g00188 0.92 9
Weight (M) 62-314 27 g = 2.19¢0-0138 0.82 10

rates (AGR, mm/day or g/day) were predicted for the
initial 365 days (Table 4).

The slopes of the size-at-age regression equations
for females from the western North Pacific were
significantly different from those for both central
North Pacific males and females (Fig. 6, Table 5).
Comparisons of regression slopes between central
North Pacific males and females revealed no signifi-
cant differences in length or weight-at-age relation-
ships (P=0.424, P=0.307). Testing of elevations from
the central North Pacific male and female data iden-
tified a significant difference (P<0.001, Table 5);
therefore, males and females in the central North
Pacific grow in length and weight at a similar rate,
but females display a significantly greater size at
age than males (Table 4).

Back-calculated hatching dates

Backcalculation of hatching dates demonstrated
that O. borealijaponica hatched in all months except

March (Fig. 7). The distribution of hatching dates
was not necessarily related to spawning intensity,
as more subadult squid were available for age analy-
sis than paralarvae and juveniles. Subadult and
adult squid captured from July to September in the
North Pacific had similar hatch dates as samples
collected from the western (August-February), cen-
tral (July—February), and eastern North Pacific (Au-
gust-November). Paralarval and early juvenile
squid captured in the central North Pacific during
August 1991 were estimated to have hatched be-
tween February and June, 1991.

Maturity stage-age relationships

Maturity stages were closely related to squid size for
all three sampling areas; males, however, matured
at a smaller size than females (Fig. 8). Females and
males recruit to the driftnet fishery after attaining
maturity stages III and IV, respectively. No mature
females (stage V) were captured by any sampling

Table 4
Growth of central North Pacific Onychoteuthis borealijaponica predicted by the exponential equations based
on statolith analysis. Absoclute growth rates (AGR) are given in mm or g per day.
Males Females

Estimated age Mantle length Weight Mantle length Weight

(days) (mm) AGR; (g) AGRy, (mm) AGR; (g) AGRy,
50 25.6 0.20 4.4 0.06 27.3 0.21 1.9 0.04
75 31.2 0.25 6.1 0.09 33.2 0.26 3.0 0.06

100 38.1 0.31 8.7 0.12 40.3 0.32 4.8 0.09
125 46.5 0.37 12.2 0.17 49.1 0.39 7.7 0.15
150 56.8 0.46 17.3 0.24 59.7 0.47 12.4 0.24
175 69.4 0.56 24.3 0.34 72.7 0.57 19.8 0.38
200 84.7 0.68 34.3 0.48 88.4 0.70 31.7 0.60
225 103.4 0.83 48.5 0.67 107.5 0.85 50.8 0.96
250 126.2 1.01 68.4 0.95 130.8 1.03 81.3 1.54
275 154.1 1.23 96.5 1.34 159.2 1.25 130.0 2.47
300 188.1 1.51 136.1 1.89 193.7 1.53 208.0 3.95
325 229.6 1.84 192.1 2.66 235.7 1.86 332.8 6.31
350 280.3 2.24 271.0 3.75 286.7 2.26 532.5 10.10
365 316.0 2.57 337.3 4.66 323.2 2.51 706.9 13.42
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Figure 6
Log-linear growth models for male and female Ony- Table 5
choteuthis borealijaponica. Comparisons of Onychoteuthis borealijaponica
growth equations based on analysis of covariance.
Slope Elevation
) (F) F) P
method. There was some evidence that males (stage
IV-V) and females (stage III-IV) in the western Length-at-age comp_arisons
North Pacific were younger than similar stage in- Central North P alﬂﬁc’ o 0494
dividuals from the central and eastern North Pacific. male vs. female 064 -
002.4 <0.001
. . Western North Pacific
Discussion female vs. central
Pacific female 62.9 <0.001
The data prese.nted provide support f?r th.e one-in- Western North Pacific
creme:nt-depos1ted-per—d?.y hypo.t.hes1s. within the female vs. central
statoliths of Onychoteuthis borealijaponica although Pacific male 62.2 <0.001
further work is required to rigorously test the hy- )
pothesis. Tetracycline was incorporated into the sta- weagh"""’"'g" °°I’:“Pf:_"'°“s
tolith, but the animals did not feed and survival was e':;:’;l Ij:':.:m:l‘: 16 1063 0.307
not sufficiently long enough (2-3 days) to provide a ' ’ 1211 <0.001
rigorous test on the rate of increment deposition. Western North Pacific
Validation of the daily increment hypothesis has female vs. central
come from tetracycline labeled statolith experiments Pacific female 65.9 <0.001
with several neritic squid species (Illex illecebrosus, Western North Pacific
Dawe et al., 1985, Alloteuthis subulata, Lipinski, female vs. central
1986, Todarodes pacificus, Nakamura and Sakurai, Pacific male 66.6 <0.001
1991). Future statolith validation experiments with
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(open squares). Ranges are represented by horizontal bars. The ML-weight relationships
obtained in this study for the

active oceanic squids (e.g., Onychoteuthidae,
Ommastrephidae) may require substantial mainte-
nance facilities to support long-term survival.
Although the rate of increment deposition derived
by the statolith marking experiment should be con-
sidered preliminary, indirect evidence was obtained
to suggest that increments were formed daily. The
hypothesis that the lifespan is 1 year (Murata and
Ishii, 1977; Naito et al., 1977b) was supported by the
present data where only 4 of the 126 individuals
aged had more than 365 increments within the sta-
tolith. In addition, back-calculated hatch dates
(July-February) of post-recruit individuals exploited
in the O. borealijaponica jig and Ommastrephes
bartramii squid driftnet fishery were consistent with
information on spawning (fall-winter) reported in
the literature (Murata et al., 1976; Murata and Ishii,
1977; Naito et al., 1977b). This study suggests that
spawning for O. borealijaponica occurs year round.
While subadult O. borealijaponica are distributed in
subarctic waters, evidence from the distribution of
paralarvae, juveniles, and sexually mature females
suggests that spawning may occur to the south of
the subarctic boundary in the North Pacific transi-
tion zone (30—42°N, terminology after Roden, 1991).
In the central and eastern North Pacific, O.
borealijaponica paralarvae and juveniles have been
recorded from this study (38°N, 179°30'W"°) and the

western, central, and eastern

North Pacific were similar to the
values previously given for O. borealijaponica cap-
tured off Japan (Murata and Ishii, 1977). Slope val-
ues obtained for the ML-weight relationships
(males=2.596, females=2.915) were similar to other
active oceanic squids having thick muscular mantle
walls. Paralarval O. borealijaponica had a higher
slope value (3.015) than older males and females,
consistent with previous results for loliginid squids
and benthic octopods (Forsythe and Van Heukelem,
1987).

There is no clear consensus on the type of model
which best describes cephalopod growth, although
several studies argue against the use of asymptotic
models, such as Gompertz or von Bertalanffy
(Forsythe and Van Heukelem, 1987; Saville, 1987).
Exponential models have been typically used to
describe the growth of field caught and laboratory
reared paralarval squid (Yang et al., 1986; Balch et
al., 1988; Forsythe and Hanlon, 1989; Bigelow, 1992,
1993). For growth estimates derived from statolith
analysis, a linear model is frequently used because
growth is analyzed over a short segment of the
cephalopod’s life history, such as post recruitment
to a fishery (Rosenberg et al., 1980; Radtke, 1983;
Rodhouse and Hatfield, 1990b) or habitat (Jackson
and Choat, 1992).

Since the Schnute model encompasses a wide
range of growth models, it can be used to system-
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atically assess the type of growth model which best
describes the data. A statistical comparison of sev-
eral growth models found that growth in O.
borealijaponica from the paralarval to subadult size
range could be sufficiently described with an expo-
nential model, though there was weak evidence that
a logistic model may be sufficient to describe growth
in males from the paralarval to adult size range. The
most appropriate growth model (exponential or lo-
gistic) for the entire life cycle of O. borealijaponica
will emerge when sexually mature males and fe-
males are aged.

Estimated growth rates from this study were
higher than estimates derived from length-fre-
quency analysis of fisheries data (Murata and Ishii,
1977). Growth estimates based on length-frequency
analysis with time often provide evidence of de-
creased growth rate, which is usually described by
an asymptotic model (Patterson, 1988). Length-fre-
quency analysis may be inappropriate for estimat-
ing growth in cephalopods (Jackson and Choat,
1992), either because 1) cohorts are difficult to de-
tect because spawning occurs throughout the year,
2) variable individual growth rates produce Lee’s
phenomenon (Ricker, 1975), or 3) samples of a mi-
grating population are taken at a point along the
migration route, which results in overestimating
growth in young squid and underestimating growth
in older squid.

Growth data presented for O. borealijaponica from
the central North Pacific provide a useful compari-
son of growth between males and females. The ex-
ponential models predict that males and females
grow in length at similar rates (0.80% ML/day), but
females grow faster in weight (1.90% WT/day) than
do males (1.40% WT/day). These rates correspond
closely with the average growth rates of similar
sized squids from temperate waters (e.g., Illex
illecebrosus, O’Dor, 1983; I. argentinus, Rodhouse
and Hatfield, 1990b).

The most significant advantage of using statolith
ageing techniques is the ability to produce indi-
vidual rather than population statistics. Using sta-
tolith analysis, spatial variations in size at age,
growth parameters, and maturity stage at age were
observed between O. borealijaponica individuals
from the western and central North Pacific. Little
is known concerning genetic variation and stock
structure of O. borealijaponica in the North Pacific;
however, female squid in the western North Pacific
were found to grow faster than both male and fe-
male squid in the central North Pacific and were
younger at maturity stages III and IV than central
North Pacific females. Apparent growth rate and
maturity stage differences may be related to water

temperatures or food availability during the
paralarval stage. Forsythe and Hanlon (1989)
showed that temperature had a pronounced effect
on the increase in length and weight of the squid
Loligo forbesi. In their laboratory study, a tempera-
ture increase of 1°C increased the growth in length
and weight of paralarval squid 0.5% and 2.0% per
day, respectively. Subadults in the western Pacific
may have hatched in the warm Kuroshio Current
or in productive transition waters between the
Kuroshio and Oyashio fronts. Paralarvae hatched in
the western North Pacific may therefore experience
higher temperatures or a greater abundance of prey
species, or both, than paralarvae hatched in the
central North Pacific, which could explain the ob-
served spatial differences in growth.
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Abstract.— A review of previ-
ous studies on Kemp’s ridley sea
turtle (Lepidochelys kempii) diet
was combined with information on
the diet of the species in the
coastal waters of New York State.
Juvenile Kemp’s ridleys occupy
coastal Long Island, New York
waters during the summer and
early autumn months. Both fecal
and intestinal samples collected
between 1985 and 1989 were ana-
lyzed to obtain information on the
diet of this endangered species.
Fecal and intestinal sample analy-
sis, as well as information from
previous studies, indicated that
juvenile Kemp’s ridleys primarily
consume crabs. Walking crabs of
the genera Libinia and Cancer
appear to be the primary food
sources for the species in New
York waters.
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The Kemp’s ridley sea turtle,
Lepidochelys kempii, was placed on
the United States endangered spe-
cies list in December 1970 and was
listed as one of the twelve most
endangered species in the world by
the International Union for the
Conservation of Nature and Natu-
ral Resources in 1986 (Federal Reg-
ister, 1989; Marine Turtle Newslet-
ter, 1989). Despite a recent in-
crease in research on the Kemp’s
ridley, little attention has been fo-
cused on its feeding habits. An un-
derstanding of the dietary require-
ments and available food resources
for the Kemp's ridley is a critical com-
ponent in the future management and
protection of this species’ habitats.
While occasional glimpses into
the composition of Kemp’s ridley
diets have been obtained, detailed
quantified examinations of the spe-
cies’ diet have only rarely been
undertaken (Table 1). In one of the
earliest accounts of the diet of
Kemp’s ridleys, De Sola and
Abrams (1933) dissected “two foot
specimens” from the Georgia coast
and described the main dietary
component as Platyonichus ocel-
latus, later renamed the spotted

lady crab, Ovalipes stephensonii
(Williams, 1984).

Two decades later, the first pub-
lished record describing the diet of
the Kemp’s ridley in the Gulf of
Mexico was produced (Liner, 1954).
In that study, gastrointestinal con-
tents of eight L. kempii ranging in
size from 3.2 kg to 26.6 kg were
examined. All the turtles had con-
sumed portunid crabs (Callinectes
sp.) and occasional barnacles.
Dobie et al. (1961), elaborating on
the findings of Liner (1954), re-
ported that small molluscs, plant
parts, and mud were also contained
in the gastrointestinal tracts of two
of Liner’s turtles. The molluscs in-
cluded gastropods (Nassarius sp.)
and bivalves of the genera Nuculana,
Corbula, and probably Mulinia.

In Virginia, Hardy (1962) dis-
sected a single specimen and found
that the digestive tract contained
95% Callinectes sp. and one
swimmerette was identified as that
of the blue crab, C. sapidus. Re-
search conducted in the waters of
Chesapeake Bay, Virginia, by
Lutcavage (1981) indicated that
three Kemp’s ridley carcasses had
both blue crabs and Atlantic rock
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and Marquez (1973).

Table 1

Compilation of available diet studies of Kemp’s ridley sea turtles (Lepidochelys kempii) published from 1933
to 1991. The studies are ordered from north to south and east to west. Marquez (1973) is cited from Pritchard

Author(s) Location Diet components Life stage
Hardy (1962) Chesapeake Bay Blue crabs Juvenile
Lutcavage (1981) Chesapeake Bay Blue crabs Juvenile
Belmund et al. (1987) Chesapeake Bay Rock and blue crabs Juvenile
DeSola and Abrams (1933) Coastal Georgia Crabs (Ovalipes spp.) Not given
Carr (1942) Florida Calico crabs Juvenile
Liner (1954) Louisiana Blue crabs Juvenile
Dobie et al. (1961) Louisiana Crabs, whelks, clams Juvenile
Shaver (1991) Texas Various crab species Juvenile
Marquez (1973) Tampico, Mexico Crustaceans, fish, molluscs Adult

crabs (Cancer irroratus) in their digestive tracts.

Recently, Shaver (1991) found that Kemp’s ridleys
in coastal Texas waters preyed mainly on crabs. The
most commonly ingested species was the speckled
crab (Arenaeus cribrarius). Many other crab species
were recorded by Shaver, including purse crabs
(Persephonia sp.), spider crabs (Libinia sp.), and
blue crabs (Callinectes sp.).

During the past decade, the role of the northeast-
ern coast of the United States in the life cycle of
Kemp’s ridleys has received considerable attention
(Carr, 1980; Morreale and Standora, 1990!; Burke
et al., 1991). The northeastern coast includes the
New York area which contains over 300 km of shore-
line, mainly the coastline of Long Island. Long Is-
land has a variety of marine habitats, including the
shallow, enclosed waters of the Peconic and south-
ern bays, the deeper waters of Long Island Sound,
and the Atlantic Ocean (Fig. 1). Each year Kemp’s
ridleys begin inhabiting the Long Island area dur-
ing July (Morreale and Standora, 19892; Morreale
and Standora, 1990!). To date, all Kemp’s ridleys
encountered in Long Island have been juveniles
(straight-line carapace length from 22 cm to 42 cm
x=29.8 cm, SD=3.7 cm [Morreale and Standora,
19892, 1990']). This size class of turtles represents
a range of ages from 3 to 7 years (Zug and Kalb, 1989).

Between July and early October these young
Kemp’s ridleys are active within the estuarine wa-
ters (Long Island Sound and the Peconic Bays) and
the southern bays. Kemp’s ridley growth rates as

1 Morreale, S. J., and E. A. Standora. 1990. Occurrence, move-
ment and behavior of Kemp’s ridley and other sea turtles in
New York waters. Annual report to the New York State, Dep.
Environmental Conservation, April 1989-April 1990.

2 Morreale, S. J., and E. A. Standora. 1989. Occurrence move-
ment and behavior of the Kemp’s ridley and other sea turtles
in New York waters. Annual report to the New York State, Dep.
Environmental Conservation, April 1988-April 1989.

high as 25% body weight per month indicate that
waters around Long Island, New York, provide
abundant food resources for the maintenance and
growth of the juvenile turtles (Standora et al., 1989;
Burke, 1990). During October the turtles begin
moving out of the estuaries and into the ocean. Long
distance recaptures of Kemp’s ridley, green
(Chelonia mydas), and loggerhead (Caretta caretta)
sea turtles tagged near Long Island indicate that
some turtles emigrate to the southeastern United
States (Morreale and Standora, 19892; Burke, 1990;
Morreale and Standora, 19901). Kemp’s ridleys that
do not emigrate by late November are likely to be-
come cold-stunned (Burke et al., 1991). Cold-stun-
ning, or severe hypothermia, occurs when ambient
water temperatures fall below 10°C (Schwartz,
1978). Cold-stunning causes turtles to become tor-
pid and buoyant, and eventually results in death.
In Long Island, declining water temperatures usu-
ally reach 10°C during early December.

The cold-stunning phenomenon, other types of
strandings, and live captures of sea turtles during
commercial fishing operations can be utilized as
sources of turtles for dietary studies. The goal of the
current study is to provide a quantitative descrip-
tion of the diet of Kemp’s ridleys in the northeast-
ern United States based on gut contents from car-
casses, previously preserved dietary samples, and
feces from live turtles.

Materials and methods

The dietary components of the Kemp’s ridley were
assessed by using two separate approaches. First,
fecal samples were collected from live turtles and
examined for their constituents. Second, complete
gastrointestinal contents were removed from dead
turtles and identified. Samples were obtained from
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New York

/ Cennecticut

Figure 1
The waters from which Kemp’s ridley sea turtles, Lepidochelys kempii, were obtained for this study can be di-
vided into four habitats: Long Island Sound, where most of the stranded turtles were recovered; the Atlantic Ocean,
which was the habitat of two turtles in the study; the southern bays, where one live capture and one boat-hit
turtle were recovered; and the Peconic Bay system, where most of the turtles for the fecal analysis and several
turtles for the digestive tract analysis wree recovered.

Rhode
Island

turtles encountered in New York waters from 1985
through 1989.

Nineteen fecal samples were obtained. Fourteen
were collected during 1989, three during 1988, and
two during 1987. Of these fecal samples, 17 were
obtained from live turtles captured during warmer
months (June to October) and two samples were
retrieved from revived, cold-stunned turtles in late
November. Captured turtles were obtained from lo-
cal commercial fishermen who were asked to retain
turtles caught incidentally in fishing gear (predomi-
nantly pound nets). After the fishermen docked, they
called a 24-hour number to reach a biologist, who
generally picked up the turtle while the fishermen
were still unloading their catch. All noncold-stunned
Kemp’s ridleys received from commercial fisheries
in Long Island were alive and apparently healthy.

All turtles were weighed and measured upon re-
turn to the laboratory. Each turtle was then allowed
to swim freely in an individual 2100-liter tank and
was offered either squid or clam meat. Most Kemp’s
ridleys accepted the food offerings, but many fed
only after the food was dangled in front of them for

as long as 2-3 hours. Feeding often induced defeca-
tion within a relatively short time.

Tanks were checked at least three times a day for
the appearance of feces. Filter intakes in the tanks
were elevated and covered, except for small holes,
to insure against sample loss. When feces were ob-
served, they were immediately removed and placed
in individual sample jars. If a turtle did not defecate
within 24 hours of being placed in captivity, it was
given an enema of dioctyl sodium sulfosuccinate
(Disposaject brand, Pitman-Moore Inc.). If a fecal
sample was still not obtained after another 24 hours,
the turtle was released.

The rate of food passage was examined during this
study to insure that samples were not polluted with
prey items eaten while the turtles were in the
fishermen’s nets. Gut passage rates were deter-
mined for two Kemp’s ridleys by feeding them
declawed lobsters (Homarus americanus). Lobster
was used as a tracer because it has never been re-
ported as a prey item and is consumed relatively
readily by the turtles. By monitoring fecal output,
the amount of time between ingestion of the lobster
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and its first appearance in the feces was determined.

All fecal samples collected for dietary analysis
were immediately placed in preservative. For fecal
samples obtained during 1989, animal components
were preserved as described by Zinn (1984) and al-
gae were preserved in Transeau’s solution (10 parts
formalin/30 parts ethanol/60 parts distilled H,0/25
mg CuSO,/L). Feces obtained prior to 1989 were pre-
served in 10% formalin.

Analysis of the fecal samples was conducted in
January 1990, after all the samples were collected.
The samples were removed from the preservative
and air dried for 24 hours on wire mesh in an en-
closed hood. The samples were then placed in a U.S.
standard number-5 mesh (4 mm) sieve and pieces
smaller than 4 mm were separated out by shaking
the sample in a Tyler RO-TAP testing sieve shaker
for three minutes. Pieces smaller than 4 mm were
not identified because of the difficulty of assigning
them to a meaningful category. The amount of
sample lost because of this constraint was never
greater than 5% for any given sample.

Each fecal sample was examined under a dissect-
ing microscope and each fragment of the sample was
identified to the lowest taxon possible. Fragments
belonging to the same taxonomic level were grouped.
A list of compenents (e.g., one species of crab is one
component) was compiled for each sample and the
data were analyzed to determine the percentage of
turtles in which each component occurred. Less than
1% of the fragments could not be assigned to a taxo-
nomic category.

For the 1989 samples only, the relative amount of
each dietary component was determined by oven
drying each component from each sample for 48
hours at 60°C and weighing it. The dry weights were
then used to determine the relative importance of
the different dietary components in each turtle’s
fecal sample. Dry weight analysis was conducted by
finding the percentage of each sample weight rep-
resented by each component and then determining
the mean for that component. This technique of
analyzing dry weights as a percentage eliminated
over- or under-representation of large or small fe-
cal samples.

A second method of determining dietary compo-
nents was analysis of gastrointestinal contents from
stranded, dead turtles. Stranded Kemp’s ridleys died
from a number of causes: cold-stunning, boat colli-
sions, entanglement in a gill net, and natural and
unknown causes. Whenever possible, each stranded
turtle was weighed, measured (straight-line cara-
pace length) and dissected. Following removal, in-
testinal contents were placed in 95% ethanol (1985),
10% formalin (1986—1988), or treated in the same

manner as the fecal samples (1989). Identification
of intestinal tract contents was performed during
1990. All components of each sample were identified
to the lowest taxon possible, generally to species.
These data were used to determine the percentage
of turtles in which the components occurred.

Results

The food passage rate analysis indicated that lob-
ster was retained within the digestive tracts of the
two Kemp’s ridleys for seven and eight days. Be-
cause fecal samples were obtained within 48 hours
of receiving a turtle from a fisherman, we believe
the possibility of samples having been “contami-
nated” by items eaten while the turtles were in the
fishermen’s nets is minimal.

Mean straight-line carapace length for the 19
turtles in the fecal analysis study was 32.3 cm
(range=24.7 to 42.7 cm, SD=4.87). Eighteen of the
19 turtles consumed crabs (Fig. 2). Mollusc species
were found in 26% of the fecal samples and algae
were found in 11% of the Kemp’s ridley feces. Natu-
ral and synthetic debris were present in 21% and
11% of the feces respectively.

Crab species that were identified included nine-
spined spider crabs, Atlantic rock crabs, and lady
crabs (Ovalipes ocellatus). Further examination of
only the crab portion of the feces revealed that 58%
of the turtles had consumed spider crabs, 36% had
eaten rock crabs, and 16% had consumed lady crabs.

100

PERCENT OF TURTLES

NATURAL 'SYNTHETIC
DEBRIS DEBRIS

CRAB ' MOLLUSK = ALGAE

Figure 2
Percent occurrence of various prey items identified
in the feces of 19 Kemp’s ridley sea turtles
(Lepidochelys kempii) that were live-captured in
Long Island waters. Each bar indicates the percent
of turtles in which the prey items occurred.
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Mean percent of the fecal dry weight of general
catergories of Kemp’s ridley sea turtles
(Lepidochelys kempii) prey items. Each area repre-
sents the mean percent of dry weight for that com-
ponent of the feces (n=14). Crabs composed the pre-
dominant portion of the feces.
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The percent of Kemp’s ridley sea turtles
(Lepidochelys kempii) from the digestive tract analy-
sis that had consumed various types of ingesta.
Most of the turtles had consumed crabs. Synthet-
ics and algae were not present in the digestive
tracts.

Included in three fecal samples were crab parts from
which the fragments could not be identified to genus.

Mollusc species in the samples included blue
mussels (Mytilus edulis) and bay scallops
(Argopectin irradians). Two Kemp’s ridley fecal
samples contained mollusc fragments that could not
be identified beyond phylum. Algal species in the
samples included Sargassum natans, Fucus sp., and
Ulva sp. A few turtles had small pieces of the mac-
rophyte Zostera marina as well. Natural debris in-
cluded such things as pebbles, small rocks, and bird
feathers. Synthetic debris included only small pieces
of polystyrene and latex.

Analysis of fecal components with dry weights
(mean of percent per sample) revealed that crabs
were the predominant component of all but one of
the 14 fecal samples from 1989. The mean percent
of crab dry weight for the samples was 80% (Fig. 3).
The mean percent dry weight for each crab species
revealed that spider crabs composed 60% of the
identifiable crab parts. The remainder was com-
posed of 22% rock crabs and 18% lady crabs. Thus,
most of the Kemp’s ridleys had consumed spider
crabs, which represented a large portion of the bulk.
Although more turtles consumed rock crabs than
lady crabs, Kemp’s ridleys that consumed lady crabs
had feces composed exclusively of them.

For the period 1985 througn 1989, 87 dead Kemp’s
ridleys were recovered from Long Island’s waters.
Gastrointestinal tracts were removed from 40 of the

87 turtles. Eighteen of the 40 stranded Kemp’s rid-
leys contained identifiable diet components in the
gut. All 18 turtles were juveniles. Mean straight-line
carapace length for the 18 stranded turtles was 30.5
cm (range=24.8 cm to 39.7 cm, SD=3.5 cm). Thirteen
of the 18 gastrointestinal tracks contained crab
parts and seven contained mollusc shells (Fig. 4).

The most frequently encountered crabs in the gut
content samples were spider crabs and rock crabs.
Spider crab fragments were found in five of the 18
samples; rock crabs were found in four of the 18
samples. Lady crabs were found in two of the
samples and the blue crab (C. sapidus) was found
in the digestive tract of one Kemp’s ridley. Two of
the turtles had erab parts in their digestive tracts
that could not be assigned reliably to any genus.

An additional 14 of the 40 Kemp’s ridleys that
were dissected had completely empty digestive
tracts. All of these turtles had stranded from cold-
stunning. Upon further review of necropsy data
sheets from all of the Kemp’s ridleys that had
stranded during the study period, but from which
samples were not preserved, it was noted that al-
most all of the cold-stunned individuals had empty
or almost empty gastrointestinal tracts.

The remaining eight turtles had been collected in
1985 and 1986, and gut contents were unidentifiable
because of improper preservation. These samples
had been preserved for as long as five years prior
to examination.
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Discussion

The analysis of fecal samples from live turtles and
of gut contents from dead specimens strongly sug-
gests that crabs are the main dietary component for
Kemp’s ridleys in New York waters. Crab parts were
present in 18 of the 19 turtles from which fecal
samples were obtained and were the predominant
food item by dry weight analysis. The analysis of
fecal material, however, may be biased because it
examines only that material which has not been
fully digested. This could cause overrepresentation
of less digestible components.

The gastrointestinal tract results (which are less
susceptible to such bias) support the results of the
fecal sample analysis. Of the 18 stranded turtles
which contained identifiable food items, 13 con-
tained crab parts in their guts. Gut contents can
potentially be biased because of differential diges-
tion. However, from our qualitative observation of
the condition of the intestinal contents during dis-
section, we believe the components described herein
are representative of the diet.

One difference between the fecal and intestinal
samples was the source of the turtles. Most fecal
samples were obtained from turtles captured in the
Peconic Bays, but most stranded turtles were recov-
ered on beaches adjacent to Long Island Sound.
Presumably the dietary samples reflect feeding ac-
tivities near the location of capture (or stranding).
Thus, the observation of spider and rock crabs as the
predominant components in the diets of both live-
captured and stranded turtles emphasizes their
importance as food items.

The dietary components observed during the
study may be related to the relative abundance of
the prey species in the environment. Of the four
species of crab that were identified, the spider crab
was both the most frequently encountered fecal com-
ponent and the predominant crab identified in the
gut contents of dead turtles. During the course of
our studies we have noted that the nine-spined spi-
der crab was one of the most common crabs in the
waters where the turtles occurred. We have observed
local commercial fishermen retrieving thousands of
spider crabs while hauling in their nets. The Atlan-
tic rock crab was also frequently encountered in the
feces and gut contents of the turtles. The rock crab
is also abundant in many of the areas in which the
turtles occur.

Not all of the dietary make-up observed in this
study can be explained by prey abundance. The
green crab (Carcinus maenus) is very common in
many of Long Island’s estuaries but was not present
in any of the turtles examined. This species usually

inhabits shallower, rocky intertidal and subtidal
habitats (Ropes, 1968; Williams, 1984), and our re-
search on turtle behavior indicates that the Kemp’s
ridleys typically forage in deeper waters (Standora
et al., 1990).

While we have commonly encountered lady crabs
in the waters where turtles forage, this species was
represented in only a few samples. Also rare in the
samples was the locally and commercially harvested
blue crab. Both the lady crab and the blue crab are
portunid crabs, capable of swimming very quickly.
This characteristic differentiates the portunids from
the slower walking crabs, such as the spider and
rock crabs.

The only molluses consumed by turtles examined
during this study included a few fragments of rela-
tively thin-shelled blue mussels (Mytilus edulis) and
bay scallops (Argopectin irradians), and entire shells
of the small three-lined mud snail (Nassarius
trivitattus). These mud snails are scavengers and
can be found locally in association with dead fish
and crabs (Long Island Shell Club, 1988). Their oc-
currence in four turtles, all of which had been cold-
stunned, may indicate that the turtles were scaveng-
ing during periods of low water temperature.

Because sea turtles were obtained from different
sources in New York waters, it was possible to ob-
tain dietary information on a larger number of
Kemp’s ridleys. In many of the previous studies
presented in Table 1, portunid crabs were indicated
as a main dietary component for Kemp’s ridleys.
Although this crab family was observed in some
New York turtles, it was of secondary importance to
the walking crabs.

In terms of the overall life cycle of Kemp’s ridleys,
it appears that post-pelagic juveniles exploit the
benthic environments of Long Island’s estuaries,
preying mainly on walking crabs. Data from our
ongoing research indicate that sea turtles emigrat-
ing from New York inshore waters travel to south-
ern coastal areas. Kemp’s ridleys exhibiting this
behavior may join the more southerly portion of the
Atlantic population. Therefore, management plans
for Kemp’s ridleys should consider factors that af-
fect benthic fauna, especially the abundant crab
populations in the northeastern region. Such im-
pacts could have far-reaching effects on a critical
stage in the lives of these endangered sea turtles.
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Abstract.— The tripletail,
Lobotes surinamensis, is the only
member of the family Lobotidae in
the western Atlantic Ocean, and
its life history is poorly under-
stood. We describe development of
tripletail larvae, clarify the litera-
ture on their identification, and
discuss their temporal and spatial
distribution in the northern Gulf
of Mexico. Larval tripletail are
characterized by 1) a vaulted, me-
dian supraoccipital crest with
spines along the leading edge; 2)
precocious, heavily pigmented pel-
vic fins; and 3) large preopercular
spines. In addition, the surface of
the frontal and supraoccipital
bones have a reticulated pattern of
depressions or “waffled” appear-
ance. Transition to juvenile stage
begins at about 9.0-9.5 mm stan-
dard length. Tripletail have three
supraneurals, six branchiostegal
rays, 11 + 13 vertebrae, 27 dorsal
rays (XII, 15), and 14—15 anal rays
(III, 11-12). Overall, 75% of trip-
letail larvae were found in waters
>28.8°C, 230.3 ppt, and at stations
270 m deep. Larval tripletail were
collected primarily from July
through September and almost
exclusively in surface tows. Triple-
tail spawn offshore. Juveniles, al-
though sporadic, are apparently
not uncommon in Gulf of Mexico
estuaries during summer.
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The percoid family Lobotidae is
usually considered to comprise two
genera with about four species
(Nelson, 1984), although Johnson
(1984) only included Lobotes, ques-
tioning the affinity of Datnioides.
The tripletail, Lobotes surinamen-
sis, is cosmopolitan and found in all
warm seas (Fischer, 1978); one
adult was recorded as far north as
St. Margarets Bay, Nova Scotia
(44°37'N, 64°03'W (Gilhen and
McAllister, 1985). Lobotes surina-
mensis is the only member of the
family in the Gulf of Mexico (Gulf)
(Hoese and Moore, 1977). Tripletail
generally occur along the Gulf
coast from April through early Oc-
tober (Baughman, 1941) and mi-
grate south during fall and winter
(Merriner and Foster, 1974). Al-
though apparently abundant no-
where, adult and juvenile tripletail
are not uncommon in bays, sounds,
and estuaries along the north-cen-
tral Gulf coast during summer
(Baughman, 1941; Benson, 1982).
Tripletail up to 18.6 kg and 89 cm
standard length (SL) have been
caught, but most average between
1 and 7 kg (Gudger, 1931; Baugh-
man, 1941). Tripletail often are in-

cluded as a category in Gulf fishing
rodeos (Benson, 1982) because of
their reputation as “a bold biter”
and strong fighter (Gudger, 1931;
Baughman, 1941). Tripletail enter
the commercial catch on the east
and west coasts of Florida and a
few tons are taken annually
(Fischer, 1978).

The development of tripletail lar-
vae and their spatial and temporal
distribution is poorly understood.
Hardy (1978) compiled information
on tripletail life history. Uchida et
al. (1958) and Konishi (1988) pro-
vide limited information and illus-
trations of tripletail larvae off Ja-
pan; however, Konishi’s 5.1-mm
larva is misidentified. Johnson
(1984) commented on cranial mor-
phology. Our objectives were to de-
scribe the development of tripletail
larvae, to clarify the literature on
their identification, and to discuss
the spatial and temporal distribu-
tion of larval tripletail in the north-
ern Gulf of Mexico.

* Louisiana State University Coastal Fish-
eries Institute Contribution No. LSU-
CFI-92-8.
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Materials and methods

Tripletail larvae were obtained from museum collec-
tions throughout the Gulf of Mexico to determine
their spatial and temporal distribution. These in-
clude collections from the Southeast Area Monitor-
ing and Assessment Program’s (SEAMAP) ichthy-
oplankton surveys of the Gulf from 1982 through
1986 (SEAMAP 1983-19871); National Marine Fish-
eries Service (NMFS, Panama City, Florida) and
Louisiana State University (LSU) collections from
within riverine and oceanic frontal zones off the
Mississippi River delta; and collections made by the
Gulf Coast Research Lab (GCRL), Ocean Springs,
Mississippi, and by Freeport-McMoRan Inc., New
Orleans (Appendix Tables 1 and 2).

SEAMAP collections from 1982 to 1986 represent
the first time-interval for which a complete set of
data were available. Standard ichthyoplankton
survey techniques as outlined by Smith and
Richardson (1977) were employed in data collection.
SEAMAP stations sampled by NMFS vessels were
arranged in a systematic grid of about 55-km inter-
vals. NMFS vessels primarily sampled waters >10
m deep. Each cooperating state had its own sam-
pling grid and primarily sampled their coastal wa-
ters. Latitude 26°00'N was the southern boundary
of the survey area. Hauls were continuous and made
with a 60—cm bongo net (0.333-mm mesh) towed
obliquely from within 5 m of the bottom or from a
maximum depth of 200 m. A flowmeter was mounted
in the mouth of each net to estimate volume of wa-
ter filtered. Ship speed was about 0.75 m/sec; net
retrieval was 20 m/min. At stations <95 m deep, tow
retrieval was modified to extend a minimum of 10
minutes in clear water or 5 minutes in turbid wa-
ter. Tows were made during both day and night
depending on when the ship occupied the station.
Overall, 1,823 bongo-net tows were collected and
processed during these years. The SEAMAP effort
from 1982 to 1984 also involved the collection and
processing of 814 neuston samples taken with an
unmetered 1x2 m net (0.947-mm mesh) towed at
the surface for 10 minutes at each station. SEAMAP
sampling during April and May was primarily be-
yond the continental shelf, whereas that during
March and from June through December was over
or immediately adjacent to the shelf at stations <180
m deep. No samples were taken during January and
February. Additional information on the temporal
and spatial coverage of SEAMAP plankton surveys

1 SEAMAP. 1983-1987. (plankton). ASCII characters. Data for
1982-1986. Fisheries-independent survey data. National Ma-
rine Fisheries Service, Southeast Fisheries Center: Gulf States
Marine Fish. Comm., Ocean Springs, unpubl. data.

is found in Stuntz et al. (1985), Thompson and Bane
(1986, a and b), Thompson et al. (1988), and Sand-
ers et al. (1990).

Collections from frontal zones off the Mississippi
River delta include 311 surface-towed 1x2 m neus-
ton net samples (0.333—mm mesh) made by NMFS.
NMFS samples were collected during May, August,
September, and December (1986 to 1989), although
not all four months were sampled each year (Appen-
dix Table 1). We also examined 63 surface-towed
1-m? Tucker trawl samples (0.363—mm mesh) taken
at seven stations during July 1987, and 45 surface-
towed multiple opening/closing net and environmen-
tal sensing system (MOCNESS) (Wiebe et al., 1976)
samples (0.363—-mm mesh) collected at five stations
during April 1988. These samples were from LSU
collections. In addition, we examined 17 samples
from stations taken by LSU inside the 100-Om
isobath during October 1990. The sampling area
during October 1990 extended 140 km west from
Southwest Pass of the Mississippi River delta along
the inner-to mid-shelf. Samples were collected with
a 60—cm bongo net (0.333—mm mesh) towed ob-
liquely to the surface from 5 m of the bottom or from
a maximum depth of 50 m (Appendix Tables 1 and 2).

Museum collections from GCRL and Freeport-
McMoRan, Inc. were primarily taken off Mississippi
Sound and within the Barataria Bay system of Loui-
siana, respectively. Gear type and most environmen-
tal data were not available from these two institu-
tions (Appendix Table 2).

Temperature and salinity data were from the sea
surface. Hydrographic data from stations where lar-
vae were taken were multiplied by the total num-
ber of larvae collected at each station to derive
median and mean hydrographic values. This method
gives weight to distribution of larvae rather than to
distribution of stations. We used percent cumulative
frequency for defining the relationship between dis-
tribution of larval tripletail and water temperature,
salinity, and station depth. Percent frequency indi-
cates the range of hydrographic conditions most of-
ten associated with occurrences of tripletail larvae.
Median, mean, and percent cumulative frequency
statistics were calculated (SAS Institute, 1985).

An examination of tripletail larvae was made to
describe developmental morphology. Body measure-
ments were made on 21 tripletail between 2.2 and
23.0 mm SL (Table 1) according to the methods of
Hubbs and Lagler (1958) and Richardson and
Laroche (1979). Measurements were made to the
nearest 0.1 mm with an ocular micrometer in a dis-
secting microscope. We follow Leis and Trnski’s
(1989) criteria for defining length of preopercular
spines, body depth, head length, eye diameter, and
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Table 1

Morphometrics of larval tripletail (Lobotes surinamensis) from the northern Gulf of Mexico. Measurements
are expressed as % standard length (SL).

Preanal Head Snout Orbit Greatest Upper jaw Prepelvic
SL n length length length diameter body depth length distance
2.2-2.4 2 60.5-66.0 29.0-29.5 6.5-7.0 12.5-13.5 25.0-27.5 11.5-14.5 —
4.0-5.9 3 60.0-70.0 37.56-40.0 7.5-10.0 14.0-14.5 40.0-53.5 20.0-20.0 37.5-55.0
6.0-7.9 4 69.5-79.5 38.0-43.0 6.5-9.5 14.0-16.0 51.0-59.6 15.5-17.5 38.0-57.0
8.0-9.9 4 68.0-77.5 34.5-38.5 5.5-6.5 14.0-15.5 58.0-59.0 14.0-15.5 39.0-48.0
10.0-11.9 2 68.5-74.0 38.0-39.0 6.0-6.5 14.5-15.0 54.0-56.5 14.0-14.5 39.0-40.0
13.0-14.9 2 71.5-72.5 35.5-37.0 6.5-7.0 13.0-14.0 55.0-57.5 13.5-14.0 40.0-44.5
15.0-16.9 2 72.5-77.5 34.5-35.5 6.0-6.5 12.5-13.0 56.5-58.0 12.5-13.0 42.0-47.5
21.0-23.0 2 74.0-76.5 39.5-41.5 7.0-8.0 12.0-13.0 54.5-58.0 13.0-14.0 46.5-52.0

eye diameter/head length ratio. We consider noto-
chord length in preflexion and flexion larvae synony-
mous with SL in postflexion larvae and report all
lengths as SL unless otherwise noted. Specimens
were fixed in 10% formalin and later transferred to
70% ethyl alcohol. Representative specimens were
illustrated with the aid of a camera lucida. Because
of the paucity of material, only two specimens were
cleared with trypsin and stained with alizarin to
examine head spines. We examined the surface of
the occipital and frontal bones with a scanning elec-
tron microscope (SEM) after the epithelium was par-
tially digested with trypsin. Soft rays of the dorsal and
anal fins were counted when their pterygiophores were
visible, and spines were counted when present.

Results

Larval morphometrics and pigmentation

Ninety-eight larval or juvenile tripletail were exam-
ined during this study (Appendix Table 2): 7 were
preflexion or flexion (<5.0 mm), 34 were postflexion
(5.1 to 9.5 mm), and 57 were transforming or juve-
nile (>9.5 mm). Body depth increased rapidly dur-
ing preflexion and flexion with depth >50% SL by
5.0 mm. The gut was straight. Larvae had 24
myomeres which became obscured by pigment in
postflexion larvae. Preanal length was 60-65% SL
in preflexion larvae and increased to 70—-75% SL in
larvae 25.0 mm. Head length averaged 29% SL dur-
ing preflexion and increased to about 40% SL in
juveniles. The head became increasingly steep, and
the upper profile of the forehead was concave by 20.0
mm. The eye was large and had an orbit diameter
usually from 35 to 40% head length (12.5 to 15.0%
SL) by 4.0 mm. The upper jaw reached about mid-
eye. Pelvic fins were precocious, heavily pigmented,
and inserted behind the pectoral fins near mid-body,

usually about 40~50% SL (Table 1). The pelvic fins
extended past the anus by 4.0 mm.

Early preflexion larvae of 2.2-2.4 mm were
sparsely pigmented; pigment was primarily re-
stricted to the head and abdomen. On the head,
external pigment was present on the posterior sur-
face of the midbrain, posteriorly at the base of the
supraoccipital crest, on the nape, and immediately
anterior to the cleithral symphysis (Fig. 1). By early
flexion (4.0 mm), pigment was added between the
fore- and mid-brain and on the preopercle above the
dorsal-most preopercular spine (Fig. 1). Pigment
occurred at the tip of the upper and lower jaws and
at the angle of the preopercle near the base of the
angle spine by 5.0 mm. The head became heavily
pigmented during postflexion. By 10.0 mm, a band
of pigment extended diagonally across the head from
the nape to the orbit and from below the orbit to the
angle of the preopercle (Fig. 1). The eye was at the
apex of this chevron-shaped band of pigment. Two
parallel stripes of pigment were present between the
orbits by 14.0-15.0 mm, extending from the nares
to the anterior margin of the supraoccipital crest.
These pigment stripes became better formed as lar-
vae developed. On the abdomen, melanophores were
distributed dorsally over the air bladder, and dor-
sally and ventrally along the visceral mass and
hindgut of early larvae (Fig. 1). By early flexion,
pigment also was present on the pectoral axilla,
posteriorly over the visceral mass and hindgut, and
was scattered laterally over the body above the vis-
ceral mass. Body pigmentation increased rapidly
during early postflexion and extended posteriorly to
the caudal peduncle by 6.0 mm (Fig. 1). Blotches or
mottled areas of pigment formed over the body by
8.0-9.0 mm, becoming more evident as larvae devel-
oped (Fig. 1).

Pigment along the ventral midline between the
anus and notochord tip was restricted to four to five
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melanophores in early larvae.
By early flexion, only one or
two postanal melanophores
were present along the ventral
midline and these were located
on the caudal peduncle and at
the posterior margin of the
hypural bones (Fig. 1). Pigment
was also present on the devel-
oping pelvic fins by early flex-
ion. Melanophores were distrib-
uted over the dorsal and anal
spines by 6.0 mm and over the
anterior-most dorsal and anal
rays by 8.5-9.5 mm. Pigment
covered all but the distal tips of
the dorsal and anal rays by
15.0 mm. Only the base of the
caudal- and pectoral-fin rays
were pigmented by 13.0-14.0
mm (Fig. 1) and pigment cov-
ered about 50% of the caudal
fin in a 23.0-mm larva. Pigment
occurred only over the proximal
portion of the dorsal-most pec-
toral-fin rays in the 23.0-mm
larva.

Head spination and fin
development

Tripletail larvae were charac-
terized by a vaulted, median
supraoccipital crest, which
originated above mid-eye, and
by numerous spines and ridges
on the head. Larvae of 2.2-2.4
mm had five to six spines along
the leading edge of the supra-
occipital crest and one spine on
the posterior edge (Fig. 1). Usu-
ally eight spines occurred along
the leading edge of the crest by
4.0 mm, giving the crest a ser-
rate appearance. Length of the
crest and its spines decreased
as larvae grew (Fig. 1); and the
entire supraoccipital crest was
resorbed by 15.0-16.0 mm. The
surface of the supraoccipital
and frontal bones had a reticu-

Figure 1
Larval development of tripletail (Lobotes surinamensis) from the north-
ern Gulf of Mexico. (A) 2.2 mm, (B) 4.0 mm, (C) 6.3 mm, (D) 8.5 mm, (E)
10.8 mm, (F) 13.7 mm. All measurements are standard length (SL).

lated pattern of depressions or “waffled” appearance supraorbital ridge with a single spine was present
(Fig. 2). Because so few preflexion larvae were col- above the eye of tripletail larvae by 4.0 mm. Both
lected, we were unable to determine when this char- the supraorbital spine and ridge were resorbed by

acter first appeared. A large, laterally projecting 19.0 mm. Single, simple spines were present on the
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posttemporal and supraclei-
thrum by 4.5 mm; a low, simple
ridge occurred along the
pterotic at about 5.0 mm (Fig.
1). The posttemporal and
supracleithral spines were par-
tially covered by epithelium
but both they and the pterotic
ridge were visible on the larg-
est specimen examined.
Tripletail larvae developed
two series of preopercular
spines, one along the outer
shelf and the other along the
inner shelf. Both outer and in-
ner shelves have dorsal and
ventral limbs. Three spines oc-
curred along the posterior mar-
gin of the outer shelf of 2.2-2.4
mm larvae, the longest at its
angle (Fig. 1). A fourth spine
was forming but was small at
2.2 mm. Fifth and sixth spines
were added by 6.0 mm; a sev-
enth spine, by 7.0 mm. One to
two small additional spines
were added as larvae grew. By
15.5 mm, three to five spines
were visible along the dorsal
margin of the outer preopercular
shelf, one at the angle, and usu-
ally three along the ventral
margin; the anterior-most
spine along the ventral margin
was short and blunt (Fig. 1). All
spines along the outer shelf
were present in the largest
specimen examined (i.e., 26.0
mm). Along the inner preop-
ercular shelf, one spine was
present in 2.2-2.4 mm larvae
and three to four spines by 5.0
mm (Fig. 1). Spines along the
inner shelf were short and
blunt and covered by epithe-
lium. A spine occurred along
the posterior margin of the
subopercle by 6.0-6.5 mm, near
but dorsal to the angle spine of
the outer preopercular shelf. The
subopercular spine was resorbed

Figure 1 (Continued)

by 20.0 mm. A small, flexible spine was present dor- A continuous median finfold extended posteriorly
sally on the opercle by 10.0 mm. This spine was diffi- around the body from the nape to the anus of early
cult to locate on unstained larvae because it was cov- larvae. Pelvic fins were precocious and elongate
ered by integument. (usually >25% SL) and had a full complement of
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Figure 2

Scanning electron micrograph of the supraoccipital and frontal bones of a 6.3—-mm standard length
tripletail, Lobotes surinamensis, from the northern Gulf of Mexico. Magnification: 280x.

elements (I, 5) by 5.0 mm (Table 2). We were unable
to determine when the pelvic-fin buds formed or
flexion began because of a lack of specimens between
2.4 and 4.0 mm. Development of the hypural com-
plex (by 4.0 mm) coincided with that of the
pterygiophores of the dorsal and anal fins. Anlagen
of caudal-fin rays formed obliquely in the caudal
finfold. The central-most caudal-fin rays formed first
and development proceeded outward from mid-base.
Notochord flexion was complete by 5.0 mm. The

adult complement of 9+8 principal caudal rays were
present by 7.0 mm, as were all procurrent caudal
rays by 9.0-9.5 mm. All dorsal- and anal-fin ptery-
giophores were present by 4.5-5.0 mm and both
dorsal and anal spines developed before their rays
in each fin. Dorsal and anal spines began to develop
anteriorly and proceeded posteriorly to a full comple-
ment of elements in each fin by 6.5 mm. Pectoral
rays began to form at 5.5-6.0 mm and a full comple-
ment (16 rays) was present by 7.0 mm (Table 2). A

are in standard length (SL).

Table 2
Fin ray counts of larval tripletail (Lobotes surinamensis) from the northern Gulf of Mexico. Measurements

Size
(mm SL) n Dorsal Anal Pectoral Pelvic Caudal
4.0 1 Finbase Finbase — 3 —
4.5 1 II, Anlagen I, Anlagen Anlagen 1,5 4+3
5.0 1 VII, Anlagen I, Anlagen Anlagen 1,5 6+6
6.3 1 XII, 15 I, 12 13 I,5 7+ 17
Tl 1 XI1, 15 111, 12 16 L5 3-9+8-2
10.2 1 XII, 15 111, 11 16 1,5 4-9+8-4
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cleared-and-stained 10.2-mm specimen had three
supraneurals, six branchiostegal rays, four upper
and four lower procurrent caudal rays, 11+13 ver-
tebrae, 27 dorsal rays (XII, 15), and 14-15 anal rays
(I11, 11-12). Scales first appeared at 9.0-9.5 mm and
marked the beginning of transition to the juvenile
stage.

Spatial and temporal distribution

Overall, 75% of tripletail larvae in this study (Ap-
pendix Table 2) occurred at surface water tempera-
tures >28.8°C (median=28.9"C, range=27.6-31.0°C),
at salinities 230.3 ppt (median=31.3 ppt,
range=22.0-36.0 ppt), and at stations 270 m deep
(median=205 m, range=1-2707 m) (Figs. 3 and 4).
Larvae <5.0 mm were collected only at stations 2110
m deep. The two smallest larvae (2.2 and 2.4 mm)
were taken on 28 July 1987 in a Tucker trawl

sample at a station 110 m deep off Southwest Pass
of the Mississippi River (Appendix Table 2). Other
life stages were collected throughout the study area
(Fig. 5, Appendix Table 2).

Tripletail larvae were taken almost exclusively
from July through September. Two specimens were
collected in neuston nets outside this time period,
one taken on 21 May 1983 (7.0 mm) and the other
by GCRL on 9 October 1968 (10.2 mm) (Appendix
Table 2). Salinity (36.5 ppt) and station depth (2,707
m) for the May specimen were the maximums re-
corded for a station where larvae were collected
during this study (Appendix Table 2).

Larval tripletail were collected primarily near the
surface. Only 2 of 528 oblique bongo-net collections
between July and September yielded tripletail lar-
vae (n=6, 6.0-9.0 mm, 18 September 1985). Of 537
total surface net tows taken during this same time
period, only 31 tows (5.8%) collected tripletail lar-
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Figure 3
Summary of hydrographic data from positive catch stations for larval tripletail (Lobotes surinamensis) in
the northern Gulf of Mexico. Percent catch is sum of larvae by interval divided by total number of tripletail
larvae collected overall. Discrepancies in n (number of larvae), among parameters, are the result of missing
hydrographic data. Depth is station depth.
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Distribution of larval tripletail (Lobotes surinamensis) in the northern Gulf of Mexico. Plus (+) signs
are stations sampled; open diamonds are positive catch stations. Data are for collections between July

vae (n=79) (Appendix Tables 1 and 2). Larvae from
GCRL and Freeport-McMoRan collections also oc-
curred primarily between July and September, but
collection data are not available (e.g., total number
of stations sampled and extent of sampling area).

Discussion

The developmental morphology of tripletail larvae
from the Gulf generally agrees with limited infor-
mation provided by Uchida et al. (1958) and Johnson
(1984). Larval tripletail are characterized by 1) a
vaulted, median supraoccipital crest with spines
along the leading edge; 2) precocious, heavily pig-
mented pelvic fins; and 3) large preopercular spines
(Uchida et al., 1958; Johnson, 1984; this study). The
supraoccipital crest is resorbed by 15.0-16.0 mm SL
in Gulf specimens (this study) and by 17.5 mm TL
(probably about 16.0 mm SL) off Japan (Uchida et
al., 1958). Johnson (1984) described the surface of
the frontal and supraoccipital bones of tripletail
larvae as rugose. We would characterize these bones

as having a “waffled” appearance rather than an
elevated one, as implied by rugose (Fig. 2). Regard-
less, this modification is found in relatively few
other taxa (Johnson, 1984). Sequence of fin comple-
tion in larval tripletail is P,—D,—D,-A-P, and is
unlike the six patterns described by Johnson (1984).
The third anal spine is the last dorsal- or anal-fin
element to form. The dark band of pigment extend-
ing backward from above and below the orbit in
10.0—mm larvae is present at 8.3 mm SL (10.6 mm
TL) off Japan (Uchida et al., 1958) and in juveniles
and adults (Gudger, 1931; Breder, 1949). We did not
find the nasal spine noted by Uchida et al. (1958).
The 5.1-mm TL specimen listed as L. surinamensis
by Konishi (1988) lacks a supraoccipital crest and
precocious pelvics, and it has a small, multi-serrate
supraorbital ridge rather than the single supraor-
bital spine we found. Thus, we believe that Konishi’s
5.1-mm TL specimen is not L. surinamensis.
Because tripletail have a cosmopolitan distribu-
tion, their larvae may be confused with many taxa.
Larval tripletail resemble larvae of caproids, some
carangids, cepolids, drepaneids, ephippids, leiog-
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nathids, lethrinids, priacanthids, and Hap-
alogenys sp. These taxa generally have a
median supraoccipital crest, an elongate
spine at the preopercular angle, and about
24 myomeres (except cepolids which have
28+ myomeres). In addition, cepolids are
lightly to moderately pigmented and have
fewer dorsal spines and more soft dorsal-
fin rays than tripletail (Leis and Trnski,
1989). Species of other families may have
a median supraoccipital crest during devel-
opment, but most have pelvic fins inserted
anterior to pectorals. Also, larvae of other
percoid families are usually not as deep-
bodied and as heavily pigmented as triple-
tail by early postflexion, and few possess
an elongate preopercular spine and low
myomere count. Of the aforementioned
taxa, only caproids, carangids, ephippids,
and priacanthids occur in the Gulf of
Mexico. Larvae of the caproid genus
Antigonia are most similar to tripletail but
have a serrate frontal crest and lower jaw,
a very long and serrate preopercular angle
spine, and more than 39 dorsal and 26 anal
elements (Tighe and Keene, 1984; Leis and
Trnski, 1989). In carangids, the two ante-
rior-most anal spines are separated from
the third by a distinct gap and most spe-
cies have a low, median supraoccipital crest
with dorsal serrations; other carangids lack
a supraoccipital crest entirely. Some car-
angids also have a precocious dorsal fin
with elongate anterior spines or rays, or a
serrated preopercular angle spine.
Drepaneids have pigment on the pectoral
fins and multiple barbels along the lower
jaw. Both larval drepaneids and ephippids
are rotund and have pelvic fins inserted
anterior to the pectorals. In addition, the

PERCENT

Distribution of larval tripletail (Lobotes surinamensis) in the
northern Gulf of Mexico with respect to station depth (m).
Length classes are combined as follows: 2 mm = 1.0-2.9 mm,
4 mm = 3.0—4.9 mm, 6 mm = 5.0-6.9 mm, etc. All measurements
are standard length (SL). Numbers above bars are number of
larvae in each length category.
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Figure 5

Gulf ephippid Chaetodipterus faber has a
supraoccipital crest with a single spine
dorsally rather than the vaulted, serrate
supraoccipital crest found in tripletail. Atlantic spa-
defish also have more anal fin elements (tripletail:
A 111, 11-12; Atlantic spadefish: A. III, 17-18). Lar-
val leiognathids and lethrinids have a supraoccipital
crest that originates above the anterior margin of
the eye and both taxa are lightly pigmented (Leis
and Trnski, 1989). Also, lethrinids have higher anal
fin counts and serrations along the lower jaw (Leis
and Rennis, 1983), and leiognathids have a distinc-
tive pattern of pigment ventrally on the tail (Leis
and Trnski, 1989). Priacanthids have serrate dorsal,
anal, and pelvic spines and other serrate ridges and

spines on the head that tripletail lack (Johnson,
1984). Hapalogenys sp. larvae are extremely simi-
lar to tripletail but Hapalogenys sp. apparently lack
pigmented pelvic fins, have a serrate supraorbital
ridge, have a lacrimal spine, and have pterotic
spines or a ridge (Johnson, 1984).

Collections of early larvae (this study) and gravid
females (Baughman, 1941; Merriner and Foster,
1974) suggest that tripletail spawn primarily dur-
ing summer along both the U. S. Gulf and Atlantic
coasts. In the Gulf, spawning begins in May, based
on the collection of a 7.0-mm larva, and extends
through September with peak spawning during July
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and August (Appendix Table 2). These findings sup-
port Baughman’s (1941) observation that eggs in
gravid females are largest during July and August
and small or absent thereafter. Larvae are collected
primarily during August and September off Japan
(Uchida et al., 1958).

Tripletail spawn offshore. This hypothesis of off-
shore spawning is supported by the collection of all
larvae <5.0 mm at stations on the outer shelf and
in oceanic waters. We found no published informa-
tion on larval distribution as related to water tem-
perature, salinity, or station depth of capture.

Larval and juvenile tripletail are collected prima-
rily in surface tows (Uchida et al., 1958; this study).
Juveniles are often collected with drifting sea weeds,
including Sargassum, and near floating objects
(Baughman, 1943; Breder, 1949; Uchida et al., 1958;
Dooley, 1972; Benson, 1982) as they float on their
side (Gudger, 1931; Breder, 1949). The size at which
tripletail become associated with drifting sea weeds
is poorly known, but Uchida et al. (1958) collected
juveniles between 10.0 and 20.0 mm TL in seaweeds.

Adult tripletail occur primarily in gulf waters, but
enter passes, inlets, and bays near river mouths
(Gudger, 1931; Baughman, 1941). The degree to
which tripletail utilize estuaries during their life
history is unknown. Juveniles are apparently not
uncommon (although they may be sporadic) in Gulf
coast estuaries during the summer. We examined
eight specimens (14.5-26.0 mm) collected at the
surface in waters <3 m deep (Fig. 5). Modde and
Ross (1981) collected 236 juvenile tripletail (size
range not given) during 1976 in the surf zone of
Horn Island, Mississippi, but only one during 1975
and five during 1977. Juveniles also occur in shal-
low waters (1-3 m) within the Barataria Bay sys-
tem of Louisiana.? In contrast, juvenile and adult
tripletail in the Indian River lagoon off the east
coast of Florida occupy areas which average 3031
ppt. The lagoon typically goes hypersaline, to 40 ppt,
during spring when most tripletails first appear in
the lagoon. Tripletail have not been observed or
captured in extensive collections of oligohaline ar-
eas of the St. Lucie River and Sebastian Creek.3

Adult tripletail generally occur along the Gulf
coast from April through early October (Baughman,
1941) and are caught in great numbers in Mobile
Bay, Alabama, and along the Mississippi coast dur-
ing summer (Baughman, 1941). Greatest concentra-
tions of adults are found along the northern Gulf
from St. Marks, Florida, to the St. Bernard River,

2 Leroy Kennair, Freeport-McMoRan, Inc., New Orleans, LA.,
pers. commun. 1993.

3 R. Grant Gilmore, Harbor Branch Oceanographic Institution,
Fort Pierce, FL, pers. commun. 1993.

Texas (Baughman, 1941). Seasonality of adults sug-
gests that tripletail migrate south during fall and
winter and return in spring (Merriner and Foster,
1974). Tripletail congregate around sea buoys, bea-
cons, pilings, and other objects (Gudger, 1931) but
have been collected in a wide variety of habitats
including rocky and coral reef areas in deeper wa-
ter (Baughman, 1941).
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Appendix Table 1

Summary of total number of bongo-net/neuston-net stations examined for tripletail larvae (Lobotes surina-
mensis) in the Gulf of Mexico. Acronyms are as follows: SEAMAP = Southeast Area Monitoring and Assess-
ment Program; NMFS = National Marine Fisheries Service, Panama City, Florida; LSU = Louisiana State
University. NS means no samples.

MAR APR MAY JUN JUL AUG SEP OoCT NOV DEC
SEAMAP
1982 774102 69/68 71/73 102/100 26/24 NS NS 3/8 29/3 NS
1983 15/13 27/27 84/84 55/45 44/42 NS NS 39/26 NS 24/23
1984 23/0 44/0 46/0 55/54 20/26 155/162 NS 24/0 6/0 36/36
1985 29/0 NS NS 85/0 39/0 69/0 20/0 4/0 2/0 24/0
1986 NS 24/0 90/0 57/0 10/0 NS 145/0 43/0 73/0 24/0
TOTAL  144/13 164/95 291/157 354/199 139/92 224/162 165/0 113/34 110/3 108/59
NMFS?
1986 46
1987 68
1988 55 71 36
1989 35
LSU
19877 63
19884 45
19907 17

1 60-cm bongo net, 0.333-mm mesh, oblique-tow from depth.

2 1 x 2 m neuston net, 0.947-mm mesh, 10 min. surface-tow, unmetered.

3 1m2 Tucker trawl, 0.947-mm mesh, 3 min. surface-tow each net, nine net collections per station, seven total stations.
4 1m? MOCNESS, nine nets of 0.333-mm mesh, 3-min. surface-tow each net. five total stations.
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Appendix Table 2
Positive catch station data for tripletail (Lobotes surinamensis) larvae from northern Gulf of Mexico waters.
Gear codes are: B=bongo net, N=Neuston net, T=Tucker trawl, U=unknown.
Station Length
Station Date Gear  Latitude Longitude  depth (m) °C PPT n (mm SL)
SEAMAP!
1420 5-21-83 N 26°30 88°00 2707 27.6 36.5 1 7.0
3235 7-17-84 N 28°15 90°30 70 29.4 25.9 1 8.8
3238 7-17-84 N 28°30 90°30 38 29.4 25.8 1 7.0
3259 7-22-84 N 29°00 87°00 1251 28.9 32.8 1 12.3
2511 8-03-84 N 29°00 88°15 1013 27.6 324 7 7.1-18.5
2523 8-03-84 N 29°15 88°30 82 28.0 26.0 1 7.9
2548 8-05-84 N 29°00 88°45 249 27.6 28.7 1 16.8
4231 8-05-84 N 29°28 87°00 486 28.9 30.3 16 6.8-13.0
4201 8-01-85 N 28°00 84°52 205 29.6 30.8 10 10.3-15.9
4204 8-01-85 N 28°00 85°02 265 28.8 32.6 5 9.0-16.5
4210 8-02-85 N 28°21 86°00 457 28.8 32.1 4 6.8-10.0
4216 8-03-85 N 28°53 86°16 335 29.1 31.3 2 9.0
4219 8-03-85 N 28°40 86°30 457 28.9 33.6 1 9.9
4320 8-24-85 N 27°38 94°00 455 28.0 — 1 4.0
4326 8-25-85 N 27°40 93°00 265 29.7 36.0 1 7.8
4332 8-26-85 N 27°46 92°00 457 30.0 35.4 1 9.1
4484 9-18-85 B 29°07 89°44 20 27.8 29.5 2 6.0
4490 9-18-85 B 28°37 90°26 27 27.8 32.6 4 6.4-9.0
Lsu?
137 7-28-87 T 28°42 89°29 110 29.5 22.0 2 2.2-24
145 7-28-87 T 2835 89°22 182 29.6 32.5 2 5.0
163 7-30-87 T 28°24 89°14 640 31.0 33.6 2 6.3
168 7-30-87 T 28°24 89°14 640 31.0 33.6 2 6.3
175 7-30-87 T 28°27 89°16 410 29.8 35.3 2 —
177 7-30-87 T 2827 89°16 410 29.8 35.3 2 4.5
GCRL?
Station 6 7-13-67 N 29°15 88°11 182 — — 1 12.5
T-108-7-02 8-25-71 U 29°10 88°45 55 — — 1 8.7
T-108-3-04 8-27-71 U 29°50 88°05 27 — — 1 11.7
T-208-4-01 8-23-72 U 29°40 88°'14 38 — — 2 7.2-7.3
T-109-6-02 9-21-71 U 29°20 88°21 55 — — 1 15.4
T-109-5-03 9-22-71 [0) 29°30 88°24 46 — — 1 8.6
T-209-2-01 9-15-72 U 30°00 88°14 27 — — 2 7.7-10.7
Station 5 10-09-68 N 29°19 88°14 73 — — 1 10.2
Freeport-McMoRa.n‘
2 8-24-71 U 29°16 89°57 1 — — 1 14.5
3 8-10-71 U 29°22 89°48 3 — — 2 16.5-18.5
4 8-23-73 U 29°16 89°57 1 — — 1 26.0
5 8-15-66 U 29°16 89°57 3 — — 4 11.5-21.5
NMFs®
53 8-28-88 N 29°00 88°53 149 30.3 27.5 1 10.8
58 8-29-88 N 29°07 88°49 82 29.5 29.0 1 13.7
5 9-03-87 N 29°12 88°43 71 29.3 32.8 1 23.0
23 9-25-86 N 28°50 89°05 195 29.4 34.0 2 7.3-13.2
32 9-06-89 N 28°49 89°16 410 29.8 35.3 1 18.7
42 9-26-86 N 29°09 88°40 7 29.3 — 1 8.6
43 9-05-87 N 28°46 89°29 104 29.2 32.1 1 7.5
1 Southeast Area Monitoring and Assessment Program.
2 Louisiana State University, Coastal Fisheries Institute, Baton Rouge.
3 Gulf Coast Research Lab, Ocean Springs, Mississippi.
4 Freeport-McMoRan, Inc., New Orleans, Louisiana.
5 National Marine Fisheries Service, Panama City Lab, Florida.




Abstract.— Otoliths were
used to determine the age and
growth of the coral trout Plectro-
pomus leopardus from Lizard Is-
land area, Northern Great Barrier
Reef, Australia. An alternating
pattern of opaque (annulus) and
translucent zones was visible in
whole and sectioned otoliths. How-
ever, compared to sectioned
otoliths, whole readings tended to
underestimate age of older fish.
Otoliths of mark-recaptured fishes
treated with tetracycline showed
that one annulus is formed per
year during the winter and spring.
The oldest individual examined
was 14 years of age. Schnute’s
growth formula was used to deter-
mine the best model to describe
the growth of the coral trout. The
von Bertalanffy model for fork
length (FL) fitted the data well
and the resulting model was
L,=52.2(1 — e —0.354(¢ + 0.766)).
Line-fishing usually does not cap-
ture fishes smaller than 25 cm FL,
thereby excluding most 0+ and 1+
year old fish and probably the
slower growing 2+ year old fish.
These first three years of life rep-
resent the period of fastest growth,
so, if the growth curve is fitted
only to the line fishing data, the
growth rate of the population is
underestimated. Multiple regres-
sion was used to predict age from
otolith weight and fish length and
weight. Otolith weight was the
best predictor of age in the linear
model and explained as much
variation in age as fish size in the
von Bertalanffy model.
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The coral trouts of the genus Plec-
tropomus Oken are members of the
serranid subfamily Epinephelinae,
commonly known as groupers.
These fishes occur in shallow tropi-
cal and subtropical seas of the
Indo-Pacific region (Randall and
Hoese, 1986) where they usually
are at the top of food chains and
thus play a major role in the struc-
ture of coral reef communities
(Randall, 1987).

Groupers typically represent an
important fishery resource
throughout the tropical and sub-
tropical regions of the world
(Ralston, 1987). On the Great Bar-
rier Reef, the common coral trout
Plectropomus leopardus (Lacepede
1802) is the most abundant species
of the genus (Randall and Hoese,
1986) and usually the primary tar-
get of recreational and commercial
fishermen. The Queensland com-
mercial line-fishing fleet takes a
total annual catch of about 4,000
metric tons (t) of reef and pelagic
species. The coral trout composes
the largest single component of this
catch (over 30%) with around 1200
t caught annually (Trainor, 1991).
The recreational sector of this fish-
ery is estimated to catch two to
three times the commercial catch of
reef fish (Craik, 19891).

Worldwide studies on age and
growth of Epinephelinae indicate
that they are long lived, slow grow-
ing, and have relatively low rates of
natural mortality (Manooch, 1987).
Fishes with these characteristics are
susceptible to overfishing. Only by
obtaining validated estimates of
growth is it possible to determine
population dynamics, estimate po-
tential yield, monitor the responses
of populations to fishing pressure,
and properly manage the fishery.

Some information on age,
growth, and longevity is available
for the common coral trout. On the
Great Barrier Reef, Goeden (1978)
estimated the growth rate of this
species at Heron Island from
length-frequency data. Mcpherson
et al. (1988), determined age and
growth of the common coral trout
in the Cairns region by counts of
annuli in whole otoliths. Loubens
(1980) estimated age and growth
for P. leopardus from New Cale-
donia from counts of annuli in bro-
ken and burnt otoliths. The period-
icity of formation of annual rings in
the latter two studies was verified
through observation of marginal

1 Craik, G. J. S. 1989. Management of rec-
reational fishing in the Great Barrier Reef
Marine Park Tech. Memo. GBRMPA-TM-
23, 35p.
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increments in otoliths. Direct validation of age has
not yet been attempted for P. leopardus.

Fish population models usually require a general
description of the growth process by means of an ap-
propriate mathematical function. The von
Bertalanffy (1938) growth model is the most stud-
ied and the most frequently used, since its applica-
tion by Beverton and Holt (1957) to the yield-per-
recruit problem (Kimura, 1980; Gallucci and Quinn,
1979). Many alternative growth curves have been
proposed (see Moreau, 1987) as well as the use of
polynomial functions (Chen et al., 1992). In this
work, Schnute’s (1981) formula was used to find the
model that best described the growth of P. leopardus.

For several species of fishes, otolith growth has
been found to continue with age, independent of fish
size (Boehlert, 1985; Casselman, 1990; Beckman et
al., 1991). Boehlert (1985) suggested the use of
otolith weight as a non-subjective, cost-effective
methodology for age determination that would de-
crease variability among age estimates.

The aims of this study were to obtain direct- vali-
dation of age-at-length information and to find the
model that best described the growth of the common
coral trout from Lizard Island, Northern Great Bar-
rier Reef, Australia. In addition, the relationship
between otolith weight, body size, and age of the
coral trout was studied to understand the mode of
growth of the otolith and to assess the usefulness
of otolith dimensions in predicting age.

Materials and methods

Coral trout (n=310) were sampled in the Lizard Is-
land area (lat. 14° 40' S, long. 154° 28' E) from March
1990 to February 1992. Fishes were caught by rec-
reational and commercial fishermen using hook and
line (n=184) and by recreational spearfishermen
(n=94). Individuals smaller than 20—cm total length
are usually not vulnerable to line fishing, so they
were caught around Lizard Island by scuba divers
using fence nets (n=32). Fork length (FL, cm), stan-
dard length (SL, cm) and total weight (TW, g) were
measured for each fish. FL is defined as the length
from the front of the snout to the caudal fork, and
SL is defined as the length from the front of the
upper lip to the posterior end of the vertebral col-
umn. A simple linear regression of the form FL=a
+ b*SL was used to describe the relationship be-
tween FL and SL. To describe the relationship be-
tween FL and TW the variables were logarithmically
transformed and the linearized version of the power
function TW(g)= a*FL(cm)b was fitted to the data.

In the coral trout, the sagittae are the largest of
the three pairs of otoliths and were used for read-
ings. Sagittae were removed, cleaned, weighed, and

stored dry. Left and right sagittae, when intact, were
weighed to the nearest milligram. Otoliths were
prepared and read as described by Ferreira and
Russ (1992). To increase contrast between bands,
whole otoliths were burned lightly on a hot plate at
180°C (Christensen, 1964). Both right and left
sagitta were read whole under reflected light with
a dissecting microscope at 16x magnification. The
otoliths, with the concave side up, were placed in a
black container filled with immersion oil. Subse-
quently, the left sagittae was prepared for reading
by embedding in epoxy resin (Spurr, 1969) and sec-
tioning transversely through the core with a Buehler
Isomet low-speed saw. Sections were mounted on
glass slides with Crystal Bond 509 adhesive, ground
on 600— and 1200—grade sand paper, polished with
0.3—1 alumina micropolish and then examined un-
der a dissecting microscope at 40x magnification
with reflected light and a black background (Fig. 1).
Annuli were counted from the nucleus to the proxi-
mal surface of the sagitta along the ventral margin
of the sulcus acousticus.

Terminology for otolith readings followed defini-
tions of Wilson et al. (1987). Two experienced read-
ers independently counted opaque zones (annuli) in
each whole and sectioned otolith of a random
subsample (n=136) to assess the precision and ac-
curacy of countings obtained by the two methods.
The precision of age estimates was calculated with
the Index of Average Percent Error (IAPE), (Bea-
mish and Fournier, 1981). Results obtained from
whole and sectioned otoliths were compared by plot-
ting the difference between readings obtained from
whole and sectioned otoliths (Section Age-Whole
age) against Section Age. The results of this com-
parison indicated that whole otolith readings tended
to be lower than readings from sectioned otoliths
when more than six rings occurred in the otolith.
Therefore, remaining otoliths were read whole first
and, if the number of rings was higher than six or
the whole otolith was considered unreadable, the
otolith was sectioned and counts were repeated. The
results were accepted and used in the analysis when
the counts of the two readers agreed. If the counts
differed, the readings were repeated once and if the
counts still differed, the fish was excluded from the
analysis.

Ages were assigned based on annulus counts and
knowledge of spawning season. The periodicity of
annulus formation was determined with the use of
tetracycline labelling. From August 1990 to Febru-
ary 1992, 80 fishes were caught in a trapping pro-
gram at Lizard Island fringing reef (Davis, 19922),

2 C. Davies. 1992. James Cook University, Townsville, Q4811,
Australia, unpubl. data.
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Figure 1
Whole (A) and sectioned (B) otolith of an 11-year-old coral trout, P. leopardus, under
reflected light with a black background showing alternating pattern of translucent and
opaque bands; a = anterior, p = posterior, d = dorsal, v = ventral, di = distal, pr = proxi-
mal, ds = dorsal sulcus, vs = ventral sulcus. Scale bar = 1 mm

tagged with T-bar anchor tags and injected with
tetracycline hydrochloride before being released. The
fish were injected in the coelomic cavity under the
pelvic fin with a dosage of 50 mg of tetracycline per
kg of fish (McFarlane and Beamish, 1987), in a con-
centration of 50 mg per mL of sterile saline solution.

Five fish were recaptured after periods of at least
one year at large. Two of those fish were reinjected
at the time of recapture and kept in captivity for
periods of three to four months.

To determine the time of formation of the first
annulus, five young of the year were captured with
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fence nets. Three of these fishes were injected with
tetracycline at the time of capture, and all five fish
were kept in captivity for periods of 3 to 17 months.
The otoliths of the fishes treated with tetracycline
were removed, sectioned, and observed under fluo-
rescent light. To determine time of formation of the
translucent and opaque zones, the distances be-
tween events for which time of occurrence was
known (i.e., between two tetracycline bands or be-
tween a tetracycline band and the margin of the
otolith) were measured on otolith sections and plot-
ted against the corresponding time interval. The
relative positions of the translucent and opaque
zones to these marks were then measured and plot-
ted on the same scale. While this method does not
provide real distances, it standardizes the measure-
ments allowing for comparison between fish of dif-
ferent ages.

The relation between otolith weight, fish size
(length and weight), and age was analyzed. Otolith
weight was plotted against FL for each age class
separately. A multiple linear regression model was
fitted in a step-wise manner to predict age from
otolith weight and fish size and to predict otolith
weight from age and fish size. The inclusion level
for the independent variables was set at P=0.10. The
assumptions of normality and homoscedasticity
were tested by plotting the residuals from the re-
gression models.

The growth models were fitted to the data and
their coefficients and standard errors estimated by
means of standard non-linear optimization methods
(Wilkinson, 1989). As the plot of the length-at-age
data indicated, some form of asymptotic growth,
Schnute’s (1981) reformulation of the von Bert-
alanffy growth equation for length in which a#0 was
fitted to the data:

o , » l_e—a(r—rl) *
L=yl + (2" =y 01— =

where L, is length at age; 1 and ¢2 are ages fixed
as 1 and 14 respectively ; yI1 and y2 are estimated
sizes at these ages; and a and b are the parameters
which indicate if the appropriate growth curve lies
closer to a three or two parameter sub-model. By
limiting parameter values, the data were used di-
rectly in selecting the appropriate sub-model,
namely the generalized von Bertalanffy, Richards,
Gompertz, Logistic, or Linear growth models. Sub-
sequently, the original von Bertalanffy (1938)
growth equation for length L, =L_ (1 — e X ¢-*)was
fitted to the data. Lf is length at age; L_ is the as-
ymptotic length, K is the growth coefficient, ¢ is age,
and ¢ is the hypothetical age at which length is zero.

To evaluate the effects of gear selectivity (and
consequently varying size and age composition) on
the estimates of growth parameters, the von
Bertalanffy growth equation was fitted first to data
collected by line and spear fishing only and then to
the same data combined with the fence-net sample
composed of younger fish.

Results

Otolith reading

In the coral trout, the sagittae presented a pattern
of alternating translucent zones and wide opaque
zones (annuli) with no sharp contrast between zones
(Fig. 1). The first two annuli were notably wider and
less well defined than the subsequent ones in sec-
tioned otoliths. Whole sagittae were used to confirm
the presence of these first annuli.

In whole otoliths, annuli were clearly distinguish-
able and easy to count along the dorsal side of the
otolith, where up to 12 rings were counted in some
otoliths. However, readings from whole otoliths
tended to be lower than readings from sectioned
otoliths when more than six rings were present, and
this tendency increased with the mean number of
rings, particularly after ten rings. (Fig. 2 ). Tetra-
cycline-labelled otoliths validated the periodicity of
annuli in sectioned otoliths, indicating that whole
otolith readings tend to underestimate age of >10-
year-old fishes. A comparison between results of
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Figure 2
Average difference between counts obtained from
sectioned and whole otoliths (Section Age-Whole
Age) of coral trout, P. Leopardus, plotted against
Section Age. Error bars show standard error.
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countings performed on whole and sectioned otoliths
showed that, in the sub-sample analysed, the Index
Average Percent Error (IAPE) of Beamish and
Fournier (1981), was lower for counts performed on
whole (6.7%) than for counts performed on sectioned
otoliths (12.1%). For the total sample, where read-
ings from whole and sectioned otoliths were inte-
grated, the IAPE was reduced to 5.1%.

Otolith growth

Otolith weight was directly related to age and an
exponential function of fish length (Fig. 3). Within
each age class, otolith weight was positively corre-
lated with fork length for most classes (Table 1),
indicating a tendency for larger fish to have larger
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Figure 3

Relation between otolith weight and Fork Length
(FL) and otolith weight and age for coral trout,
P, leopardus.

otoliths than smaller fish of the same age. The
weight of the otolith was a good predictor of age and
accounted alone for 89% of the variability in age of
the coral trout (#2=0.889, P<0.0001), with fork length
accounting for 1.5% (partial r?= 0.015). Otolith
weight was a function of age and fish size, as indi-
cated by the results of the multiple regression fit-
ting. The interaction between age and fork length
alone accounted for 89% of the variability (+2=0.892,
P<0.0001)

Validation of annulus formation

All fishes treated with tetracycline displayed clear
fluorescent marks in their otoliths (Fig. 4). The re-
sults obtained for recaptured and captive fish, rang-
ing in age from one to eight years, showed that
annuli are formed once per year (Fig. 5). The first
annulus is formed in the otoliths of the juvenile coral
trout during their first year of life (Fig. 6). The rela-
tive positions of the fluorescent bands, in relation
to the otolith margin and the translucent and
opaque zones (annuli), indicated that the formation
of the annulus occurred mainly during winter and
early spring (Figs. 5 and 6).

Growth model

The samples obtained from line-fishing and spear-
fishing were selective towards individuals larger than
25 cm FL. Consequently, the 0+ age class was not rep-
resented in this sample and the age-1 year class was
represented by only four individuals (Fig. 7). The
sample collected with fence nets, composed of indi-
viduals from the smaller size classes, consisted to-
tally of individuals of the 0+ and 1+ year classes
(Fig. 7). Table 2 shows the results obtained when
fitting the growth model to the data including all
age classes and to the data including only age >2+.

Table 1

Correlation between otolith weight (mg) and fork
length (cm) for each age class of the coral trout
P. leopardus.

Age r2 P< df | Age r2 P< daf
0 0826 0.0001 18 8 0.481 0.0001 19
1 0972 0.0001 10 9 0.405 0.0001 12
2 0.829 0.0001 27 10 0.120 no sig. 8
3 0.747 0.0001 19 11 0.937 0.0001 7
4 0.652 0.0001 18 12 0526 nosig. 3
5 0.650 0.0001 30 13 0.993 0.05 2
6 0489 0.0001 43 14 0.049 nosig. 2
7 0514 0.0001 30
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Figure 4

Sectioned otolith of a recaptured individual coral trout, P. leopardus (n® 0057), showing fluo-
rescent band. Scale Bar = 0.25 mm

When fitting Schnute’s model to both sets of data,
the value of the parameter b was very close to 1. In
the boundary where b = 1, the curve was reduced
to a three parameter model that corresponds to the
von Bertalanffy curve for length (Schnute, 1981).
The resulting growth model for all age classes, in
the form of a von Bertalanffy model, was

L =522(1-e-0354 (1+0.766)) r* =0.895 (Fig. 8).

Table 2

Von Bertalanffy growth parameters V.B. and re-
spective standard errors (SE), correlation coeffi-
cients (r?) and degrees of freedom (df) for the
growth curve fitted to all data and to the data for
coral trout, P. Leopardus, >2 year old only.

L, K t,
(SE) (SE) (SE) r? df
V.B. 52.20 0.354 -0.766 0.895 310
all ages (0.768) (0.024) (0.097)
V.B.
age 22+ 61.29 0.132 —-4.660 0622 272
(3.483) (0.030) (1.024)

The results obtained when fitting the growth curve
to all data and to the data for fish >2+ years old only
were quite different (Table 2). From age-2 onwards,
the growth rate is much slower than the one esti-
mated by using all age classes, as indicated by the
growth coefficient K. Consequently, the estimated L_
is larger and the estimated ¢ is a very large, nega-
tive value. The resulting growth model was

L, =61.29(1—e-0.132 (1+4.66)) r* = 0.622 (Fig. 9).

No systematic trend in the residuals was observed
(normality test P>0.1) (Figs. 8 and 9).

The relation between fork length (FL) and the
standard length (SL) was

SL =-0.308+0.852* FL, r? = 0.994,

and the relationship between FL and Total Weight
(TW) was

TW =0.0079* FI>7 +? =0.967.

Discussion

While some comparisons between readings of whole
and sectioned otoliths have indicated good agree-
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Diagrammatic representation of otoliths of mark-
released-recaptured coral trout, P. leopardus,
treated with tetracycline showing relative positions
of the fluorescent bands, otolith margin, translucent
and opaque zones. Bars represent only the distal
part of the radius of the otolith section, measured
from the nucleus to the proximal surface of the
sagitta along the ventral margin of the sulcus
acousticus. The dates on the top of the bars indi-
cate time of tetracycline treatment and the dates on
the end of the bars indicate time of recapture.

ment (Boehlert, 1985; Maceina and Betsill, 1987),
others have suggested that reading whole otoliths
underestimates true age and that this problem be-
comes worse with fish age (Boehlert, 1985; Hoyer et
al., 1985). This is mainly due to the fact that in
many species, sagittae growth is asymmetrical (Irie,
1960). Growth appears to be linear only up to a cer-
tain age or size, after which additions occur mainly
on the interior proximal surface, along the sulcus
region (Boehlert, 1985; Brothers, 1987; Beamish and
McFarlane, 1987). That seems to be the case for the
coral trout, as comparison of results of whole and
sectioned otoliths indicated that lateral views did
not reveal many of the annual growth zones in older
individuals. However, whole otoliths require much
less time for analysis than sectioned ones and seem
to provide more precise readings. Therefore, it is use-
ful to know the limit of reliability of whole readings
and to define the conditions. appropriate for its use.
Like the inshore coral trout Plectropomus
maculatus (Ferreira and Russ, 1992), the common
coral trout P. leopardus is a relatively long-lived,
slow-growing species. The results on growth and

longevity obtained here differ somewhat from those
of previous studies. Goeden (1978), using the
Petersen method, identified age cohorts up to age
5+ for P. leopardus. However, the limitations of the
use of length-frequency data to estimate age of long-
lived fish are well known (Manooch, 1987; Ferreira
and Vooren, 1991). Mcpherson et al. (1988), using
counts of annuli in whole otoliths, were able to age
fish up to seven years old. Longevity was probably
underestimated in their study as counts were per-
formed only on whole otoliths. More recently, Brown
et al. (1992)3 analyzed whole and sectioned otoliths
of coral trout from the same area as Mcpherson et
al. (1988) and were able to count up to 14 rings.
Loubens (1980) counted annuli from burnt and bro-
ken otoliths and estimated a maximum longevity for

3 Brown, I. W, L. C. Squire, and L. Mikula. 1992. Effect of zon-
ing changes on the fish populations of unexploited reefs. Stage
1: pre-opening assessment. Draft interim report to the Great Bar-
rier Reef Marine Park Authority, Townsville, Australia, 27 p.
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Diagrammatic representation of otoliths of young-
of-the year coral trout, P. leopardus, kept in captiv-
ity, showing relative positions of the fluorescent
bands, otolith margin, translucent, and opaque
zones. Bars represent the whole radius of the otolith
section, measured from the nucleus to the proximal
surface of the sagitta along the ventral margin of
the sulcus acousticus. The dates on the top of the
bars indicate time of tetracycline treatment or cap-
ture and the dates on the end of the bars indicate
time of death.
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P, leopardus of 19 years in New Caledonia.
These higher estimates of longevity suggest
that coral trout at Lizard Island could also
attain older ages. In this case, the absence
of fishes older than 14 years of age in the
sample collected at Lizard Island could be
related to local levels of fishing pressure.

In the present work, the results of tet-
racycline labelling indicated that in the
otoliths of P. leopardus the opaque zone
(annulus) was formed during the winter
and spring months whereas the translu-
cent zone was formed during summer and
autumn. Though the physiological basis for
the formation of optically distinct zones in
calcified structures has not been directly
established, their presence has been com-
monly associated with varying growth
rates, influenced by temperature, photo-
period, feeding rate, or reproductive cycle
(see Casselman, 1983, and Longhurst and
Pauly, 1987, for review). On a daily basis,
it has been demonstrated that the trans-
lucent zone, or accretion zone, is formed
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Figure 7
Age-at-length data for coral trout, P. leopardus, from Lizard
Island captured by each sampling gear used in this study.

during the phase of more active otolith
growth, and the opaque or discontinuous
zone is formed during growth stagnation (Mugiya et
al., 1981; Watabe et al., 1982). Mosegaard et al.
(1988) examined the effect of temperature, fish size,
and somatic growth rate on otolith growth rate and
suggested that metabolic activity, not necessarily so-
matic growth rate, governs otolith growth. Thus, if
the formation of the opaque zone in the coral trout
otoliths is associated with a period of reduced meta-
bolic activity, an external determining factor could
be temperature, as the lowest values for water tem-
perature around Lizard Island are observed during
winter and early spring.* Annulus formation oc-
curred in otoliths of juveniles and adults of coral
trout during the same period, suggesting that repro-
duction is not a determining factor.

The growth of the otolith was continuous with age
but apparently related to somatic growth. A simi-
lar pattern has been observed for other species of
fish (Beckman et al., 1991). Otolith weight was the
best predictor of age in the linear model, explain-
ing as much variation in age as fork length in the
von Bertalanffy model.

The main criteria for choosing a growth curve are
quality of fit and convenience, differing according to
whether the need is for a mathematical description
of a detailed physiological growth process or for fish-
ery management (Moreau, 1987). The results ob-

4 Lizard Island Research Station. 1992. LIRS, PMB 37, Cairns,
Queensland 4870, Australia. Unpubl. data.

tained here indicated clearly that the von
Bertalanffy model adequately described the growth
of the coral trout. Schnute’s model was useful because
of its flexibility and the stability of its parameters.

As most fishing gears are selective towards a cer-
tain size (Ricker, 1969), and smaller sizes are not
usually available, it is common that growth curves
are fitted to truncated data representing only part
of the population. For the coral trout, because of
gear selectivity and legal size restrictions (legal
minimum=35 cm TL), only fish of 2+ years were
captured by line- and spear-fishing. However, the
first three years of life represent the period of fast-
est growth, after which the growth pattern changes
considerably. As a result, much slower growth rates
were obtained when the growth curve was fitted
only to the age classes recruited to the fishery. The
effects of different age ranges on estimated von
Bertalanffy growth parameters have been recog-
nized for many years (Knight, 1968; Hirschhorn,
1974) and greatly compromise comparisons of
growth rates between populations (Mulligan and
Leaman, 1992).

Furthermore, one effect of size-dependent mortal-
ity is the selective removal of fast-growing individu-
als (Ricker, 1969; Miranda et al., 1987). Thus, it is
likely that the average size of the youngest age
groups recruited to the fishery will be biased to-
wards the largest, fast-growing individuals. This
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Figure 8
Von Bertalanffy growth curve fitted to length-at-age

data of all age classes of coral trout, P. leopardus,
and plot of residuals.

seems to be the case for age class 2+, the length of
which is underestimated by the model including all
data (Fig. 8). Exclusion of younger ages under these
circumstances would further enhance the underes-
timation of K, as well as overestimation of L_
(Mulligan and Leaman, 1992).

Recent research has suggested the possibility of
different growth processes within a population with
associated selective fishing mortality (Parma and
Deriso, 1990) and natural mortality (Mulligan and
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Figure 9

Von Bertalanffy growth curve fitted to length-at-age
data of >2+ years old coral trout, P. leopardus, and
plot of residuals.

Leaman, 1992). The large variability in size at a
given age observed for the coral trout suggests the
occurrence of individual variability in growth. The
reliability of methods of growth estimation like
length-frequency analysis and growth increments
from marking-recapture techniques, is greatly af-
fected by this kind of variation (Sainsbury, 1980),
further enhancing the importance of obtaining vali-
dated length-at-age estimates for exploited fish
populations. The results of selective mortality are
a direct effect of growth variability on the dynam-
ics of abundance, and failure to consider the effects
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of different growth potentials can result in gross
overestimation of optimal fishing levels (Parma and
Deriso, 1990).

The absence of marked seasonal changes in low
latitudes has led to the general belief that tropical
fishes do not form annual rings in their calcified
structures (Pannella, 1974). Consequently, most of
the studies of age determination of tropical fishes
have concentrated on examination of daily rings.
This technique, however, is time consuming and lim-
ited to younger ages (see Longhurst and Pauly, 1987,
and Beamish and McFarlane, 1987, for review). The
presence of annual marks in otoliths has been vali-
dated for an increasing number of species of tropi-
cal fishes (Samuel et al., 1987; Fowler, 1990; Fer-
reira and Russ, 1992; Lou, 1992) showing the poten-
tial of this technique to be used routinely in tropi-
cal fishery management.
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Abstract.— Red drum,
Sciaenops ocellatus, from Mosquito
Lagoon, east-central Florida, were
examined for variation in products
of nine polymorphic nuclear-gene
(allozyme) loci and in mitochon-
drial (mt)DNA restriction sites.
Genetic data from Mosquito La-
goon fish were compared to simi-
lar data from red drum sampled
from the northeastern Gulf of
Mexico (Gulf) and the Carolina
coast of the southeastern United
States. Significant heterogeneity
among red drum from the three
areas was found in the frequencies
of inferred alleles at two to three
allozyme loci and in the frequen-
cies of six mtDNA haplotypes. Red
drum from Mosquito Lagoon were
as differentiated genetically from
red drum in the northeastern Gulf
and Carolina coast as the latter
two were from each other. Genetic
data are consistent with the hy-
pothesis that red drum in Mos-
quito Lagoon are self-contained
and at least partially isolated from
red drum in other U.S. waters.
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Genetic distinctness of red drum
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Over the past five years, our labo-
ratory has carried out studies of
spatial and temporal genetic varia-
tion among red drum (Sciaenops
ocellatus) from the northern Gulf of
Mexico (Gulf) and the Carolina
coast of the southeastern United
States (Bohlmeyer and Gold, 1991;
Gold and Richardson, 1991; Gold et
al., 1993, in press). Red drum cur-
rently support important recre-
ational fisheries in both the north-
ern Gulf and U.S. Atlantic (Mat-
lock, 1984; Mercer, 1984), and both
fisheries are now regulated to re-
duce growth and recruitment over-
fishing (Swingle et al., 19841;
Goodyear, 19892). Collectively, our
genetic data have indicated that
red drum in U.S. waters are sub-
divided with weakly differentiated
subpopulations in the northern
Gulf and along the Carolina coast.
No genetic heterogeneity has been
found among red drum from differ-
ent localities within either the
northern Gulf or Carolina coast
(Gold et al., 1993, in press). The ge-
netic data are consistent with sev-
eral aspects of red drum biology
and life history that suggest red
drum dispersal and gene flow
among contiguous bays and estuar-
ies could be extensive. These in-
clude 1) transport of eggs, larvae,
or juveniles from spawning locali-
ties near the mouths of bays or es-

tuaries to adjacent bays or estuar-
ies by oceanic currents (Lyczkoski-
Schultz et al., 19883), 2) movement
of sexually-mature adults from bay
or estuarine juvenile nurseries into
deeper, offshore waters prior to
spawning (Matlock, 1984), and 3)
formation of large, offshore schools
that can migrate extensively
(Overstreet, 1983; Matlock, 1984,
Swingle et al., 19841).

In this study, data on allozyme
and mitochondrial (mt)DNA varia-
tion among red drum sampled from
Mosquito Lagoon on the east coast
of Florida are presented and com-
pared to data from previous stud-
ies. The goal of the study was to

* Contribution No. 24 of the Center for Bio-
systematics and Biodiversity, Texas A&M
University.

1 Swingle, W., T. Leary, D. Davis, V. Blomo,
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test the hypothesis that red drum from Mos-
quito Lagoon and other U.S. waters are geneti-
cally homogeneous. Red drum in Mosquito
Lagoon are of particular interest because they
may represent a self-contained, at least par-
tially isolated subpopulation. Evidence for the
latter includes documentation within the sys-
tem of both post-spawning females and red
drum eggs (Murphy and Taylor, 1990; Johnson
and Funicelli, 1991). In addition, physical ac-
cess to the Atlantic from the lagoon is limited.
In brief, Mosquito Lagoon (Fig. 1) is long and
narrow (54 km x 4 km) and is separated from
the Atlantic by a barrier beach. The lagoon
represents the northern part of the Indian
River lagoonal system and has two narrow
outlets: one, Ponce de Leon Inlet, is a natural
pass to the Atlantic located at the northern end
of the lagoon; the other, Haulover Canal, is a
man-made passageway at the southern end of
the lagoon that leads into the Indian River.
Access to or from the Atlantic through Ponce
de Leon Inlet is restricted because of a series
of islands and small passageways in the north-
ern part of the lagoon. Access to or from the
Atlantic through Haulover Canal (completed in
1929) would only be recent, and the nearest
outlet to the Atlantic south from Haulover ca-
nal is roughly 90-100 km. We also were inter-
ested in studying red drum from Mosquito
Lagoon because our earlier work (Gold et al.,
1993, in press) did not include red drum from
the east coast of Florida, an area of potential
importance to tests of hypotheses regarding ge-
netic subdivision between red drum from the
northern Gulf and the U.S. Atlantic (Gold et
al., in press). Finally, adult red drum from Mos-
quito Lagoon form a large part of the
broodstock used by the Florida Department of
Natural Resources (FDNR) to supplement and
enhance the red drum fishery in Florida wa-
ters. The genetic composition of Mosquito La-
goon red drum is thus important to research
in stocking hatchery-raised fish.

Materials and methods

Red drum were collected from Mosquito Lagoon
during fall 1988, spring 1990, and spring 1991.
Fish were captured with trammel nets. Tissues
(heart, spleen, and muscle) were removed and

placed in liquid nitrogen for transport to Texas A&M
University where they were stored at —80°C. Ages
of all but yearling (age zero) individuals (i.e., speci-
mens less than 300 mm total length) were deter-

@

)
%& Ponce de Leon inlet

Figure 1
Mosquito Lagoon, east-central Florida, showing Ponce de
Leon Inlet and Haulover Canal.

mined from annuli on otoliths by using methods
described in Bumguardner (1991).

Individuals sampled in 1988 (41 total) were sur-
veyed for variation at nine polymorphic allozyme
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loci: ACP-2" (acid phosphatase); ADA" (adenosine
deaminase); ADH" (alcohol dehydrogenase); sAAT-1"
(aspartate aminotransferase); EST-1" (esterase);
GPI-B* (glucose phosphate isomerase); and PEPB",
PEPD*, and PEPS" (peptidases). Techniques for ver-
tical starch gel electrophoresis, details of grinding
and running buffers, starch composition of gels,
protein staining, and interpretation of banding pat-
terns may be found in Bohlmeyer (1989) and
Bohlmeyer and Gold (1991). Designation of allelic
variants was based on relative mobility to the most
common allele (Allele *100).

All individuals collected (109 total) were assayed
for 104 mtDNA restriction sites with 13 restriction
enzymes: BamHI, Bell, EcoRV, HindIII, Ncol, Nsil,
Pstl, Pvull, Scal, Spel, Stul, Xbal, and Xmnl. Meth-
ods used to assay mtDNAs of individual fish may
be found in Gold and Richardson (1991). Homology
of fragments from single digestions was tested by
multiple, side-by-side comparisons. Variant patterns
exhibiting only a single band of greater than 15 kb
were tested for homology by using double digestions
with BamHI as described in Gold and Richardson
(1991).

Red drum from Mosquito Lagoon were initially
subdivided into year classes and tested for hetero-
geneity in both allozyme and mtDNA haplotype fre-
quencies. Year classes (number of individuals) were
1985 (17), 1986 (25), 1987 (11), 1988 (7), and 1989
(49). No significant heterogeneity (P>0.05) in
allozyme or mtDNA haplotype frequencies was
found among year classes. Subsequent data analy-
ses employed three test groups: 1) red drum from
Mosquito Lagoon; 2) red drum from the northeast-
ern Gulf; and 3) red drum from the Carolina coast.
Data for the latter two were taken from Gold et al.
(1993, 1994) and represent red drum from the fol-
lowing localities: northeastern Gulf — Apalachicola
Bay, Riviera Bay, and Sarasota Bay (west coast of
Florida); and Carolina coast — Calibogue Sound,
Charleston Bay, and North Inlet (South Carolina),
and the Pamlico River and Oregon Inlet (North
Carolina). A map showing these localities may be
found in Bohlmeyer and Gold (1991). A summary of
allele frequencies at the nine polymorphic allozyme
loci and the distribution of mtDNA haplotypes in
each test group are given in Appendix Tables 1 and
2, respectively.

For allozyme data, tests of Hardy-Weinberg equi-
librium expectations and generation of Nei’s (1978)
unbiased genetic distance were accomplished by
using BIOSYS-1 (Swofford and Selander, 1981).
Deviations from Hardy-Weinberg expectations were
tested by using pooled genotypes and the chi-square
statistic with one degree of freedom. Significance

testing of allele-frequency differences among test
groups was accomplished by using 1) the G-statis-
tic (Sokal and Rohlf, 1969) on contingency tables of
allele counts and the BIOM-PC program (Rohlf,
1983), and 2) the V-statistic (DeSalle et al., 1987)
on arcsin, square-root transformed allele frequen-
cies. For mtDNA data, significance testing of
mtDNA-haplotype frequency differences was carried
out by using the G- and V-statistics as described
above and a Monte Carlo randomization procedure
(Roff and Bentzen, 1989). Nucleon diversities and
intra- and inter-populational nucleotide sequence
diversities were estimated by using equations in Nei
and Tajima (1981). Analysis of mtDNA data was
facilitated by the Restriction Enzyme Analysis Pack-
age (REAP) of McElroy et al. (1992). Significance
levels for multiple tests performed simultaneously
were adjusted after Cooper (1968).

Results

No significant deviations from Hardy Weinberg equi-
librium expectations at any of the nine polymorphic
allozyme loci were found following corrections for
multiple tests. Two significant deviations were found
in uncorrected tests: at GPI-B" (P=0.015) and PEPS"*
(P=0.012) in the northeastern Gulf. Both deviations
appeared to be due to rare homozygotes for low fre-
quency alleles. One new allele (Allele *110 at EST-
1") was found among Mosquito Lagoon fish at a fre-
quency of 1.2 percent (Appendix Table 1).
Estimates of allozyme variation (Table 1) indicate
that red drum from Mosquito Lagoon have fewer

Table 1
Allozyme variation in red drum (Sciaenops ocel-
latus).
Mean Mean
Mean number of hetero-
Test sample  alleles/locus zygosity/
group size/locus (+ SE) locus! (+SE)
Northeastern
Gulf of
Mexico 246 3.9+09 0.225 £ 0.076
Mosquito
Lagoon,
Florida 41 2.9+ 0.6 0.206 + 0.081
U.S. Carolina
Coast 176 3.9+09 0.213 + 0.074
I Direct-count estimate.
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alleles per locus or lower estimates of mean het-
erozygosity, or both, than do red drum from the
northeastern Gulf and Carolina coast. The differ-
ences in genetic variation, however, are non-random
across loci. Heterozygosity per locus values among
Mosquito Lagoon fish at loci (e.g., ACP-2°, ADA",
ADH", sAAT-1", and EST-1") where alternate alleles
occurred at frequencies of five percent or greater
were equivalent to values among fish from the
northeastern Gulf and Carolina coast (data not
shown). Differences in heterozygosity per locus val-
ues were observed at loci (e.g., GPI-B*, PEPB*, and
PEPD") where alleles occurring in a frequency of one
to three percent in northeastern Gulf or Carolina coast
fish, or both, were not found among Mosquito Lagoon
fish (Appendix Table 1).

Significant heterogeneity (P<0.05) in allele fre-
quencies among test groups was found by using the
G-test at ADA" (G=33.92, df=22, P~0.004) and sAAT-
I" (G=13.59, df=6, P=0.036). Additional G-tests were
carried out after pooling alleles whose frequency in
any sample was less than 10%. Significant hetero-
geneity was again found at ADA* (G=9.62, df=4,
P=0.048) and also at PEPB" (G=6.86, df=2, P=0.034).
Examination of allele frequencies at ADA", sSAAT-1,
and PEPB" did not reveal any striking differences
among test groups, suggesting that heterogeneity
was due to accumulation of small differences in fre-
quencies of rare alleles. At ADA", for example, the
frequency of Allele *115 was higher among Mosquito
Lagoon fish and lower among Carolina coast fish;
whereas the frequencies of Alleles *90 and "85 were
higher among northeastern Gulf fish (Appendix
Table 1). At sAAT-1" and PEPB", slight frequency dif-
ferences were apparent for Allele *110 (higher in
Mosquito Lagoon fish) and Allele *115 (higher in
northeastern Gulf fish and absent

2). Estimates of mtDNA variation (Table 2) indi-
cated that nucleon diversity (the probability of any
two individuals differing in mtDNA haplotype) was
highest in red drum from the northeastern Gulf and
lowest in red drum from the Carolina coast; whereas
intrapopulational nucleotide sequence diversity (the
genetic difference between any two individuals) was
greatest among Mosquito Lagoon fish. These esti-
mates of mtDNA variation are among the highest
reported to date for a non-clupeid, marine fish spe-’
cies (Richardson and Gold, 1993).

Highly significant heterogeneity in mtDNA-
haplotype frequencies among test groups and be-
tween pairwise comparisons of test groups were
found in both G-tests and Monte Carlo
bootstrapping (Table 3). These results indicate that
all three test groups differ significantly from each
other. V-tests, carried out on haplotypes found in ten
or more individuals (12 haplotypes total), identified
six haplotypes (Table 4) that differed significantly
among test groups. Genetic distances based on
allozymes and mtDNAs (Table 5) indicate that red
drum from Mosquito Lagoon are at least as diver-
gent genetically from red drum in the northeastern
Gulf and Carolina coast as the latter two are from
each other.

Discussion

Tests of heterogeneity clearly indicate that red drum
from Mosquito Lagoon differ genetically from red
drum in the northeastern Gulf and along the Caro-
lina coast and that at least three subpopulations of
red drum occur in U.S. waters. That the genetic
differences appear more pronounced in mtDNA than

from Mosquito Lagoon fish), re-

spectively (Appendix Table 1). The Table 2

observation that G-test heteroge- MtDNA variation in red drum (Sciaenops ocellatus).

neity was due to small, cumula-

tive frequency differences was cor- Nucleotide

roborated by V-tests where no sig- Number Number sequence
ificant heterogeneity (P>0.05) in Test of of Nucleon diversity

n g_ y ' group individuals haplotypes diversity (x SD)!

allele frequencies was found at

any locus following corrections for Northeastern

multiple tests. Gulf of Mexico 247 49 0.947 0.557 £ 0.298
. M:Dl(;liA fr:g‘ment.fl? t;gms irom Mosquito Lagoon,

single digestions wi restric- Florida 109 36 0912  0.597 + 0.321

tion enzymes generated 36 com-

posite mtDNA haplotypes among U.S. Carolina

fish from Mosqmto Lagoon, eleven Coast 174 43 0.904 0.560 + 0.351

of which (numbers 114, 134-143)
have been found only in Mosquito
Lagoon red drum (Appendix Table

! Values are in percent. Standard deviations are used instead of standard errors be-
cause of the large number of pairwise comparisons used to generate mean values.
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Table 3

Results of tests for heterogeneity in mtDNA haplotype frequencies
among red drum (Sciaenops ocellatus) from the northeastern Gulf of
Mexico, Mosquito Lagoon, Florida, and the U.S. Carolina coast.

Campton (1992)* examined red
drum from Mosquito Lagoon for
allelic variation at several
allozyme loci and found genetic
homogeneity among red drum

Results of G-tests

P-value from

from Mosquito Lagoon, the north-

Monte Carlo ern Gulf, and the Carolina coast.

Test group G-score P-value randomizations He suggested that our initial

study (Bohlmeyer and Gold, 1991)
Northeastern Gulf vs. of allozyme variation among
Mosql.nto Lagoon vs. 159.5 <0.0011 <0.001 northern Gulf and Carolina coast
Carolina Coast red drum did not account for tem-
Northeastern Gulf vs. i poral variation among samples
Mosquito Lagoon 73.9 <0.0012 <0.001 within localities. OQur subsequent

studies (and this one), however,
g::)}fii?t(‘;;:sfulf . 76.2 <0.001° <0.001 have included temporal sampling

of variation in both allozymes and
Mosquito Lagoon vs. mtDNA and have demonstrated
Carolina Coast 66.2 <0.0014 0.006 that weak (but significant) genetic

Degrees of freedom in G-tests: 487, 182, 192, and 274.

heterogeneity exists (Gold et al.,
1993, in press). Sampling error

associated with specimen procure-
ment in varying time and space

Table 4

may account for the different results ob-
tained in Campton’s (1992)* study and

Frequency! of six significantly heterogeneous mtDNA
haplotypes of red drum (Sciaenops ocellatus) in the northeast-
ern Gulf of Mexico, Mosquito Lagoon, Florida, and the U.S.

this one. However, in Campton’s (1992)*
study, the total G-statistic, obtained by
summing individual G-values and their

Carolina coast.

associated degrees of freedom, was signifi-

cant at the 0.01 level. This suggests the

Northeastern Mosquito Carolina Probability . . .
Haplo- Gulf Lagoon Coast value from existence of spatial or temporal genetic
type (n=247) (n=109) (n=174) V.test? heterogeneity, or both, among the locali-
ties sampled.

8 13.3 23.8 10.3 =0.010 Genetic differentiation of red drum in
9 7.7 13.8 26.4 <0.001 Mosquito Lagoon is consistent with the
11 9.3 1.8 7.5 =0.019 . . .

12 0.0 73 34 <0.001 hypothesis that red drum in Mosquito
21 4.4 0.0 0.6 ~0.004 Lagoon represent a self-contained, at
29 4.0 0.0 1.7 =0.021 least partially isolated subpopulation.

! Values are in percent.
2 After DeSalle et al. (1987).

Three lines of evidence support this hy-
pothesis. First, genetic differences be-
tween red drum from Mosquito Lagoon

in (presumed) nuclear-coding genes is not surpris-
ing, given that mtDNA is expected to be at least four
times more sensitive to population substructuring
(Birky et al., 1983; Templeton, 1987). Because pre-
vious studies (Gold et al., 1993, in press) found no
evidence of genetic heterogeneity among red drum
from eleven estuaries or bays in the northern Gulf
or among red drum from five estuaries or bays along
the Carolina coast, red drum from Mosquito Lagoon
are unusual in representing a genetically distinct
red drum subpopulation existing within a single bay
or estuary.

and red drum sampled elsewhere involve

frequencies of alleles at two or three pu-
tative nuclear-gene loci and frequencies of at least
six mtDNA haplotypes. Differentiation of several,
presumably independent and selectively-neutral,
genetic markers suggests a genome-wide effect re-
lated to at least partial isolation and reduced gene
flow (Wright, 1978; Hartl and Clark, 1989). Second,
inferred nuclear-gene alleles present in low fre-
quency in red drum sampled outside of Mosquito

4 Campton, D. E. 1992. Gene flow estimation and population struc-
ture of red drum (Sciaenops ocellatus) in Florida. Final Rep. Coop.
Agrmt. No. 14-16-009-1522, U.S. Fish & Wildl. Serv,, Natl. Fish.
Res. Cntr., 7920 N.W. 71st St., Gainesville, FL.
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Table 5

Matrix of Nei’s (1978) unbiased genetic distance
based on allozymes (upper diagonal) and Nei and
Tajima’s (1981) corrected interpopulational nucle-
otide sequence divergence based on mtDNAs
(lower diagonal) among red drum (Sciaenops
ocellatus) from the northeastern Gulf of Mexico,
Mosquito Lagoon, Florida, and the U.S. Carolina
coast. Interpopulational nucleotide sequence di-
vergence values are in percent.

Northeastern Mosquito Carolina

Gulf Lagoon Coast
Northeastern Gulf — 0.000 0.001
Mosquito Lagoon 0.006 — 0.002
Carolina Coast 0.006 0.009 —

Lagoon were not found in red drum from Mosquito
Lagoon; whereas one inferred allele and eleven
mtDNA haplotypes were unique to red drum from
Mosquito Lagoon. The distribution of low frequency
nuclear-gene alleles and mtDNA haplotypes is con-
gistent with reduced gene flow concomitant with
allele-frequency drift expected in isolated subpopu-
lations. Finally, both females with ovaries contain-
ing postovulatory follicles and spawned red drum
eggs have been documented in Mosquito Lagoon
(Murphy and Taylor, 1990; Johnson and Funicelli,
1991), clearly indicating that red drum spawn
within the system.

Assuming red drum in Mosquito Lagoon represent
a partially isolated, self-contained subpopulation,
one question of interest is how long the subpopula-
tion has been semi-isolated. Geological evidence
(Mehta and Brooks, 1973, cited from Johnson and
Funicelli, 1991) indicates that several tidal inlets
once connected Mosquito Lagoon to the Atlantic, the
last of which is estimated to have closed about 1,500
years ago. Assuming some variation in the geologi-
cal estimate, this date does not differ substantially
from an estimate of 2,900 = 1,550 (SD) years based
on 1) a corrected interpopulational nucleotide se-
quence divergence (hetween red drum in Mosquito
Lagoon and red drum elsewhere) of 0.0058 + 0.0031
(SD) percent, and 2) an evolutionary rate for verte-
brate mtDNA of 0.01 substitutions/bp/lineage/Myr
(Brown et al., 1979; Wilson et al., 1985). Given on-
going debates about molecular clocks, the correspon-
dence between the two temporal estimates is note-
worthy.

Because the genetic distinctness of Mosquito La-
goon red drum appears to stem largely from physi-
cal isolation, the biological reasons for subdivision

between red drum in the northern Gulf and those
along the Carolina coast remain unknown. Possible
reasons for this subdivision could include 1) current
patterns between the Gulf and U.S. Atlantic, 2)
absence of suitable near-shore habitats along the
southeastern coast of Florida, or 3) differences in
biogeographic provinces (Gold et al., 1993, in press).
Similar genetic discontinuities between U.S. Atlan-
tic and Gulf coast fauna have been described by
Avise and co-workers (reviewed in Avise, 1992).
Their hypothesis is that the concordant
phylogeographic patterns provide evidence of simi-
lar vicariant histories that are tentatively related to
episodic changes in environmental conditions dur-
ing the Pleistocene (Avise, 1992). The relative inac-
cessibility of Mosquito Lagoon suggests that sam-
pling red drum from north or south of Mosquito
Lagoon may be more informative for testing hypoth-
eses regarding phylogeographic subdivision between
the northern Gulf and the U.S. Atlantic.

A last point to consider is the use of Mosquito
Lagoon red drum as broodstock for stock enhance-
ment programs. It could be argued that red drum
from Mosquito Lagoon differ genetically from red
drum sampled elsewhere (e.g., the northeastern
Gulf) and should be used only for stock enhancement
at localities where no genetic differences exist. Al-
ternatively, it could be argued that the genetic dis-
tinctiveness of red drum in Mosquito Lagoon is rela-
tively small and possibly inconsequential. This fol-
lows from the observation that the documented ge-
netic difference between red drum in Mosquito La-
goon and red drum sampled elsewhere is consider-
ably less than that, on average, among races of man
(Cann et al., 1987). One other consideration might
be to cross red drum from Mosquito Lagoon with red
drum from elsewhere (e.g., the northeastern Gulf)
in order to increase performance from potential
heterotic effects.
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Appendix Table 1
Allele frequencies at nine polymorphic loci among red drum (Sciaenops ocellatus) from the northeastern Gulf
of Mexico, Mosquito Lagoon, Florida, and the U.S. Carolina coast.
Northeastern Mosquito U.S. : Northeastern Mosquito U.s.
Locus Gulf of Lagoon, Carolina Locus Gulf of Lagoon, Carolina
allele Mexico! Florida coast? allele Mexico! Florida coast’
ACP-2*
*125 0.002 0.012 0.000 EST-I1
*115 0.087 0.073 0.063 *110 0.000 0.012 0.000
*100 0.911 0.915 0.937 *100 0.911 0.915 0.898
(n) (246) (41) (175) ‘95 0.089 0.073 0.102
(n) (246) (41) (176)
ADA"
*150 0.000 0.012 0.003 GPI-B"
*130 0.036 0.024 0.028 *-110 0.004 0.000 0.003
*125 0.315 0.354 0.372 *-100 0.976 1.000 0.971
‘118 0.006 0.000 0.003 *-50 0.020 0.000 0.026
*115 0.081 0.122 0.028 (n) (24N (41) (176)
*113 0.002 0.000 0.003
*110 0.061 0.012 0.060 PEPB®
*100 0.443 0.4562 0.469 *115 0.022 0.000 0.006
*90 0.010 0.000 0.003 *100 0.974 1.000 0.991
85 0.024 0.000 0.003 85 0.004 0.000 0.003
*78 0.000 0.000 0.000 (n) (247) (41) (176)
*75 0.018 0.024 0.028
*65 0.004 0.000 0.000 PEPD"
(n) (247) (41) (176) *115 0.002 0.012 0.009
*100 0.968 0.988 0.968
ADH® *85 0.030 0.000 0.020
*~100 0.508 0.451 0.566 *75 0.000 0.000 0.003
*-75 0.458 0.525 0.391 (n) (247) (41) (176)
*-50 0.028 0.012 0.020
*-20 0.006 0.012 0.023 PEPS*
(n) (246) (41) (175) *105 0.040 0.024 0.023
*100 0.958 0.976 0.977
SAAT-1" *95 0.002 0.000 0.000
*120 0.000 0.012 0.017 (n) (247) (41) (176)
*110 0.134 0.171 0.120
*100 0.856 0.817 0.854 ! Data are from Gold et al. (in press).
*90 0.010 0.000 0.009
(n) (242) (41) (175)
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Appendix Table 2

Distribution of mtDNA haplotypes among red drum (Sciaenops ocellatus) from the northeastern Gulf of Mexico,
Mosquito Lagoon, Florida, and the U.S. Carolina coast.

Composite North- Composite North-
mtDNA eastern  Mosquito U.s. mtDNA eastern Mosquito U.S.
Haplo- digestion Gulf of Lagoon, Carolina Haplo- digestion Gulf of  Lagoon, Carolina
type pattern’ Mexico? Florida coast? type pattern’ Mexico?  Florida coast?
1 ABAAAAAAAAAAA 19 4 10 56  AGAAAAAAAAAAA — — 1
2 ABCCAAAAAAAAA 10 6 3 57 AAAAAABAAAEAA — — 1
3 ABBACAAAAAAAA 11 1 10 58 BBAAAFAAAAAAA — —
4 EAAAAABAAAAAA 1 — — 60 FBBAAAAAAACAA — — 1
5 BAAAACBAAAAAA 1 — — 61 AAAAAAAADAAAA — — 1
6 CBAAAAAAAAAAA 2 1 1 62 BBBAAAAAAAAAA — — 1
7 AAABAAAAAAAAA 7 1 — 64 AAAEAABAAAAAA 5 — —
8 AAAAAABAAAAAA 33 26 18 66 BBADAAAAAAAAA — — 1
9 BAAAAAAAAAAAA 19 15 46 68 BBAEAAAAAAAAA 1 — —
10 BBAAAAAAAAAAA 9 2 4 69  AFAAAABAAAAAA 4 — —
11 AAAAAAAAAAAAA 23 2 13 70 ACAAAAAACAAAA 1 — —
12 CBAAAABAAAAAA — 8 6 76 BAAAAAAAABAAA 2 — —
13 ABCAAACAAAAAA 1 — 4 77 ABAAAGFAAAAAA 1 — —
14 BBFAAAAAAABAB — — 4 82  ABAAAAFAAAAAA 4 — —
15 AAAAAABACAAAA — 1 2 89 BIAAAAAAAAAAA — — 1
16 ACAAAAAAAAAAA 6 2 4 90 BAAAAAGAEAAAA — 1 1
18 ABAACAAAAAAAA b 2 1 91 AAAAAAABAAAAA — — 1
19 BBAAADAAAAAAA — 2 5 92 ABBAFAAAAACAA — — 1
20 ABBAAAAAAACAA — 3 2 93 AAAFGAAAEAAAA 1 — —
21 BABAAAAAAAAAA 11 — 1 94  AAAAAABAAAADA 1 — —
22 BAAAAABAAAAAA 4 1 2 95 BAAAAHAAAAAAC 2 — —
23 AAAABAAAAAAAA 17 6 8 96 BCAAAAAAAAAAA 1 — —
24 AAAAAAAAAAAAC 5 2 1 97 HBAAAAAAAAAAA 1 — —
25 ADCCAAAAAAAAA 2 — 1 98 BAAABAAAAAAAA 1 — —
26 BABABAAAAAAAA 3 1 1 99  BBBAAAAAAAFAA 1 — —
27 AACCAAAAAAAAA — 5 1 100 AATAAABAAAAAA 1 — —
28 ABAADAAAAAAAA — 2 2 101 ABCCAAFAAAAAA 1 — —
29 AAAAABABAAAAA 10 — 3 106 AAAATAAAAAAAC 1 — —
31 DBCAAAAAAAAAA 1 — — 107 BAAAABABAAAAA 2 — —
35 ABBAAAAAAAAAA — 2 4 114 ACBAAAAAAAAAA — 1 —
36 ABADAAAAAAAAA 1 — 1 121  ABADAAAADAAAA 1 — —
45 BABAAABAAAAAA 2 — — 134 AAAAGABAAAAAA — 1 —
46 ABEAAAAAAAAAA 1 1 — 135 BBJAADAAAAAAA — 1 —
47 BBAAAFAAEAAAA 2 — — 136 BBADAAABAAAAA — 1 —
48 AAEAAAAAAAAAA 1 — — 137 BBAAAAACAABAA — 1 —
49 CBBAAAAAAAAAA 3 — — 138 BBAAAAAAAABAB — 1 —
50 BBHAAAAAAABAB — - 1 139  AAACAAAAAAAAA — 1 —
51 ABCAAAAAAAAAA — 1 1 140 ABACAAAAAAAAA — 1 —
52 BBAAAAACAABAB — — 1 141  AACABAAAAAAAA — 1 —
53 ABBAAAAAAAFAA 2 — 1 142  AACAAABAAAAAA — 1 —
54 BAAEAAAAAAAAA — — 1 143 ABAAGAAAAAAAA — 1 —
55 AHCCAAAAAAAAA — — 1

I Letters (from left to right) are digestion patterns for: Ncol, Bcll, Scal, Pvull, Spel, Xbal, Xmnl, HindIIl, Stul, BamHI, EcoRV, Pstl, and
Nsil. Details regarding fragment sizes of individual digestion patterns are available upon request.
2 Data are from Gold et al. (1993).




Abstract.—Microzooplankton
retained by a 41-um mesh was
sampled along a 50-km transect in
the Shelikof Strait between
Kodiak Island and the Alaska Pen-
insula. We sampled once each year
during spring (April-May) 1985—
1989 using Niskin bottles closed at
10-m depth intervals. Sampling
was conducted near the time and
place of peak hatching of walleye
pollock (Theragra chalcogramma)
larvae. We examined horizontal
and vertical patterns of abundance
of potential prey organisms, espe-
cially copepod nauplii, and de-
scribed these patterns with respect
to the oceanography of the Strait.
Hydrography, nutrients, chloro-
phyll-e and net zooplankton data
also were collected and were used
to help interpret the microzoo-
plankton patterns. Copepod nau-
plii composed from 46 to 82% of all
organisms in the formalin-pre-
served samples. Eggs (3-35%), ro-
tifers (up to 14%) and loricate
tintinnids (up to 11%) were the
next most abundant taxa. The
abundance of microzooplankton
varied greatly across the Strait
and, for copepod nauplii, had
maxima associated with the
Alaska Coastal Current. A meso-
scale feature in the coastal current
appeared to influence the distribu-
tion of microzooplankton and may
affect feeding conditions for larval
walleye pollock. Significant differ-
ences in abundance of copepod
eggs and nauplii were detected
between some transects. The inte-
grated, 0-60 m depth, across-strait
average abundance of copepod
nauplii varied from a low of 5.8 x
103 m~2 (sampled in 1985) to a
high of 17.6 x 10° m2 (1987). The
maximum concentration found in
these same transects varied from
18 to 144 L-1, respectively. Be-
tween 60 and 70% of the nauplii
sampled were of a size (>125 pm
total length) composing approxi-
mately 98% of the naupliar diet of
larval walleye pollock in spring.
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Distribution and abundance of
copepod nauplii and other small
(40-300 um) zooplankton during
spring in Shelikof Strait, Alaska*

Lewis S. Incze
Bigelow Laboratory for Ocean Sciences
West Boothbay Harbor, ME 04575

Terri Ainaire
Bigelow Laboratory for Ocean Sciences
West Boothbay Harbor, ME 04575

The high mortality rate of marine
fish larvae is attributed to high
rates of predation (Moller, 1984;
Bailey and Houde, 1989), sensitiv-
ity to feeding conditions (Thei-
lacker and Watanabe, 1989) and
interactions between these factors
(Houde, 1987; Purcell and Grover,
1990). The larvae of temperate
fishes often occur during spring,
when planktonic production is in
early stages of its annual cycle and
is easily disrupted or delayed by
adverse conditions. Also, larvae
have small search volumes and
generally small energy reserves
(Bailey and Houde, 1989). Thus, a
spatial or temporal “match” or
“mismatch” between the demand
for larval food and its availability
seems intuitively likely and has
been the subject of much research
(e.g., Lasker, 1981; Buckley and
Lough, 1987; Cushing, 1990). The
quest to quantify feeding relation-
ships has led to continuing efforts
to reduce container effects in ex-
perimental studies (Gamble and
Fuiman, 1987; McKenzie et al.,
1990), to improve the sensitivity of
physiological measurements (e.g.,
Buckley et al., 1990), to understand
the small-scale distribution of prey
in the field (Owen, 1989), and to
understand the role of mixing in
enhancing or retarding interactions

between predator and prey
{Rothschild and Osborne, 1988;
Davis et al., 1991). In the ocean,
feeding takes place in a complex
spatial array of biological and
physical conditions. Any study of
rate-influencing processes that af-
fect larvae must take into account
the distribution of these conditions
in order to understand effects at
the population level.

In this paper we examine the
springtime community of small
zooplankton, primarily copepod
nauplii, that may be prey for larval
walleye pollock, Theragra chal-
cogramma, in Shelikof Strait,
Alaska (Fig. 1), and we report on
the distribution and abundance of
these organisms with respect to
oceanographic conditions. A large
population of walleye pollock
spawns in the Strait in late March
and early April, forming dense ag-
gregations of planktonic eggs in the
deepest part of the sea valley be-
tween Kodiak Island and the
Alaska Peninsula. Hatching occurs
from middle or late April through
early May (Kendall et al., 1987;
Incze et al., 1989; Yoklavitch and
Bailey, 1990). While the eggs re-
main mostly below 150 m, larvae

* Bigelow Laboratory Contribution No. 93-
006. Fisheries Oceanography Coordinated
Investigations Contribution No. 0186.
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Figure 1
Top panel shows location of the study area and a
generalized scheme of the surface circulation.
Middle and bottom panels show Shelikof Strait and
the sampling transect. Stations are numbered con-
secutively beginning with 55 near the Kodiak Island
shore; only the end and middle stations are labeled.

are found primarily in the upper 50 m (Kendall et
al., 19931) and have been shown to prey heavily on
copepod nauplii during the first several weeks of
development (Dagg et al., 1984; Kendall et al., 1987;
Canino et al., 1991).

The upper water column of Shelikof Strait con-
sists of at least three distinct water types (Reed and

1 A, W. Kendall Jr., L. S. Incze, P. B. Ortner, S. R. Cummings,
and P. K. Brown. 1993. The vertical distribution of eggs and
larvae of walleye pollock in Shelikof Strait, Gulf of Alaska. Sub-
mitted to Fish. Bull.

Schumacher, 1989). A cold, slightly freshened, tur-
bid coastal water band of narrow width (<10 km)
remains near the Alaska Peninsula (northern) side
of the Strait. This water receives its signature from
glacial melt-waters draining into Cook Inlet at the
northern end of the Strait and thus varies season-
ally in volume. A second water type is encompassed
in the Alaska Coastal Current (ACC), part of a
baroclinic current running more or less continuously
along 1000 km of the Alaskan south coast. The ACC
flows from northeast to southwest in a band approxi-
mately 20 km wide through the middle portion of
the Strait, but it has a highly variable current struc-
ture marked by numerous baroclinic instabilities
(Mysak et al., 1981; Vastano et al., 1992). In the
vertical, the southward flow of the ACC induces an
opposite bottom flow of more saline, nutrient rich
water that enters the sea valley at the shelf edge
south of the study area (Fig. 1; see Reed et al., 1987).
A third water type is made up of waters from a
mixture of sources, including outer shelf and oceanic
intrusions. Most of this water enters from the north
and flows the length of the Strait along Kodiak Is-
land, but current meter measurements and satellite
imagery show that water sometimes enters from the
south (Schumacher, 19912).

The work reported here was undertaken as part
of a multi-disciplinary program (Fisheries Oceanog-
raphy Coordinated Investigations: FOCI) aimed at
understanding the influence of environmental fac-
tors on the early life history of walleye pollock
spawned in the Strait (Schumacher and Kendall,
1991). An extensive grid of sampling stations occu-
pied in early May 1985, the first year of the pro-
gram, showed that the spring bloom of large diatoms
did not occur homogeneously throughout the Strait.
Rather, in that year, large diatoms bloomed first in
a band which occupied the longitudinal mid-portion
of the Strait (Incze, unpubl. observ.). Hydrographic
data show that this feature was in the ACC, which
had at that time a shallower upper mixed layer than
elsewhere in the Strait. It seemed likely, therefore,
that conditions affecting the feeding and growth of
larval walleye pollock would be subject to dynam-
ics of the ACC and would differ across the Strait as
well as through time. As part of the research pro-
gram, a standard across-strait transect was estab-
lished near the southern end of the Strait proper
(about halfway up the sea valley: Fig. 1). This
transect has been sampled with a CTD (Conductiv-
ity, Temperature, Depth) as often as. ship and re-
search schedules have permitted. Biological sam-

2 J. Schumacher. 1991. Pacific Marine Environmental Labora-
tory, Seattle, WA, unpubl. data.
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pling begins along this transect near the time of
larval hatching each spring and proceeds down-cur-
rent (westward) over time. In this paper we report
on across-shelf patterns of abundance and vertical
distribution of copepod nauplii and other small zoop-
lankton from 1985 through 1989 and relate these
patterns to hydrographic conditions, chlorophyll
concentrations, and distributions of selected taxa of
adult female copepods.

Materials and methods

For convenience, we use the term microzooplankton
to refer to small zooplankton captured and pre-
served by methods described below. Hydrography,
nutrients, and microzooplankton were sampled with
a CTD and rosette sampler along a transect of sta-
tions across Shelikof Strait, Alaska, during spring
from 1985 through 1989 (Fig. 1) (sampling dates are
listed in Table 2). Hydrographic (CTD) data were
obtained near bottom at 7 stations at 7-km inter-
vals and were processed to give 1-m averaged data
of salinity, temperature and density. Nutrients were
sampled at five or more stations on the transect by
removing water samples from 10-L Niskin bottles
tripped at standard depths of 10, 20, 30, 50, 75, and
100 m; below this depth we sampled with lower reso-
lution, generally at 50-m intervals, plus a sample
near bottom. Nutrient concentrations were deter-
mined after the cruise by using standard
autoanalyzer techniques on frozen samples
(Whitledge et al., 19813). Chlorophyll data were
obtained from nutrient sampling depths in the up-
per 100 m in 1988 and 1989. Analyses were con-
ducted on board the vessel following methods of
Yentsch and Menzel (1963) as modified by Phinney
and Yentsch (1985) with 0.45-um Millipore HA ac-
etate filters. Microzooplankton was sampled from
Niskin bottles were tripped at 10—m intervals from
0 to 60 m in 1985 and from 10 to 60 m in other years.
We used the same bottles as for nutrient and chloro-
phyll samples for those depths which were common to-
all. The number of stations sampled varied over the
years, beginning in 1985 with stations 55, 58, and 61.
In 1986 and 1987 we included station 60. In 1988 we
sampled all seven stations along the transect, and in
1989 we sampled all except station 57.

Niskin bottles were sampled for nutrients and
chlorophyll when called for; the remaining contents
of the bottles were filtered through small (6 x 18 em)

3 Whitledge, T. E., S. C. Molloy, C. J. Patton, and C. D. Wirick.
1981. Automated nutrient analyses in seawater. Tech Rep. No.
BNL-51398, Brackhaven Natl. Lab., Upton, NY.

conical nets made of 41-um mesh nylon netting.
Material retained on the netting was flushed into
4—ounce (120 mL) glass jars by using 0.45—um fil-
tered seawater and was preserved in a final solu-
tion of 5% formalin:seawater. Larger zooplankton
was sampled at all seven stations by using 60—cm
diameter bongo samplers equipped with 333—-um
mesh nets and towed in double-oblique fashion from
the surface to about 10 m off bottom. From 1986
onward, a 20—cm bongo sampler with 150—1m mesh
nets was attached to the towing wire 1 m above the
larger sampler to try to improve on the sampling of
smaller copepods. Properties of each tow were moni-
tored by time, wire angle from the towing block,
mechanical flowmeters mounted across the mouth
of each net, and a bathykymograph attached to the
bridle of the large bongo.

In the laboratory, each microzooplankton sample
was filtered onto a 41-um mesh sieve, stained over-
night in Rose Bengal, transferred to a 10-mL scin-
tillation vial and examined in approximately 2-mL
aliquots. Microzooplankton was analyzed by using
a stereo dissecting microscope equipped with an
image analysis system consisting of a high-resolu-
tion video camera and computer software to make
measurements and record data (Incze et al., 1990).
The microscopist made identifications, placing each
organism into one of thirteen categories (Table 1),
and directed the orientation of measurements. Cope-
pod nauplii were measured for total length (TL) and
maximum width. Total length was the carapace
length (“prosome”), plus the abdomen (“urosome”)
when present. The latter section often was curled
beneath the carapace, necessitating measurement
along a curved line. We measured the diameter of
eggs and only the total body length of all other or-
ganisms. In most cases the entire sample was ana-
lyzed, but 25% of the original sample sometimes pro-
vided adequate counts, which we established as at
least 50 nauplii per sample. Subsampling was done
by increasing the stored sample volume to 200 mL,
dividing as necessary, then recondensing the mate-
rial for examination. Subsampling was checked for
accuracy by completely analyzing both half-portions
from 30 samples. Final counts of microzooplankton
were corrected for the subsampling fraction and for
differences in the original volume of water filtered
and are presented as number of organisms per li-
ter. Integrated abundances (No. m—2) were estimated
for the upper 60 m of the water column by using a
trapezoidal algorithm.

Vertical and horizontal patterns of micro-
zooplankton distribution were plotted by using an
inverse distance gridding technique (“Surfer”,
Golden Software, Inc., Golden, CO) with a grid size
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Table 1

(A) Composition of microzooplankton in Shelikof
Strait during spring, expressed as a percent of
total organisms counted. Hyphens indicate values
greater than zero but less than 2%; non-zero val-
ues shown are rounded to nearest whole number.
Shed ovisacs are from Oithona spp.; “Other” in-
cludes infrequent and unidentified organisms. (B)
Vertically integrated abundances of organisms are
averaged across Shelikof Strait for each year; “All
other” refers here to all categories from (A) com-
bined except for those specifically listed.

A Percent composition

Category 1985 1986 1987 1988 1989

46 54

[+ 2]
[

Copepod nauplii
Other nauplii
Invertebrate eggs
Ovisacs
Copepods
Euphausiids
Rotifers
Tinitinnids
Larvaceans
Polychaetes
Echinoderms
Foraminifera
Other
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B Average integrated abundance (1000s m—?)
from 0-60 m

Copepod nauplii 58 139 176 94 9.6
Invertebrate

eggs 3.0 104 36 04 0.6
All other 46 57 86 19 26
Total 13.3 30.0 29.8 11.8 12.8

set at 25 units in both the X and Y directions. The
same technique was used for contouring CTD and
nutrient data. A subset of contours from all three
data types was compared by inspection to the origi-
nal input data to look for artifacts caused by the
contouring software. Integrated abundances of nau-
plii across the Strait were compared for the four
years which had late April-early May sampling
(1985, ’86, 88, ’89). Data were taken from those sta-
tions (#55, 58, 61) sampled every year in the series
and were compared by using a non-parametric two-
way analysis of variance (ANOVA) on ranks (also
referred to as the Quade test: Conover, 1971). A
multiple comparison based on ranks (Conover, 1971)
was applied when the ANOVA showed statistically
significant differences.

We used the estimated abundances of adult fe-
male copepods (No. m%) from the oblique bongo tows

to consider possible sources of planktonic eggs and
nauplii sampled in our study. Data are from a da-
tabase being used to describe spatial and
interannual patterns of major zooplankton taxa
(FOCI Database, National Marine Fisheries Service,
Seattle); subsampling and counting followed stan-
dard procedures and are detailed in a series of five
reports (e.g., Siefert and Incze, 1991%). The relative
contribution of each taxon to the standing stock of
planktonic copepod eggs and early nauplii was esti-
mated by using egg production rates reported in the
literature or from unpublished data. This is simplis-
tic, because it ignores changes in egg and naupliar
concentrations as a function of birth rate, develop-
ment time, and mortality, all of which may vary
considerably. However, the calculations provide a
rough evaluation of potential sources of nauplii in
Shelikof Strait. Sizes of eggs and early nauplii (e.g.,
Nauplius I [NI]) were used when reports were found.
We used the following information: Calanus
marshallae (eggs 175-185 pm, fecundity 12 eggs
d-! [Runge, 1990%]; Calanus pacificus (eggs ca. 160
pm, fecundity 38 eggs d-! [Runge, 1984]; NI ca. 220
pm CL [Fulton 1972]); Metridia pacifica (eggs 150
pm [Runge, 19906]; fecundity 2.5 eggs d!
[Batchelder and Miller, 19891); Pseudocalanus spp.
(eggs ca. 110-130 pm retained in ovisacs [Frost,
1987]; fecundity 4 eggs d! [Dagg et al., 1984; Paul
et al., 1990]; NI ca. 180 um CL [Fulton, 1972]).
Jeffry Napp’ and Kenric Osgood® both have found
that Metridia pacifica held in the laboratory may
produce eggs at higher rates, and they suggest that
the population average at times may be several
times greater than the rate given above.

Results

In this section we designate different transects by the
year in which they were sampled but do not mean to
imply that the differences necessarily were interannual.
We address this distinction in the discussion section.
Nitrate concentrations in bottom waters were
highest in 1985, 1988, and 1989 (>25 pg-at L™! com-

4 Siefert, D. L. W., and L. S. Incze. 1991. Zooplankton of Shelikof
Strait, Alaska, April and May 1989: data from Fisheries Ocean-
ography Coordinated Investigations (FOCI) cruises. Alaska
Fish. Sci. Center, NOAA, Seattle, WA, 119 p.

5 J. Runge. 1990. Insti. Maurice Lamontagne, Mont-Joli, Que-
bec, Canada, pers. commun. 1990.

6 J. Runge. 1993. Inst. Maurice Lamontagne, Mont-Joli, Quebec,
Canada, unpubl. data.

7 Jeffry Napp, Nat. Mar. Fish. Serv., Alaska Fishereis Science
Center, Seattle, WA, pers. commun. 1993.

8 Kenric Osgood, Dep. Oceanography, Univ. Washington, Seattle,
WA, pers. commun. 1993.
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pared to <20 pg-at L! in the other years); in sur- ug-at L1) (Fig. 2). Surface nitrate distributions gen-
face waters they were lowest in 1987 (mostly <2 pg- erally reflected density structure. Isopleths of den-
at L 1), followed by 1986 (<4 pg-at L) and 1989 (<5 sity (Fig. 2), salinity, and temperature show larger
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Figure 2
, 6,) across Shelikof Strait during spring, 1985-89. Water denser than o,
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is shaded. The transect is viewed looking westward; distances are given from the Kodiak Island shore. Sampling dates are given in Table 2.

Profiles of nitrate (upper panel, pg-at L-1) and density (lower panel
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volumes of high density (high salinity) bottom wa-
ter in 1985, 1986, and 1989 compared with other
years. The upper mixed layer generally was deep-
est on the northern end of the transect, near the
Alaska Peninsula, with a steeply sloping density
gradient near the middle. The exception, in 1988, is
discussed later. Averaged across the Strait, the up-
per mixed layer was deepest in 1985 and shallow-
est in 1986 and 1987.

Observations of phytoplankton clogging sampling
nets during the cruises showed that the spring
bloom of large diatoms occurred latest in 1985. By
this approximation, what probably was the major
spring bloom in the Strait began after the first week
of May in 1985, whereas it already was well under-
way when we began sampling in early May 1986
and 1989 and late April 1988. A grid of sampling
stations that extended to the northern end of the
Strait in 1985 showed that the bloom in that year
formed first in a band along the middle of the Strait
for virtually its full length of 300 km. Our grid in-
terval was not sufficiently fine to resolve the width
of the bloom feature, but our findings are consistent
with a diameter <25 km.

Our samples were dominated numerically by cope-
pod nauplii, which composed from 46 to 82% of all
organisms sampled along the transect over the five-
year period (Table 1), followed in most years by cope-
pods eggs, from 3.5 to 35%. Of the remaining taxo-
nomic categories, only a few ever contributed more
than 5% of the total organism count: small copep-
ods (including copepodid stages), tintinnids, rotifers,

and polychaete larvae. None of these ever exceeded
15% of the total count.

The integrated (0-60 m depth) abundance of
microzooplankton at the primary sampling stations
increased across the Strait from south to north (see
Fig. 3 for copepod nauplii). Average abundances of
nauplii, eggs, and all other organisms were highest
in 1986 and 1987. For copepod nauplii, abundance
was lowest in 1985 and intermediate in 1988 and
1989 (Table 1). In 1985, near-surface concentrations
averaged 86% of those at 10-m depth. Therefore, the
assumption of uniform concentration of organisms
in the upper 10 m may have introduced a small
upward bias in the integrations from 1986 onward.

The 7-km resolution of microzooplankton obtained
across the Strait in 1988 (Fig. 4) shows a more com-
plex pattern of distribution than suggested by other
transects. Specifically, comparatively large numbers
of nauplii and other microzooplankton were found
at stations 56 and 57, nearly equivalent to popula-
tions at the two northern stations. Both groups of
stations were marked by waters of lower surface
nitrate concentration (Fig. 2) associated with flow
around a dynamic high in the middle of the Strait
(Fig. 5). The two groups of stations differed from
each other in the composition of planktonic eggs
(greater concentrations at stations 60, 61) and other
microzooplankton (greater at 56 and 57) and in tem-
perature and salinity. The southern “limb” of the
anticylconic feature was about 0.1° C warmer and
0.05 g kg~! more saline than the northern limb.
Chlorophyll data show high chlorophyll-a concentra-

tions (up to 6 ug L) and high integrated

Nauplii
Late April — Early May
1.8 x 106
é 1.2 x 108 —
£
E 6x 105
£
=]
-4
1x10% & T T T T T T
55 56 57 58 59 60 61
19851989 7 Km
Figure 3

the maximum and minimum values observed, 1985-89.

Across-strait patterns of integrated abundance (No. m-2) and
average concentration (no. L!) of copepod nauplii from surface
to 60-m depth during spring at the primary time-series sta-
tions, marked with asterisks. Upper and lower lines describe

chlorophyll-a (140-180 mg m~2, 0-100 m)
in the two limbs of the ACC surrounding
the anticyclonic feature; the lowest chlo-
rophyll-a (10 mg m™2) was found in the
middle.

Copepod nauplii were found mostly in
the upper 30 m, though they extended
deeper at some stations in 1985 and 1988
(Fig. 6). Naupliar concentrations were
greater in the northern half of the
transect in 1985, 1986, and 1987; they
were distinctly bipolar in 1988; and in
1989 maximum concentrations of both
nauplii (Fig. 6) and chlorophyll-a (Fig. 7)
occurred in the center of the Strait. Maxi-
mum naupliar concentrations encoun-
tered at any depth across the Strait per
transect ranged from 18 L in 1985 to 144
L-1in 1987, both at 20 m depth at station
60. Planktonic copepod eggs also occurred
mostly in the upper 30 m but exhibited a
variety of across-shelf patterns that were

x Number I
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not always the same as those found for nau-
plii. Maximum egg concentrations ranged
from 2.2 L-! in 1988 (at 30 m depth) to
45 L1in 1986 (10 m depth), both at station

59. Most eggs and nauplii were in the up- T
per mixed layer. Since sampling in 1987 oc- 5
curred in late May, the relatively high abun- B
dance of nauplii may be attributed to time 2

I

of year. Consequently, a statistical compari-
son between transects focussed on the other
four years, which were sampled the last
week of April and first week of May. This
time period is close to the time of peak lar-
val hatching. Abundance was statistically
different among transects (Quade test 0.025
< P < 0.05). The lowest (1985) and highest
(1986) concentrations were significantly dif-
ferent at o = 0.05; the intermediate concen-
trations of 1988 and 1989 differed from
those in 1985 (but not 1986) at o = 0.10
(Multiple comparisons of ranks).

The lengths of sampled nauplii showed
positively skewed frequency distributions
with peak abundance between 100 and 150
um TL in all years and nearly identical cu-
mulative distribution functions (Fig. 8).
Median size differed by less than 15 um
among years and averaged 140 um during
the five—year period. The average length:
width ratio of nauplii measured in this study
was 2.2, with a standard deviation of 0.1
(n=1500). Consequently, our mesh, 41 um on
a side and 58 pum on the diagonal, should
have retained some nauplii >90 um long and
all nauplii >128 um. Our data showed a
steep decline in frequency of nauplii with
length <110 um, between the above esti-
mates, and width <50 um, corresponding to
the relationship 110/2.2 = 50. Most of the
nauplii did not have urosomal segments, so
total length and maximum width are equiva-
lent to prosome length and width for most
of our data.

The abundance and size distribution of

Depth (m)

Mean number of nauplii and total microzooplankton per li-
ter in the upper 60 m across the study transect in April 1988
(top panel), viewed looking westward. Numbers at the top
of the panel show integrated (0~100 m) chlorophyll-a con-
centrations (mg m2). Temperature (°C) and salinity (g kg™
are shown in the middle and bottom panels, respectively.
Data can be compared with nutrient distributions (Fig. 2),
dynamic topography (Fig. 5), and depth distributions of
nauplii (Fig. 6).

Chi-a (mgm?)

20 177 10 142
T T ] I

Total

Distance (km)
20 30

Figure 4

eggs differed substantially between years
(Fig. 8). The greatest number (and smallest median
size [ca. 75-pum diameter]) of planktonic eggs was
present in 1986; the fewest eggs occurred in 1988,
when median size was the largest (ca. 165 pm).
Abundances of potentially significant contributors
to the standing stocks of copepod eggs and nauplii
are given in Table 2. Among the taxa of interest,
Calanus pacificus had low adult female numbers
because most individuals were in copepodid stage 5
(C5) during spring. Other adult female copepods

were broadly distributed across the Strait, but the
maximum concentration of each taxon occurred in
the northern half (among stations 58—61) in all but
one instance. The across-Strait patterns of low and
high abundances within species were similar from
year to year and statistically significant (Spearman
rank correlation test, P<0.05). The shift in mesh
sizes for Pseudocalanus spp. collections limits the
between-transect comparisons that can be made.
(Note that there are interspecific differences within
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Contours of 0—150 m dynamic height in western Shelikof
Strait during April 1988. Solid circles show locations of CTD
stations. The study transect is the farthest northeast sec-
tion. Open circles denote those transect stations with the
highest microzooplankton standing stocks (cf. Figs. 4, 6). A
dynamic high (H) and low (L) are labelled; arrows show

volume or carbon content of prey when these
values were calculated (Incze et al., 1984;
Nishiyama and Hirano, 1983). The 10-m
vertical resolution of our sampling method
almost certainly failed to detect the highest
concentrations of prey available to larval
walleye pollock under some conditions, such
as in small patches (Owen, 1989), but prob-
ably reflects adequately the average abun-
dances found at different depths in the wa-
ter column, in different sections across the
Strait and in different transects.
Size-frequency distributions of sampled
nauplii and dimensions of the sampling
mesh suggest that there was virtually com-
plete retention of nauplii with total length
> 125 pm. In most cases these measure-
ments were carapace (“prosome”) lengths.
Unpublished data from stomach content
studies (Canino, 1992% show that ca. 98%
of the nauplii consumed by larval walleye
pollock collected during our cruise in May
1989 had carapace length > 125 pm. Be-
tween 60 and 70% of the nauplil in our
samples were of this size (Fig. 8).
Concentrations and integrated abun-

inferred flow.

dances of nauplii differed across Shelikof
Strait in patterns that appear to be related

the genus that prohibit any simple correction for
different mesh collections: see Frost, 1987.) Within
these limitations, data for 1985 and 1986 (333 um)
were statistically different (Wilcoxon signed rank
test, P=0.076), whereas the multi-year comparison
for early spring samplings (1986, 1988, 1989: 150
pum mesh) showed no statistically significant differ-
ences (Quade test, a= 0.05). Among early spring
values, there were no statistically significant differ-
ences in abundance of Metridia spp..

Discussion

The method of sampling and preservation used in
this study under-represented smaller components of
the microzooplankton (James, 1991) but was ad-
equate to capture the majority of prey items of lar-
val walleye pollock based on prey sizes reported
from earlier studies of Clarke (1984: Bering Sea),
Nishiyama and Hirano (1983, 1985: Bering Sea),
Dagg et al. (1984: Bering Sea); and Kendall et al.
(1987: Shelikof Strait). For small larvae of 5-10 mm
standard length (SL) in those studies, copepod nau-
plii composed the majority of items found in larval
stomachs. They also made up the bulk of estimated

to circulation features. Our data indicated
that standing stocks and maximum concen-
trations of copepod nauplii in spring were greatest
in the ACC, which is also where greatest chloro-
phyll-a concentrations occurred (latter data for 1988,
1989; cf. Figs. 4, 6, 7). The lowest naupliar concen-
trations of the early spring samplings occurred in
1985, which had the weakest stratification. In gen-
eral, nauplii were most abundant at 20-m depth
except in 1988, when maximum concentrations oc-
curred at 30-m depth in the deeper mixed perimeter
of the anticyclonic feature. The lowest standing
stock of nauplii coincided with the latest apparent
phytoplankton bloom in 1985, but we cannot deter-
mine if lower individual copepod egg production
rates or lower standing stocks of copepods were re-
sponsible because we lack adequate collections (150—
pum mesh) of Pseudocalanus spp. in 1985. Alterna-
tively, the low naupliar standing stocks could have
been due to higher predation, but our data show
that springtime populations of predators were gen-
erally low and were similar among years.

Our data suggest that the distribution of copepod
nauplii and some other microzooplankton across

9 M. Canino. 1992. Natl. Mar. Fish. Serv., Alaska Fisheries Sci-
ence Center, Seattle, WA, unpubl. data.
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Figure 6
Contour plots of naupliar concentrations (no. L)
across Shelikof Strait during spring. Numbers in
parentheses after the year (upper left of each plot)
show the range (R) of data and the contour inter-
val (CI) used in plotting. Transects are viewed look-
ing westward.

Shelikof Strait were subject to the influence of
baroclinic instabilities. The timing and rotational
sense of these instabilities therefore may have a
large influence not only on the distribution of wall-
eye pollock larvae themselves (Reed et al., 1989;
Incze et al., 1990; Vastano et al., 1992), but also on
the feeding conditions they experience. For example,
the feature sampled in 1988 covered a substantial

Chlorophyll - a (ug I'')
w Dis.tnance (kml

Depth (m)

Figure 7
Chlorophyll-a distributions across Shelikof Strait,
May 1989, looking westward (data may be compared
with nutrient and hydrographic structure in Fig. 2
and naupliar concentrations in Fig. 6).

portion of the main spawning and hatching area.
Although we do not have extended observations of
this feature, Vastano et al. (1992) showed that eddy-
like features may remain near the hatching area for
as long as two weeks, a substantial portion of the
hatching period (Yoklavitch and Bailey, 1990). If
walleye pollock larvae migrate vertically into the
center of a dynamic high after hatching, then the
amount of time that passes before they are advected
into better feeding conditions (in this case at the
periphery of the high) may be important to early
larval feeding and growth.

The average integrated abundance of copepod
nauplii across the Strait was different for the vari-
ous transects. The maximum values that were seen
in 1987 probably can be attributed to the compara-
tively late sampling of that year. However, among
the four years with similar timing of transect sam-
pling, there remained statistically significant differ-
ences that may have been important to hatching
walleye pollock larvae (see Canino et al., 1991, for
feeding conditions and larval RNA/DNA ratios).
Since hatching takes place over a relatively short
time period (Yoklavitch and Bailey, 1990), the phas-
ing of hatching and upper layer conditions may play
an important role in establishing the larval year
class. Unfortunately, we do not know how long the
observed conditions persisted in each year relative
to the population hatching time or to other require-
ments of the early feeding period in larval develop-
ment. Advection (Incze et al., 1989) and short-term
fluctuations in mesoscale circulation (Vastano et al.,
1992) may cause conditions in the Strait to change
quickly, requiring more frequent sampling and im-
proved techniques to rapidly assess prey distributions.

Nauplii that were most abundant in the diet of
larval pollock must have come from copepods large
enough to be retained by mesh sizes used on the
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Figure 8
Size-frequency distribution of nauplii and eggs. Graph in upper left shows size frequency
of nauplii from 1985. Graph in upper right shows the full range of size distributions of
nauplii by comparing the cumulative distribution functions (CDF) for the two extremes,
1985 and 1986. Size distributions of eggs are shown in the two lower graphs for years
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bongo samplers (Table 2). Based on the average
abundance and fecundity (see Methods) of adult fe-
male copepods, the approximate contribution of each
species to the daily production of NI would be:
Pseudocalanus spp., >75%; Metridia pacifica, 18%;
Calanus marshallae, 4%; and Calanus pacificus,
<1%. These percentages are useful only for the rela-
tive scaling they permit; many factors may influence
copepod reproduction rates, and rates of develop-
ment and mortality will influence further the total
standing stock of nauplii contributed by each spe-
cies. These results agree with those of Dagg et al.
(1984) with respect to the importance of Pseudo-
calanus spp. naupliar production for larval walleye
pollock feeding. Our results differ in the greater
inferred role of Metridia spp., probably because of
the deep waters of the Shelikof sea valley compared

with the Bering Sea shelf where Dagg and his co-
authors worked. The numerous small nauplii <120
pm that we sampled are from unknown sources. The
abundance and fecundity of M. pacifica suggest that
they were significant contributors to populations of
planktonic eggs and that Calanus marshallae plays
a lesser role. A large number of small planktonic
eggs <150—um diameter are not accounted for by the
adult female copepods retained by our nets.
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Table 2
Abundance (no. m2) of adult female copepods on a transect across western Shelikof Strait during spring.
Data are listed vertically showing mean, (standard deviation) and range. Metridia pacifica is Metridia pacifica/
M. lucens; unidentified Metridia spp. are not included in this tally. Hyphens indicate absence of data.
Year and day
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333 pm (4,128) (1,956) (5,570) (1,626) (2,549)
68-11,899 246,340 288-5,715 288-5,715 0-6,945
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Abstract.—Distribution and
size during their first summer at
sea were determined for juvenile
salmon (Oncorhynchus spp.)
caught in oceanic waters off north-
ern British Columbia and South-
east Alaska, and in marine waters
within the Alexander Archipelago
of Southeast Alaska. More than
10,000 juvenile salmon were
caught in 252 purse-seine sets
during August 1983, July 1984,
and August 1984. Distribution was
patchy; juvenile salmon were
highly aggregated, rather than
dispersed randomly. Distribution
and size of pink salmon
(O. gorbuscha), sockeye salmon (O.
nerka), and chum salmon (O. keta)
were similar but differed from
coho salmon (O. kisutch). Chinook
salmon (0. tshawytscha) were ex-
cluded from most analyses because
few were caught. Sizes were con-
sistent with the concept that juve-
nile salmon in more northern and
seaward locations had been at sea
longer than those in more south-
ern and inshore locations. Juvenile
salmon migration up the Pacific
coast did not peak in abundance
off Southeast Alaska until August;
movement from inside to outside
waters was not complete by the
end of August. The migration band
of juvenile salmon in outside wa-
ters of Southeast Alaska extended
beyond the continental shelf to at
least 74 km offshore, twice the dis-
tance previously reported.
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The general migratory movements
of Pacific salmon (Oncorhynchus
spp.) during their first year at sea
have been described (Hartt and
Dell, 1986), but little information is
available on the seaward migration
of juvenile salmon from the inside
waters of Southeast Alaska into the
Gulf of Alaska. Salmon moving sea-
ward from streams inside South-
east Alaska pass first through the
complex waterways of the
Alexander Archipelago, the “inside
waters” of Southeast Alaska. Upon
entering the Gulf, these salmon
either occupy outer coast inlets or
move into exposed outside waters.
Salmon entering exposed outside
waters either migrate north along
the coast or move progressively far-
ther offshore (Hartt and Dell,
1986). Determining when and at
what size juvenile salmon from
Southeast Alaska utilize different
habitats during their seaward mi-
gration to the Gulf may facilitate
understanding the high mortality
during their first few months at sea
(Parker, 1968; Bax, 1983; Furnell
and Brett, 1986).

Our goal was to ascertain the
distribution and migration of juve-

.nile Pacific salmon during their

first summer at sea after they
leave nearshore estuarine habitats.

Specific objectives were 1) to deter-
mine relative distribution, abun-
dance, and size of juvenile salmon in
exposed outside waters, in protected
waters adjacent to the outer coast,
and in the inside waters of Southeast
Alaska, and 2) to compare abun-
dance and size of juvenile salmon in
outside waters of Southeast Alaska
and northern British Columbia.

Methods

Study area and time

The study area extended from
Lituya Bay, Southeast Alaska, to
the northern end of Vancouver Is-
land, British Columbia (Fig. 1).
Three major habitats were
sampled: 1) outside waters (the
North Pacific Ocean and Gulf of
Alaska adjacent to the outer coast
of Southeast Alaska and British
Columbia); 2) outer coast inlets
(protected waters along the outer
coast of Southeast Alaska); and 3)
inside waters (marine waters
within the Alexander Archipelago).
Southeast Alaska was further di-
vided at lat. 56°N into a northern
and southern region for some
analyses. Fishing effort was con-
centrated in the northern region of
Southeast Alaska (Fig. 1).
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are rounded to the nearest 1 km in the text.

In large passages in the inside waters, sets
were often made along transects near the en-
trance to outside waters (Fig. 1). Multiple sets
were also made in clusters in the larger inlets.

Gear

Stations were sampled with table and
drum seines as described by Browning
(1980). The 28-m NOAA RV John N. Cobb
fished a table seine in August 1983 and
August 1984; the 24-m FV Bering Sea
fished a drum seine in July 1984. Sets were
made at predetermined locations without
reference to visual or instrument sightings
of fish. All sets were round hauls: the net
was set in a semi-circle, held open 3-5
minutes, closed, pursed, and retrieved by
means of a hydraulic power block (table
seine) or a hydraulic roller (drum seine).
Only catches from effective seine sets are
listed (Table 1).

Although the seines differed in size,
mesh, and area enclosed, the two nets were
assumed to be comparable in their ability
to capture juvenile salmon. The table seine
was 455 m long; depth tapered from 37 m
in the wing to 11 m in the bunt; web sizes
(stretch mesh) were 89 mm and 57 mm in
the wing, and 25 mm in the bunt. The
drum seine was 503 m long, 46 m deep, and
had 32-mm mesh in the wing, and 256 mm

(running along 56°N lat.).

R
_. Vancouver Isllnd
o
134° 132° 130° 128°
Figure 1

Locations seined in Southeast Alaska and British Columbia
in 1983 and 1984. The delineation between northern and
southern Southeast Alaska is indicated by the dotted line

in the bunt. Depths fished were assumed
to be adequate for sampling juvenile pink
(0. gorbuscha), chum (O. keta), sockeye (O.
nerka), and coho (O. kisutch) salmon, which
usually occupy the upper 10 m of the wa-
ter (Manzer, 1964; Godfrey et al., 1975;
Hartt, 1975). To compensate for the larger

We sampled in Southeast Alaska during three
periods: 6 August—3 September 1983 (hereafter des-
ignated August 1983), 9-24 July 1984, and 1-30
August 1984. Sampling in British Columbia was
conducted 1-6 July 1984.

Survey stations in outside waters were located
along transects perpendicular to shore (Fig. 1). The
nearshore station of each transect was as close to
land as net depth and safety permitted. Stations
were usually sampled progressively offshore at 5.6
km (8 nautical miles [nmil) intervals in 1983 and
at 9.3 km (5 nmi) intervals in 1984. Sampling gen-
erally did not extend beyond 37 km offshore except
in Southeast Alaska in August 1984, when transects

surface area enclosed by the drum seine
(20,150 m?) compared to the table seine (16,467 m?),
drum seine catches (July 1984) were reduced during
analyses by 18.3% to standardize the catch per unit
of effort (CPUE). This standardization caused the July
1984 catches reported to be sometimes less than the
number of fish measured for size that period.

Catch processing and analysis

The catch was processed aboard ship and in the
Auke Bay Laboratory. The number of juvenile
salmon captured in each set was counted if the catch
was small (i.e., <100 fish) or estimated gravimetri-
cally if the catch was large. Up to 100 salmon from
each set were preserved in 10% formalin in seawater
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Table 1
Number of juvenile salmonids caught by species, period, and habitat. All seining occurred in Southeast Alaska
(SE AK) except in July 1984 when the outside waters of British Columbia (B.C.) were also sampled.
Number of fish caught
Number
Period Habitat of sets Pink?! Chum? Sockeye? Coho? Chinook® All species
August 1983 Inside waters 54 2,011 385 178 201 3 2,778
Outer coast inlet 27 680 85 0 23 1 789
OQutside waters 8 20 2 9 27 0 58
Subtotal 89 2,711 472 187 251 4 3,625
July 1984 Inside waters 18 91 16 17 197 19 340
Outer coast inlet 14 10 2 0 24 0 36
Outside waters
B.C. 21 573 189 581 33 5 1,381
SE AK 33 181 34 109 28 1 353
Subtotal 86 855 241 707 282 25 2,110
August 1984 Inside waters 37 1,850 163 23 375 23 2,434
Outer coast inlet 4 0 12 0 3 0 15
Qutside waters
<87 km seaward 26 866 152 171 128 5 1,322
>37 km seaward 10 522 63 119 26 0 730
Subtotal 717 3,238 390 313 532 28 4,501
All Inside waters 109 3,952 564 218 773 45 5,652
Outer coast inlet 45 690 99 0 50 1 840
Outside waters 98 2,162 440 989 242 11 3.844
Total 252 6,804 1,103 1,207 1,065 57 10,236
! Oncorhynchus gorbuscha.
2 0. keta.
3 0. nerka.
4 0. kisutch.
5 0. tshawytscha.

for later species identification and size measure-
ments (fork length [FL] to nearest mm). If more
than 100 juvenile salmon were captured in a set, the
excess fish were released alive.

Graphs (Chambers et al., 1983) and exploratory
data analysis (Tukey, 1977) were used to present
catch data because the data had a nonnormal dis-
tribution with values clumped at zero (many seine
sets did not capture juvenile salmon). Transforma-
tions of catch data were ineffective in making the
distribution more symmetrical. Quantile plots
(Chambers et al., 1983), which show individual
catches from smallest to largest, were used to de-
scribe the statistical distribution of catches of each
species. Chinook salmon (O. tshawytscha) were ex-
cluded from the remaining analyses because few
were caught. Morisita’s Index of Aggregation
(Morisita, 1959; Poole, 1974) was used to test
whether each salmon species was randomly dis-

persed or aggregated in marine waters of Southeast
Alaska.

Morisita’s index is defined as

N
Zni (n; -1
i=1

I‘s:'

nin-1) ’
where N is the number of samples, n, is the num-
ber of individuals in the ith sample, and n is the
total number of individuals in all samples. The sig-
nificance of I; is tested with the F test described by
Poole (1974). Spearman’s rho (p) correlation test
(Daniel, 1978) was used to measure association be-
tween each possible pairing of the four main species
caught (pink, chum, sockeye, and coho salmon).
For comparisons, catch data were split into cells
by 1) species, 2) habitat (outside waters, outer coast
inlets, and inside waters), 3) region (northern South-
east Alaska, southern Southeast Alaska, and Brit-
ish Columbia), and 4) time period (August 1983,
July 1984, and August 1984). CPUE was used as an
index of abundance; frequency of occurrence (FO)
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was used as a measure of presence of juvenile
salmon.

Five null hypotheses were tested during fish
length analyses of the four species. The first four
hypotheses stated that size of a species did not dif-
fer for fish from 1) outside and inside waters, 2)
outside waters >37 km offshore and <37 km offshore,
3) northern and southern waters, and 4) July and
August of 1984. The alternate hypotheses stated
that fish were larger in 1) outside than inside wa-
ters, 2) outside waters >37 km offshore than outside
waters <37 km offshore, 3) northern than southern
waters, and 4) August than July of 1984. The fifth
hypothesis stated that length did not differ among
species caught within each period.

A number of one-tailed, two-sample ¢-tests were
conducted under null hypotheses 1-4. Only cells
that varied in one dimension were directly com-
pared. (For example, under the hypothesis that
mean sizes of fish from northern and southern wa-
ters did not differ, the mean lengths of pink salmon
in the inside waters of northern and southern South-
east Alaska in August 1983 could be compared be-
cause the difference between these two cells was in
only one dimension—north versus south.) Each pos-
sible pairwise comparison under one of the hypoth-
eses was treated as a separate, single, and indepen-
dent test, and all comparisons were equally weighted.
No ¢-tests could be conducted if one cell had only one
fish length. For the overall probability statement, the
following statistic was used (Winer, 1971):

x2 =22u,-, where u; =—-InF,.

Under the hypothesis that the observed probabili-
ties were a random sample from a population of
probabilities having a mean of 0.50, the x?2 statistic
has a sampling distribution which is approximated
by the %2 distribution having 2k degrees of freedom,
where k is the number of comparisons (Winer, 1971).

For size hypothesis 5 (no difference in mean fork
length among salmon species), ANOVA was applied
by pooling observations for each species from all
habitats and regions. In effect, the pooled species
length distribution is a weighted sum of the compo-
nent distributions represented by the individual
samples. Mean lengths of different species were
compared separately for each period. If the overall
F-test was significant, all possible species compari-
sons within a period were tested with two-tailed ¢-
tests. Experimentwise error was controlled at o =
0.05 by adjusting the critical value for each ¢-test
to o = 0.0085, by using the Dunn-Sidak method
(Sokal and Rohlf, 1981).

Results

Total catch

Over 10,000 juvenile Pacific salmon were captured
in 252 seine sets during the three sampling periods
(Table 1). The catch consisted of 66% pink salmon,
11% chum salmon, 12% sockeye salmon, 10% coho
salmon, and 1% chinook salmon. Pink salmon were
the most abundant species (CPUE=27), with 6,804
caught. Chinook salmon were the least abundant
species (CPUE=0.23), with only 57 caught.

Statistical distribution of catch

Catch distribution of juvenile salmon was extremely
patchy. None were caught in 22% of the sets; more
than half were captured in 5% of the sets. Plotting
catch abundance against quantiles illustrated that
the underlying statistical distribution for each spe-
cies was clustered around zero (Fig. 2). Chinook
salmon had the lowest FO in catches (12%), followed
by sockeye salmon (32%), chum salmon (39%), pink
salmon (45%), and coho salmon (54%). Coho salmon
(median catch=1) was the only species with a me-
dian catch >0.

Juvenile salmon had highly aggregated distribu-
tions. Morisita’s Index of Aggregation (Iy) was sig-
nificantly (P<0.001) greater than 1, indicating all
species had aggregated distributions in each habi-
tat and for all habitats pooled (Table 2).

Species associations

Pink, chum, and sockeye salmon catches were
closely associated with each other. Catches of pink,
chum, and sockeye salmon were positively and sig-
nificantly (P<0.05) correlated (Table 3). In contrast,
coho salmon abundance was not correlated with that
of other salmon (Table 3).

Abundance

By habitat In Southeast Alaska and British Co-
lumbia combined, pink salmon were the most abun-
dant species in each habitat (Table 1). The total pink
salmon catch exceeded the catch of each of the other
species by six times or more.

In Southeast Alaska, the CPUE of juvenile pink,
chum, coho, and chinook salmon was greater in in-
side waters than in outside waters (Fig. 3), whereas
sockeye salmon were more abundant in outside
waters than inside waters (Fig. 3). For each species,
the lowest CPUE and FO were in the outer coast
inlets; sockeye salmon were never captured in an
outer coast inlet (Fig. 3). The FO of pink, chum, and
sockeye salmon was higher in outside than inside
waters; the opposite was true for coho salmon (Fig. 3).
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Figure 2

Quantile plots of abundance of the five species of
juvenile Pacific salmon (pink, Oncorhynchus
gorbuscha; chum, O. keta; sockeye, O. nerka; coho,
O. kisutch; chinook, O. tshawytscha) caught in 252
purse-seine sets in Southeast Alaska in 1983 and
1984 and in British Columbia in 1984. The ranked
catches are from the smallest (0) to largest (1) on
the X axis. A theoretical normal distribution is in-
dicated by the dotted lines.

By distance offshore in outside waters Dis-
tribution of juvenile salmon varied by distance off-
shore. Substantial numbers of fish were captured up
to the maximum distance fished offshore (74 km,
Fig. 4A). At intervals offshore, abundance and pres-
ence of each species is shown by the 3RSSH
smoothed (Tukey, 1977) natural logarithms (In) of
CPUE (Fig. 4B) and smoothed FO (Fig. 4C) respec-
tively. Highest In CPUE of pink and chum salmon
was near the center of the distance fished offshore
(Fig. 4B). The transformed CPUE of sockeye salmon,
the least abundant species nearshore (Fig. 4B), was
greatest 37-74 km offshore, indicating they may
have been abundant beyond 74 km. The In CPUE
of coho salmon suggests it was the least abundant
species beyond 56 km (Fig. 4B).

Table 2

Morisita’s Index of Aggregation (I;) and the asso-
ciated F-value for seine catches of juvenile pink,
chum, sockeye, and coho salmon taken in indi-
vidual habitats (inside waters, outer coast inlets,
outside waters) and all these habitats pooled in
Southeast Alaska in August 1983, July and Au-
gust 1984. Dashes indicate no fish captured.

Salmon

species Habitat I F

Pink! Inside waters 20.0 695.7"
Outer coast inlet 10.7 153.0"
Outside waters 3.6 54.9"
All habitats pooled 18.5 474.5"

Chum? Inside waters 13.6 66.6"
Outer coast inlet 9.0 18.7"
Outside waters 5.4 15.83"
All habitats pooled 12.7 47.6°

Sockeye® Inside waters 11.8 22.7*
Outer coast inlets — —
Outside waters 15.1 23.2"
All habitats pooled 9.5 24.2°

Coho? Inside waters 4.4 25.1*
Outer coast inlets 2.9 3.1
Outside waters 7.8 19.5*
All habitats pooled 6.2 24.3"

* F-value is significant for P < 0.001.
1 Oncorhynchus gorbuscha.

2 0. keta

3 0. nerka.

4 0. kisutch.

Table 3

Spearman'’s rank correlation coefficient (p) test of
pair rankings of juvenile salmon species catches
taken during 252 separate sets in Southeast
Alaska and British Columbia.

Comparison of Correlation between

species of species pair rankings
salmon ()]
Pink!/Chum? +0.75"
Pink/Sockeye’ +0.68"
Pink/Coho#* +0.14
Chum/Sockeye +0.55"
Chum/Coho +0.13
Sockeye/Coho +0.11

* Significant association at P < 0.05, with rejection criteria
adjusted for multiple comparisons.

! Oncorhynchus gorbuscha.

2 0. keta.

2 0. nerka.

4 0. kisutch.
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largest increase (Fig. 5). In inside wa-

40

30 Bl outside waters
Outer coast inlets

20 Il 'nside waters

CPUE

10

ters, CPUE of pink and chum salmon
increased 10 and 5 times respectively
from July to August, whereas CPUE’s
of sockeye and coho salmon remained
constant (Fig. 5). For all four species,
FO increased in outside waters but de-
creased in inside waters from July to
August 1984 (Fig. 5). The low number
of sets (four) made in outer coast inlets
of Southeast Alaska in August 1984
precluded seasonal comparisons of
CPUE or FO for this habitat.

Frequency of occurrence (%)

Pink Chum

Sockeye
Salmon species

Figure 3

east Alaska in 1983 and 1984 combined.

Catch per unit of effort (CPUE) and frequency of occurrence of
juvenile salmonids (pink, Oncorhynchus gorbuscha; chum, O. keta;
sockeye, O. nerka; coho, O. kisutch; in outside waters (77 sets),
outer coast inlets (45 sets), and inside waters (109 sets) in South-

Size

Juvenile salmon were larger in outside
waters than in inside waters. Thirteen
matched pairs of size samples could be
compared under the hypothesis that
size did not vary between outside and
inside waters; the fish were larger in
the outside water in all comparisons
(Table 4, %2=133.66, df=26, P<0.005)
and the null hypothesis was rejected.

Juvenile salmon in outside waters
were larger farther seaward. Of the

Coho eight possible matched pairs of samples

compared under the hypothesis that
size was not different between outside
waters >37 km offshore and <37 km
offshore, the juvenile salmon were
larger >37 km seaward in all compari-
sons (Table 4, x2=67.44, df=186,
P<0.005).

Juvenile salmon in northern waters

Pink and chum salmon FO was lowest nearshore,
then increased and stabilized mid-distance offshore,
around 37 km (Fig. 4C). Pink salmon were caught
in all sets beyond 37 km and had the highest FO of
all species; sockeye salmon FO remained constant
2-74 km offshore. Coho salmon FO was the highest
nearshore (2 km) of all species, then the FO stabi-
lized at 37 km and beyond (Fig. 4C).

By sampling period Abundance of juvenile salmon
in Southeast Alaska increased from July (CPUE=11)
to August (CPUE=58) 1984 for all species. Summed
over all habitats, pink, chum, sockeye, and coho
salmon had higher FO’s and abundance in August
than in July. In outside waters, CPUE of each spe-
cies increased two to seven times from July to Au-
gust 1984, with juvenile pink salmon showing the

were larger than those in southern

waters. The fish were larger in the
northward locations than southward locations in 18
of 23 possible paired size comparisons (Table 4,
x?=214.76, df=46, P<0.005).

Juvenile salmon were larger in August than in
July. Of the matched size samples compared under
the hypothesis that size was not different between
August and July of 1984, fish in August were larger
than in July in 10 of 12 comparisons (Table 4,
x2=145.36, df=24, P<0.005).

The sizes between the different species of juvenile
Pacific salmon differed significantly (P<0.05) (Table
5). Coho salmon juveniles were significantly larger
than other species in each sampling period; mean
length of coho salmon was always at least 40%
greater than in other species, whereas pink, chum,
and sockeye salmon were within 9% of each other.
Juvenile sockeye salmon were significantly larger
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than pink salmon in each sampling
period and were significantly larger
than chum salmon in 1984. In both
July and August 1984, pink and chum
salmon did not differ in size, and in
August 1983 chum and sockeye salmon
did not differ in size.

Discussion

Fish distribution

Each species of juvenile salmon was
highly aggregated rather than dis-
persed randomly. In contrast to our
results, Hartt and Dell (1986) seldom
observed zero catches and therefore
concluded that juvenile salmon in the
ocean were evenly dispersed. Several
differences between our study and
theirs may explain the differing conclu-
sions. Seines used by Hartt and Dell
were longer than ours and were held
open for 30 minutes instead of 3-5
minutes. Our catches may be more of
a point estimate or instantaneous pic-
ture of fish abundance, whereas their
seines were more likely to intercept at
least part of a juvenile salmon school.
More importantly, Hartt and Dell did
not separate juvenile salmon by species
when considering their distribution.

Species associations

Juvenile pink, chum, and sockeye
salmon were generally closely associ-
ated with each other in their distribu-
tion. The distribution of these species,
however, differed from the distribution

100
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Hl Fink
E#¢ chum

- Sockeye
EEB cono
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Frequency of occurrence (%)

40

Abundance of juvenile salmonids (pink, Oncorhynchus gorbuscha;
chum, O. keta; sockeye, O. nerka; coho, O. kisutch) by distance off-
shore in the outside waters of Southeast Alaska in August 1984

(36 sets).

effort (CPUE), (B) the smoothed natural logarithm of CPUE, and
(C) the smoothed frequency of occurrence of the catches; number
of sets is in parentheses. All distances are rounded to the nearest
kilometer. Actual distance between intervals (except the first)
is 9.3 km.

T T T T

9 19 28 37 46 56 65 74
Distance offshore (km)
Figure 4

Abundance is shown in terms of (A) catch per unit of

of coho salmon, a result consistent with the conclu-
sions of Hartt and Dell (1986) and Waddell et al.
(1989). In the inside waters and outer coast inlets,
we found that pink, chum, and sockeye salmon had
a lower FO than coho salmon, indicating that those
species were more highly aggregated and sparsely
distributed than coho salmon. Paszkowski and Olla
(1985) found that behavior patterns of juvenile coho
salmon promoted dispersion, not aggregation. The
utilization of similar areas in this study by juvenile
pink, chum, and sockeye salmon correlates with the
high degree of diet overlap observed between these
species; in contrast, juvenile coho salmon showed

little diet overlap with the other species.! Healey
{1991) reported that juvenile pink, chum, and sockeye
salmon in British Columbia were also aggregated.

Migration

The migration of juvenile salmon off Southeast Alaska
(Hartt and Dell, 1986) consists of two components: 1)
fish migrating north from the Pacific Northwest and
British Columbia, and 2) fish from Southeast Alaska
migrating from inside to outside waters.

1 J. H. Landingham, Auke Bay Laboratory, 11305 Glacier High-
way, Juneau, AK 99801-8626, pers. commun. Jan. 1992.



86

Fishery Bulletin 92(1), 1994

outer coast inlet. Second, sockeye

Outside 'i*: Outer coast Inside salmon was the only species with a

waters LAX inlets waters higher CPUE in outside waters than in

July 1984 August 1984 inside waters. This higher abundance

0 s0 outside, coupled with low abundance in

20 inside waters in July and August, is

8 - consistent with the conclusion that

w 30 sockeye salmon commence their ocean

2 61 migration before pink or chum salmon
() 20 (Straty, 1981; Healey, 1982).

4 The migration of pink salmon from

) 10 the inside waters of Southeast Alaska

lasts until at least September. Martin

0 o (1966) concluded that late July and

Pink Chum Sockeye Coho Pink Chum Sockeye Coho early August were the peak periods of

. 100 100 1 1 juvenile pink salmon migration from

e the inside waters. However, our data

8 s 80 show that pink salmon abundance in

§ inside waters increased from July to

S5 &0 80 August and that pink salmon were

Q o

9 more abundant in inside waters than

5 40 40 outside waters in August, thus indicat-

2 ing that migration out of the inside

5 20 waters was not complete in August.

g- The seasonal migration of juvenile

= chum salmon out of Southeast Alaska

0 ok Chum Sockove Cono 0 Pk Cram Sookeve Con could not be determined from the abun-

eve " um Sockeye Toho dance data of this study. The migration

Salmon species of juvenile pink, chum, and sockeye

Figure 5 salmon out of the inside waters in Sep-

Catch per unit of effort (CPUE) and frequency of occurrence of tember and later has not been studied.

juvenile salmonids (pink, Oncorhynchus gorbuscha; chum, O. keta; The offshore migration of coho

sockeye, O. nerka; coho, O. kisutch) in the outside waters (69 sets), salmon in Southeast Alaska is more

outer coast inlets (18 sets), and inside waters (55 sets) in South- complex. CPUE and FO of coho salmon

east Alaska in July and August 1984. Note change in scale of in inside waters remained relatively

CPUE from July to August 1984. constant for July and August. Coho

Juvenile salmon migrations along the Pacific coast
in 1984 did not peak off Southeast Alaska until, at
earliest, August. In July, CPUE’s were much higher
in the outside waters of British Columbia than in
Southeast Alaska. By August, CPUE of juvenile
salmon in outside waters of Southeast Alaska had
increased fivefold, and FO had increased for each
species. Hartt and Dell (1986) observed that juve-
nile salmon abundance peaked in August in outside
waters of Southeast Alaska.

In Southeast Alaska, juvenile sockeye salmon
probably begin their ocean migration to the Gulf of
Alaska before juvenile pink and chum salmon, based
on two observations from our study. First, the sock-
eye salmon did not occur in protected waters along
the outer coast of Southeast Alaska like the other
species: no sockeye salmon were captured in an

salmon was the only species with both
a higher CPUE and FO in inside wa-
ters than in outside waters in August. These data
suggest extensive residency in inside waters for a
substantial portion of coho salmon juveniles in
Southeast Alaska. Other researchers have found
that some juvenile coho salmon remain in the east-
ern Pacific Ocean inside waters until late fall
(Healey, 1984; Hartt and Dell, 1986; Orsi et al.,
1987). Winter residency of juvenile coho in inside
waters of Southeast Alaska is apparently rare.?
Hartt and Dell (1986) and Pearcy and Fisher (1990)
also found coho salmon offshore as early as May or
June; Hartt and Dell (1986) noted that juvenile coho
salmon migrated seaward earlier than the other
salmon species, presumably because of their larger

2 J. A. Orsi, Auke Bay Laboratory, 11305 Glacier Highway, Ju-
neau, AK 99801-8626, pers. commun. Jan. 1992.



Jaenicke and Celewycz: Marine distribution and size of juvenile Pacific saimon

87

Table 4

Fork length (FL) of juvenile salmonids sampled by period, habitat, north (N) or south (S) region, and dis-
tances offshore in outside waters of Southeast Alaska in 1983 and 1984 and outside waters of British Colum-
bia (B.C.) in 1984, Values are mean + standard error, with number of samples in parenthesis. In brackets
under the values are the specific paired size comparisons used in the null hypothesis testing of sizes by:
northern vs. southern waters (Al, A2, ..., A28); outside vs. inside waters (B1, B2, ..., B13); August vs. July
1984 (C1, C2, ..., C12); and outside waters >37 km offshore vs. outside waters <37 km offshore (D1, D2, ...,
D8). Dashes indicate no fish caught.

FL of salmon (mm)

Period Habitat (region)

Pink!

Chum?

Sockeye?®

Coho?

Aug 83 Inside (N)

Inside (S)

Outer coast inlet (N)

Outer coast inlet (S)

OQOutside (S)

July 84 Inside (N)

Inside (S)

Outer coast inlet (N)
Outside (N)

Outside (S)

Outside (B.C.)

Aug 84 Inside (N)

Outer coast inlet (S)
Outside (N)

<37 km
>37 km
Outside (S)
<37 km

>37 km

169 + 0.8 (890)
[A1]

121 + 1.9 (10)
[Al, B1]

124 + 0.5 (404)

153 + 3.6 (19)
[B1]

121 + 1.7 (94)
[A6, B4, C1]

132 + 1.2 (3)
[A6, B8]

105 + 10.9 (4)

135 + 0.8 (207)
[A8, A9, B4, C5]

134 1 4.6 (10)

[A8, Al16, B8, C9]

128 + 1.0 (126)
[A9, A16]

143 + 1.0 (358)
[B1o, C1]

144 £ 0.6 (730)
[A20, B10, C5]

143 + 0.8 (457)
[D1]

146 + 1.0 (273)
[D1]

139 £ 1.0 (373)
[A20, C9]
135 + 1.2 (243)
[D5]

144 + 1.4 (130)
[D5]

180 * 1.8 (199)
[A2]

139 + 4.6 (18)
[A2, B2]

166 + 4.9 (4)
[A4]

133 + 1.5 (76)
[A4]

141 + 13.5 (2)
(B2]

112 1 5.2 (19)
[B5, C2]

135+ 0 (1)

139+ 0 (1)
133 + 2.3 (38)
[A10, All, B5, C6]
161 + 18.5 (2)
[A10, A17, C10]

132 * 1.5 (46)
[Al1, A17])

125 + 1.2 (118)
[B11, C2]
132 £ 6.1 (12)
160 % 2.0 (93)
[A21, B11, C6]
157 £ 2.2 (73)
[D2]

169 + 4.1 (20)
[D2]

144 1 2.1 (66)
[A21, C10]
144 + 2.7 (38)
[D6]

145 + 3.5 (28)
[D6]

163 + 2.7 (74)

152 + 2.6 (9)

136 t 5.9 (20)
[B6, C3]

151 + 2.1 (111)
[A12, A13, B6, C7]

157 + 2.6 (19)
[A12, A18, C11]

128 + 0.9 (197)
[A13, A18]

157 + 2.1 (18)
[B12, C3]

159 t 1.5 (75)
[A22, B12, C7]

156 + 1.7 (52)
(D3]

165 + 2.8 (23)
D3]

149 * 0.9 (141)
[A22, C11]

148 + 1.0 (103)
[(D7]

152 + 1.5 (38)
[D7]

233 + 1.8 (136)
[A3]

227 + 11.9 (5)
[A3, B3]

221 * 6.3 (11)
[A5]

217 £ 7.9 (11)
[A5]

234 £ 3.6 (25)
[B3]

193 + 2.0 (206)
[A7, B7, C4]

202 + 7.8 (3)
[A7, B9]
177 + 3.6 (27)
220 + 4.5 (26)
[Al4, Al5, B7, C8]

224 + 7.5 (8)
[Al4, A19, B9, C12]

129 + 10.3 (7)
[A15, A19]

234 + 1.9 (168)
[B13, C4]
246 = 12.2 (3)
267 * 5.6 (33)
[A23, B13, C8]
266 + 6.5 (28)
[D4]

274 + 2.3 (5)
[D4]

265 + 3.3 (87)
[A23, C12]
263 + 3.3 (35)
(D8]

291 + 15.0 (2)
[D8]

! Oncorhynchus gorbuscha.
2 0. keta.

3 0. nerka.

¢ O. kisutch.
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size. An early component of coho salmon juveniles
could have moved offshore in June, prior to our sam-
pling effort. More extensive sampling from late
spring through fall is required to define the timing
of migrations of coho salmon in the waters of South-
east Alaska. '

The sizes of juvenile salmon we captured support
the findings of Hartt and Dell (1986) that fish in
more northern locations have been at sea longer
than those in southern locations. Hartt and Dell
(1986) observed a general increase in mean length
of juvenile salmon from south to north in the out-
side waters from Washington to Southeast Alaska.
In the coastal waters off Oregon and Washington,
larger, presumably older, juvenile coho salmon were
found farther north (Pearcy and Fisher, 1988). As-
suming they were similar in size on entering the sea,
the smaller fish in the southerly locations are recent
arrivals from nearby production areas, whereas the
larger fish in the northerly locations have been at
sea longer and probably migrated from more south-
erly production areas (Hartt and Dell, 1986). Our
studies also reveal juvenile salmon in Southeast
Alaska were larger in the outside waters than in-
side waters and farther offshore in the outside wa-
ters than closer to shore. The progression of juve-
nile salmon migrations over a season may be size-
dependent (Healey, 1982, 1984), and certain phases
of migration may depend on fish reaching a thresh-
old size. According to Hartt and Dell (1986), the off-
shore migration into the Gulf of Alaska of juvenile

pink, chum, and sockeye salmon does not begin until
September or October when fish are 180-230 mm
or greater in mean FL. However, our findings show
that these species are found offshore earlier (in
August) and at a much smaller size (145-170 mm
mean FL).

Width of migration band

Juvenile Pacific salmon typically migrate in
nearshore waters during their first few months at
sea (Straty, 1981); however, the width of this migra-
tion band varies regionally (Straty and Jaenicke,
1984; Hartt and Dell, 1986). Juvenile salmon con-
centrated within 37 km of shore along the broad
continental shelf (<183 m deep) off Oregon and
Washington (Miller et al., 1983; Pearcy and Fisher,
1990). Hartt and Dell (1986) concluded that the
band of juvenile salmon was within 37 km of shore
off Southeast Alaska where the continental shelf is
narrow, but that the band widened in the northern
Gulf of Alaska where the shelf is wider.

Our results indicate that the coastal band of mi-
grating juveniles can be much wider than 37 km and
that the offshore migration beyond 37 km may be-
gin as early as August. Catches of juvenile salmon
74 km offshore—the maximum distance we fished
offshore—and the catch distributions indicate that
some juvenile salmon (pink, chum, and sockeye) may
have been abundant even farther seaward. Two-
thirds of the juvenile salmon captured in outside wa-
ters in August 1984 were beyond the continental shelf.

The width of the migration band is probably in-
fluenced by the Alaska Coastal

Table 5

not significantly different by size.

Comparison of mean fork lengths (FL) of juvenile salmonids caught in
the marine waters (all habitats pooled) of Southeast Alaska and north-
ern British Columbia in 1983—84. Sample size = n; standard deviation
of the size in mm = s. The hypothesis was that there were no size dif-
ferences between species during the same period. The rejection crite-
ria were adjusted for multiple comparisons so that experimental error
did not exceed a = 0.05. Species having the same letter in a column were

Current—a dominant feature
in the circulation of Gulf of
Alaska coastal waters. This
freshwater-driven current be-
gins along the British Colum-
bia coast and flows north then
west within 20 km of shore into
the Bering Sea (Royer, 1984).
The strength of this current is

affected by local precipitation,

August 1983 July 1984 August 1984 wind, air temperature, and

other meteorological condi-

Salmon mean FL mean FL mean FL tions M'll(i) ns gof ‘uvenile
species n (mm) 8 n {mm) 8 (mm) ] * 1110 J

Pink! 1,323 165¢ 29 444 130¢ 14
Chum? 299 165° 31 108 129¢ 17
Sockeye’ 83 1620 23 347 138t 20
Coho?* 188 232 22 277 193¢ 30

1,461 142¢ 18
289 141° 22
234 153t 12
241 253 20

salmon migrate through the cur-
rent every year en route to
more oceanic waters. Cooney
(1984) theorized that the cur-
rent represents a critical early-

& Oncorhynchus gorbuscha.
b 0. keta.

¢ Q. nerka.

4 0, kisutch.

feeding habitat in the summer
and early fall. In modeling the
early-ocean limitations of Pa-
cific salmon production, Wal-
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ters et al. (1978) noted that production predictions
were critically sensitive to the width of the coastal
band within which salmon migrate during their first
summer at sea. We recommend additional sampling
be conducted from June through September to bet-
ter document 1) the width of the coastal band of ju-
venile salmon migrations through the summer and
2) the timing of offshore migrations beyond 37 km
from the outer coast.
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Abstract.—Evidence support-
ing a two stock hypothesis for king
mackerel, Scomberomorus cavalla,
in the Gulf of Mexico was devel-
oped principally from the results of
electrophoretic patterns of one
polymorphic dipeptidase locus and
supporting evidence from mark-
recapture, charterboat catch, and
spawning studies.

There are two identifiable stocks
of king mackerel in the Gulf of
Mexico: a western stock and an
eastern stock. The western stock
migrates northward along the
Mexico-Texas coast during the
spring and early summer from its
winter grounds in Mexico (Yucatan
Peninsula). This stock has a high
frequency of the dipeptidase
PEPA-2'a allele. The eastern stock
migrates at the same time north-
ward along the eastern coast of the
Gulf of Mexico from its winter
grounds in south Florida (Gulf of
Mexico and Atlantic coast). This
stock has a high frequency of the
dipeptidase PEPA-2"b allele. Both
stocks migrate simultaneously into
the northern Gulf of Mexico and
mix at varying degrees in the
northern summering grounds
(Texas to northwest Florida).
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The king mackerel, Scomber-
omorus cavalla, is a widely distrib-
uted, coastal pelagic species in the
western Atlantic Ocean. This
scombrid is found from the Gulf of
Maine to Rio de Janiero, Brazil, in-
cluding the Gulf of Mexico and
Caribbean Sea (Rivas, 1951;
Collette and Nauen, 1983). It is a
valuable resource that supports
fisheries throughout most of its
range (Manooch et al., 1978).

The U.S. and Mexico have been
major exploiters of king mackerel
resources. U.S. commercial land-
ings have been reported since 1888.
Landings have ranged from 2,213
metric tons (t) (1972) to 4,746 t
(1974). U.S. recreational catches
are estimated to be two to ten
times larger than the commercial
catches (Deuel and Clark, 1968;
Deuel, 1973; Manooch, 1979; U.S.
Dep. Commer., 1984, 1986, 1987). In
Mexican waters, commercial land-
ings for king mackerel from 1968 to
1988 have ranged from 784 t (1968)
to 6,133 t (Collins and Trent, 19821).

Because king mackerel are pres-
ently managed in the southeastern
U.S. (represented by more than

eight states and two regional fish-
ery management council jurisdic-
tions) and support both recre-
ational and mixed gear commercial
fisheries, the identities of compo-
nent stocks are important. Current
management of king mackerel fish-
eries assumes two migratory stocks
with overlapping ranges, one in the
U.S. Atlantic Ocean and one in the
Gulf of Mexico (Gulf of Mexico and
South Atlantic Fishery Manage-
ment Councils, 1985). This separa-
tion is based on mark-recapture
results (Sutherland and Fable,
1980; Williams and Godcharles,
19842; Sutter et al., 1991).

The concept of a stock is one of
the most fundamental to fishery
management. A stock is variously
defined, ranging from the strict
definition of a single interbreeding
population to a unit capable of in-

1L. A. Collins and L. Trent, Natl. Mar.
Fish. Serv., Panama City, FL, pers.
commun. 1992,

2 Williams, R. O., and M. F. Godcharles.
1984. Completion report, king mackerel
tagging and stock assessment. Project 2—
341-R. Fla. Dep. Natl. Resour. Unpubl.
Rep., 45 p.
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dependent exploitation or management and contain-
ing as much of an interbreeding unit or as few re-
productively isolated units as possible (Royce, 1972).
An additional term that has been used to define the
stock concept used in fishery management is “unit
stock” which was referred to by Kutkuhn (1981) as
“one consisting of randomly interbreeding members
whose genetic integrity persists whether they re-
main spatially and temporally isolated as a group,
or whether they alternately segregate for breeding
and otherwise mix freely with members of other unit
stocks of the same species.” This term is more func-
tional for application to many marine resources
which have identifiable components but for which
reproductive isolation has not been demonstrated.
We consider stock and unit stock to be identical with
regard to king mackerel resources at the present
time.

Using Kutkuhn’s (1981) definition, this report
presents evidence of two stocks of king mackerel
existing in the Gulf of Mexico (the Gulf), an east-
ern and a western stock which winter off south
Florida and off the Yucatan peninsula (Mexico), re-
spectively. In the spring these fish migrate along
their respective coasts to summer areas in the
northern Gulf. The concept of two Gulf of Mexico
stocks was first presented by Baughman (1941). He
based his hypothesis on observations by fishermen
of simultaneous migrations along the eastern and
western sides of the Gulf. More recently, May
(1983)3 reported electrophoretic differences in king
mackerel between the eastern and western Gulf.
Using more recent tagging data and electrophoretic
information, Grimes et al. (1987) reintroduced the
hypothesis.

Additional evidence for a two-stock hypothesis is
the following:

1 Fish movements along the coast, as indicated by
mark-recapture studies (Fable et al., 1990%).

2 The simultaneous migration along the eastern
and western coasts of the Gulf in spring and
early summer as detected by analysis of
charterboat CPU data (Trent et al., 1987b).

8 The difference in spawning times of king mack-
erel in the northern and southern areas of the
Gulf (Grimes et al., 1990).

8 May, B. 1983. Genetic variation in king mackerel
(Scomberomorus cavalla). Final Rep. Fla. Dep. Natl. Resour.
Contract C-14-34, 20 p.

4 Fable, Jr., W.A., J. Vasconcelos P, K. M. Burns, H. R. Osburn,
L. Schultz R., and S. Sanchez G. (1990). King mackerel,
Scomberomorus cavalla, movements and migrations in the Gulf
of Mexico. Natl. Mar. Fish. Serv., Panama City Lab., Panama
City, FL (unpubl. ms.).

We report the results from electrophoretic inves-
tigations and summarize current information from
tagging, migration, and spawning time studies. We
also propose a possible mechanism to explain the
observed results with regard to the water circula-
tion of the area.

Methods and materials

Samples of muscle tissue, along with fork length
(mm) and sex, were collected during 1985 through
1990 from fish obtained in recreational and commer-
cial fisheries from North Carolina to Yucatan
(Table 1). The samples were frozen as soon as pos-
sible in the field and then shipped frozen to the Na-
tional Marine Fisheries Service’s Panama City Labo-
ratory. Muscle tissue (about 10 grams) was excised
from each sample and stored in a freezer (in 1985 at
—-5° t0 —10°C and from 1986 through 1990 at —100°C).

Tissue extracts were prepared by mixing equal
volumes of muscle tissue and distilled water and
grinding with glass rods to uniform pastes. Extracts
were centrifuged at 3,400 rpm (1,000 x G) for five
minutes, then supernatants were drawn onto 4 mm
x 8 mm filter paper inserts (Whatman 1).

Starch gel electrophoretic separation of the ex-
tracts was performed following the methods of
Kristjansson (1963). Electrophoretic buffers were
those of A) Markert and Faulhaber (1965), and B)
N-(3—-aminopropyl)-morpholine-citrate (pH 6.1)
buffer of Clayton and Tretiak (1972). The gel con-
sisted of 35 g of starch (Sigma Chemical Co. lots
123F-0591, 35K-0383, and 94F-0536) plus 250 mL
of buffer. Amperage during electrophoresis was kept
below 50 MA, and voltage varied between 100 and
400 V, depending on the buffer. Temperature was
maintained at 2°C by using a refrigerated cooling
system (see Aebersold et al., 1987, for description).
After electrophoresis, the gels were sliced into four
horizontal sections and stained for dipeptidase (EN
3.4.-.-). In 1985 (1,223 fish) and 1988 (879 fish), 27
additional enzymes were examined. Methods fol-
lowed May (1983)® and Aebersold et al. (1987).

We conducted statistical analyses using Biosys-1
(Swofford and Selander, 1981) to test for conform-
ance to Hardy-Weinberg expectations and spatially
related differences in allele frequencies compared to
distance and physical feature subdivisions. The
Kolmogorov-Smirnov goodness-of-fit test was used
for comparing allele distributions by size of fish
(100-mm-FL intervals), while the chi-square contin-
gency test was used for comparing allele distribu-
tions by sex (see Sokol and Rohlf (1981) for proce-
dures).



Table 1
King mackerel (Scomberomorus cavalla) dipeptidase-2*a allele frequencies by state for each month and year.
Month!
State and year 1 2 3 4 5 6 7 8 9 10 11 12 Total
Gulf of Mexico
Florida®
1985 0.050(26) 0.012(83) 0.132(32) 0.034(29) 0.041(170)*
1986 0.107(28) 0.93(43) 0.099(71)
1987 0.000(8)  0.000(24) 0.257(191)* 0.000(31)  0.085(106) 0.161(360)*
1988 0.000(8) 0.138(40)*  0.017(64) 0.083(75)  0.1867(21) 0.072(208)*
1989 0.174(23) 0.160(53) 0.026(39) 0.100(115)* 0.159(148)* 0.159(148)* 0.128(378)*
1990 0.677(12) 0.167(9) 0.000(4) 0.042(24)* 0.125(88) 0.402(61»* 0.182(22) 0.227(220)*
Alabama
1986 0.186(35) 0.038(26) 0.123(61)
1987 0.159(44)* 0.179(14) 0.468(77) 0.380(83)* 0.353(218)*
1988 0.920(88) 0.920(88)
1989 0.688(8) 0.688(8)
1990 0.306(18) 0.306(18)
Mississippi
1986 0.684(38) 0.147(17)  0.,788(14) 0.551(69)*
1987 0.579(19) 0.564(47) 0.568(66)
1988 0.935(23) 0.750(32) 0.206(17) 0.671(72)*
1989 0.833(3) 0.833(3)
1990 0.500(9)* 0.333(13)  0.000(13) 0.250(34)*
Louisiana
1985 0.040(25)  0.940(25) 0.477(22)  0.615(52) 0.536(124)*
1986 0.455(44)* 0.520(25)* 0.382(17) 0.459(86)*
1987 0.612(58) 0.541(148) 0.606(109) 0.633(64) 0.586(379)
1988 0.750(60) 0.306(18) 0.647(78)
1989 0.534(29) 0.534(29)
Texas (east)’
1986 0.851(104)* 0.575(100)* 0.716(204)*
1987 0.606(113) 0.606(113)
1988 0.911(225)* 0.911(225)*
1989 0.814(110)* 0.902(132) 0.806(242)*
1990 0.000(1)  0.657(35) 0.639(36)
Texas (south?
1985 0.000(1)  0.657(35) 0.463(353)
1986 0.929(7)  0.515(67) 0.434(234) 0.353(17)  0.536(28) 0.777(146)
1987 0.457(47) 0.735(34) 0.655(103) 0.725(302) 0.810142) 0.695(528)
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Table 1 (Continued)

Month!
State and year 1 2 3 4 5 6 7 8 9 10 11 12 Total
Texas (south)® Continued
1988 0.921(101)*0.978(93)*  0.750(138)* 0.799(127) 0.847(459)*
1989 0.967(15) 0.911(84)* 0.963(41)  0.953(109) 0.833(24)  0.922(53) 0.934(324)*
1990 0.935(46) 0.667(3) 0.766(64)  0.836(61) 0.833(174)*
Veracruz, MX
1985 0.031(16) 0.31(16)
1986 0.910(100)* 0.896(91) 0.600(70) 0.822(261)
1987 0.801(187) 0.801(187)
1988 0.810(77) 0.810(77)
1989 0.883(192)* 0.883(192)*
1990 0.969(128)* 0.969(128)*
Yucatan, MX
1986 0.447(76) 0.778(18) 0.511(94)*
1987 0.716(76) 0.716(76)
1988 0.670(100)* 0.670(100)*
1990 0.846(159)* 0.846(159)*
Atlantic Coast: Florida
1985 0.017(60) 0.010(50)  0.040(161) 0.037(271)*
1986 0.000(15)  0.034(104) 0.067(15) 0.034(134)
1987 0.031(16)  0.063(16) 0.047(32)
1988 0.67(45)  0.158(19) 0.079(19) 0.125(20) 0.097(103)
1989 0.077(13) 0.077(13)
1990 0.150(30) 0.667(3) 0.197(33)
Georgia
1986 0.032(31) 0.015(66) 0.021(97)
1988 0.105(19) 0.154(13) 0.118(5) 0.106(47)
1989 0.42(36) 0.100)90) 0.188(16) 0.102(142)
1990 0.035(43) 0.000(3) 0.197(60) 0.123(106)
South Carolina
1985 0.048(31)* 0.013(78) 0.023(109)*
1986 0.000(19)  0.022(113)* 0.019(132)*
1988 0.111(9) 0.180(50)* 0.100(75) 0.231(130 0.139(147)*
1989 0.083(18) 0.237(17) 0.021(29)  0.056(45) 0.064(109)
1990 0.000(26) 0.060(29) 0.036(55)*
North Carolina and Virginia
1985 0.000(17) 0.063(8) 0.047(95) 0.000(5) 0.040(125)
1986 0.023(132) 0.034(132)
1987 0.011(45) 0.060(50)  0.000(17) 0.031(112)
1988 0.188(8) 0.083(30) 0.105)38)
1989 0.024(21) 0.000(18) 0.013(39)

1 PEPA-2"a allele frequencies by month. In parenthesis ( ) is number of fish. Asterisk (
2 Key West to Pensacola, FL. Months 1-4 from Ft. Meyers to Key West, FL. Months 5-

3 Texas (east) is Galveston, TX. Texas (south) is Port Aransas to Brownsville.

*) means sample phenotypic distribution deviated from Hardy-Weinberg expectations (P<0.05).
12 from Panama City to Pensacola, FL.
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Results

Of the 50 loci surveyed in 1985, 30% were variable.
In 1988, the 50 loci were again surveyed (879 fish
from 10 locations) and 24% of the loci were found
to have variants. Variations other than dipeptidase
(EN 3.4.-.-) PEPA-2" were found in low frequency
(uncommon allele 0.000 to 0.063) in 18 polymorphic
systems. Occurrence of these variants differed be-
tween locations and years. Electrophoretic variants
were found for loci including aspartate aminotrans-
ferase (EN 2.6.1.1) sAAT", acid phosphatase (EN
3.1.3.2) ACP-2", adenosine deaminase (EN 3.5.4.4)
ADA*, adenylate kinase (EN 2.7.4.3) AK-1" and AK-
2", alanine aminotransferase (EN 2.6.1.2) ALAT]
and ALAT2", esterase-D (EN 3.1.-.-) ESTD-2" and
ESTD-37, fructose bis-phosphate aldolase (EN
4.1.2.13) FBALD-2", glucose-6—phosphate isomerase
(EN 5.3.1.9) GPI-I" and GPI-2", isocitrate dehydro-
genase (NADP*) (EN 1.1.1.42) sIDHP®, malic en-
zyme (NADP+) (EN 1.1.1.38) ME-2", mannose-6—
phosphate isomerase (EN 5.3.1.8) MPI", dipeptidase
(EN 3.4.-.-) PEPA-1", phosphogluconate dehydroge-
nase (EN 1.1.1.44) PGDH", and phosphoglucomutase
(EN5.4.2.2) PGM-2".

Use of very low-frequency variations for stock
identification of king mackerel was impractical, be-
cause sufficient sample sizes (numbers of fish) for
detection during short time periods (one month or
less) were unavailable. Tagging studies (Fable et al.,
19904) indicated that discrete geographic population
units were not available during the time intervals
required to obtain sufficient samples. Only dipepti-
dase (glycyl-leucine substrate)® consistently varied
between locations. In 1985 (1,223 fish), 1986 (1,537
fish), 1987 (2,120 fish), 1988 (1,631 fish), 1989 (1,502
fish), and 1990 (963 fish), muscle tissues were ex-
amined for the dipeptidase variation. This enzyme
developed on electropherograms as two zones of
act1v1ty, and showed the pattern of a two allele (‘a
and “b) polymorphism in the most anodal zone
(PEPA-2", in most collections, as described by May
[1983]). We refer to May’s 1 and 2 alleles (electro-
morphs) as “a and “b, respectively (Fig. 1). A third
allele (“c) which is anodal of the “a allele was found
in 1988 and 1989 collections from Veracruz, Mexico
to Alabama.® Only one homozygote (*c*c) and 20
heterozygotes (c’a) were found from 3,487 fish.

5 Enzyme is also active with valyl-leucine and leucyl-tyrosine as
substrates.

6 The genetic nomenclature for this polymorphic system accord-
ing to the recommendations of Shaklee, et al. (1990), is dipep-
tidase 3.4.-.-(PEPA-2") with three variant alleles "110, 105 and
“100. These alleles are represented in this report as *¢, *a, and
*b, respectively.
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Figure |
King mackerel (Scomberomorus cavalla) dipeptidase
(PEPA-1" and PEPA 2™): (1) schematic of gel with
25 samples (PEPA- 2%a is 0.700), (2) schematic of en-
largement of section of PEPA 2 on gel showing
three phenotypes ( a*a a'b, b’ b) and (3) photo-
graph of actual gel section used for schematic (2).

Because of the rareness of this allele (‘¢), it was
combined with allele “a for analysis.

Allele frequencies and phenotypic distributions
varied extensively within and between areas from
1985 to 1990 (Table 1). The majority of monthly
collections conformed to the Hardy-Weinberg expec-
tation; however, many of the yearly collections did
not conform. In general, higher *a allele frequencies
were found west of Florida than in Florida and along
the Atlantic coast.

The phenotypic distributions of the dipeptidase
polymorphism were not significantly correlated with
body length, with few exceptions. When the pheno-
typic distribution was compared by 100-mm-FL size
intervals for five geographic locations (Atlantic
coast, Alabama-Mississippi, Louisiana, east Texas,
and south Texas) by year, only seven of the 78 com-
parisons were significantly different (Kolmogorov-
Smirnov goodness-of-fit test, P<0.05). Four of these
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deviant collections occurred in the northern Gulf
(east Texas and Alabama-Mississippi). The other
three (1988—*a*a phenotype on Atlantic coast; 1989—
*b*p, and 1990-*a*a phenotypes in northwest
Florida) are believed to have resulted from sampling
inadequacies (in 1988, only 9 *a*a were collected on
the Atlantic coast, and in 1989 northwest Florida
had 136 of the 275 *b*b in the <600—mm-FL cell,
which represented 167 of the 344 fish; and in 1990,
northwest Florida had 12 *a*a of the 17 *a*a in the
900, 1,000, and >1,100 mm cells).

When allele distributions were compared by sex
at seven locations for each year in which sufficient
data were available, eight of the 23 allele compari-
sons deviated significantly (chi-square contingency
test, P<0.05). Six deviant collections occurred in the
northern Gulf (Texas-Mississippi 1985-1989) and
were from collections that did not conform to Hardy-
Weinberg expectations with regard to their pheno-
typic distributions. Two others occurred in Veracruz,
Mexico (1988 and 1990). The total allele-sex (1985—
90) comparisons for the seven locations did not de-
viate significantly, except for Veracruz, Mexico.
Veracruz collections were dominated by small fish
(<600 mm FL) of which sex determination was dif-
ficult, especially early in the year (Jan.—July) be-
cause of undeveloped gonads. Sex could only be de-
termined for 68% of the fish tested from this area.

The geographic pattern of dipeptidase (PEPA-2")
(1985-90) indicated that western Gulf differed from
eastern Gulf and Atlantic coast king mackerel. In
all years except 1985, comparison of allele counts
(Table 1) of the various geographic groupings of the
Gulf varied significantly (P<0.05) both within the
Gulf and between the Gulf and the Atlantic coast.
On the Atlantic coast (north of Florida vs. Florida),
the variation was found not significant (except in
1990). The trend in these comparisons was for ex-
cess *a allele in the western Gulf and for excess *b
allele in the eastern Gulf and the Atlantic coast.

Discussion

Comparisons of subdivisions (Table 2) show a con-
sistently higher level of PEPA-2*a in western Gulf
king mackerel and a deficit of this allele in king
mackerel in the eastern Gulf and along the Atlan-
tic coast.

Electrophoretic data (ours and that of May (1983)3
indicating high dipeptidase PEPA-2"a frequency in
the western Gulf and low *a frequency in the east-
ern Gulf and along the Atlantic coast supports a two
stock hypothesis for king mackerel in the Gulf. Sup-

porting information can be obtained from other in-
vestigations: mark-recapture (Fable et al., 1990%),
charterboat catches (Trent et al., 1987b) and spawn-
ing date analysis (Grimes et al., 1990). Fish move-
ments indicated by mark-recapture are consistent
with the two stock hypothesis. The charterboat in-
formation provides evidence of simultaneous north-
ward migration on both sides of the Gulf, while the
spawning date information offers evidence for repro-
ductive isolation.

The king mackerel dipeptidase (PEPA-2") varia-
tion found in 1985-90 was similar to the variation
first reported by May (1983)3. His data showed
higher dipeptidase *a allele frequencies for Louisiana
(0.618) and Texas (0.736) than were found eastward.

Temporal variations in the PEPA-2" allele frequen-
cies are difficult to interpret without taking into
consideration the migratory behavior. The variation
was extreme at some locations, giving the impres-
sion that the samples were collected from different
or mixed schools from different origins. For example,
in east Texas (Galveston-Freeport area) (1986), five
discrete collections (5 July-28 August) of 27 to 56
fish each (204 total) were sampled. The PEPA-2°a
frequencies were 0.933, 0.769, 0.202, 0.839, and
0.037 (in collection order). In other collection peri-
ods, variations in frequencies indicated that we had
sampled the same school of fish. For example, in
Louisiana (1987) three collections 7 days apart (21
Aug.—4 Sept.) were obtained. Their PEPA-2°a fre-
quencies were 0.590 (50 fish), 0.580 (50 fish), and
0.594 (48 fish). In view of the extreme variability of
PEPA-2* frequencies, numerous deviations from
Hardy-Weinberg expectations, and sampling difficul-
ties (one or more schools per collection), proper spa-
tial subdivision and grouping of collections for test-
ing specific hypotheses is arduous. The expanse of
the sampling area (Virginia to Yucatan) can be di-
vided into various subdivisions representing dis-
tance or physical features (Table 2). Examples of
subdivisions by distance are the following: Missis-
sippi westward vs. Alabama eastward, Alabama to
Florida Keys, Florida vs. Atlantic coast, and Florida
east vs. Georgia northward. Examples of physical
subdivisions are the following: Florida peninsula
(Florida east coast versus Florida west coast), east-
ern Gulf and Atlantic coast (Alabama to Florida
Keys versus Atlantic coast), and northern and west-
ern Gulf (Louisiana-Mississippi versus Texas versus
Mexican sector of the Gulf) (See also Collard and
Ogren, 1990).

Caution should be applied to interpreting electro-
phoretic results in which variation has not been
proven to be of genetic origin by the use of breed-
ing analysis (i.e., crossing of phenotypes and analy-
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sis of offspring). Deviation from
Hardy-Weinberg expectations
can result from stock mixing,
natural selection, or drift in
small populations (Smith,
1990). While we favor the inter-
pretation that these king mack-
erel data suggest stock mixing,
consideration should be given
to natural selection as the ul-
timate maintenance factor of
PEPA-2" frequencies as sug-
gested for dipeptidase (PEPA-
LT") and other variations found
in Menidia beryllina (Johnson,
1974).

Electrophoretic data suggest
that two stocks of king mack-
erel occur in the Gulf, a west-
ern stock with high frequency
of the *a allele and an eastern
stock with a low frequency of
the *a allele. The northern Gulf
appears to be a zone of mixing
of these two stocks during the
summer. Qur electrophoretic
information does not distin-
guish the eastern Gulf fish
from those along the Atlantic
coast.

Historical tagging data
showed migration between
south Florida and the north
and northwest Gulf. Williams
and Godcharles (1984)2 (and
Sutter et al.’s later analysis
(1991) of Williams and
Godcharles’ data) can be exam-
ined in light of the two stock
hypothesis. Williams and
Godcharles tagged approxi-
mately 12,000 king mackerel
off south and southeast
Florida, primarily in winter
months. Forty-nine tags were
recovered in the northeast Gulf
and another 49 tags were re-
turned from the northwest
Gulf. Almost all tagged fish
were recaptured in the warmer
months of the year, supporting
the hypothesis of migration
from wintering grounds in
southeast Florida waters to
northern Gulf of Mexico waters

Table 2

Comparisions of geographic groupings of allele counts of dipeptidase (PEPA-
2") in king mackerel. (Scomberomorus cavalla), 1985-90.

Location’ Year Alleles r2 df P Remarks
MS westward vs. AL eastward (distance)®
1985 1,620 297.3417 1 <0.001 Deficient *b in MS
westward
1986 1,676 340.9499 1 <0.001 Devidient *b in MS
westward
1986 3,976 283.7311 1 <0.001 Deficient *b in MS
westward
1988 2,468 812.6335 1 <0.001 Excess *b east of Al
Deficient *a east of AL
1990 1,926 793.5280 1 <0.001 Excess *b east of AL

Key West, FL westward vs. Atlantic coast (physical)

1985
1986
1987
1988

1989

1990

2,630
2,662
3,865
3,084

3,004

1,926

329.0983
879.2843
271.3356
643.4390

657.913

339.2062

1
1
1
1
1

1

<0.001
<0.001
<0.001
<0.001

<0.000

<0.001

AL to Key West, FL vs. Atlantic coast (distance)

1985
1986
1987
1988

1989

1990

1,518 0.0040
1,258 33.1770
1,550 64.6325
1,022 10.4639
1,406 6,2033

864 22.0855

1
1
1
1
1

1

>0.90

<0.001
<0.001
<0.001

>0.01

<0.001

Deficient *a east of AL

Excess *a in Gulf

Excess *a in Gulf

Excess *a in Gulf

Excess *b in Atl. coast
Deficient *a in Gulf
Excess *b in Atl. Coast
Deficient *a in Atl. Coast
Excess *b in Atl. coast
Deficient *a in Atl. coast

Excess *a in Gulf
Deficient *a in Atl. coast
Excess *a in Atl. coast
Deficient *q in Gulf
Excess *a in Gulf
Deficient *a in Atl. Coast
Excess *a in AL to

Key West, FL
Deficient *e in Atl. coast

Within northern and western Gulf (LA-MS, TX, MX) (physical)

1985
1986

1987

1988

1989

1990

1,110
1,410

2,416
2,062
1,598

1,062

7.9835
135.5281

71.5602

40.1994

70.2421

120.9159

2
3

2

>0.01
<0.001

<0.001

<0.001

<0.001

<0.001

Within Atlantic coast (N of FL vs. FL) (distance)

1985
1986
1987
1988
1990

1,008
992
336
616
388

0.0738
1.8493
0.1133
0.9336
6.0278

1

e el

>0.70
>0.10
>0.70
>0.30
>0.01

Excess *b in LA-MS
Excess *a¢ in MX
Excess *b in LA-MS
Excess *a in MX
Excess *b in LA-MS
Deficient *b in TX
Excess *b in LA-MS
Deficient *a in LA-MS
Excess *b in LA-MS
Deficient in *a in LA-MS
Deficient in *b in MS

Excess *a in FL

! Abbreviations are used for states: AL=Alabama; FL=Florida; LA=Louisiana; MS=Mississippi;
TX=Texas; MX=Mexico
? In parentheses { ) general clagsification of range subdivisions. See text.
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in the summer. These authors also tagged fish off
North and South Carolina, but none were recovered
in the Gulf.

According to Fable et al. (1990),* king mackerel
tagged in northwest Florida have been recovered in
south Florida. Typically, these are the smallest and
youngest tagged in the southeast United States.
Sutherland and Fable (1980) showed that northeast
Gulf fish migrated to south Florida. However, addi-
tional tagging (Fable et al., 1990%) showed that
northeast Gulf fish eventually moved westward to
Louisiana, Texas, and Mexico waters when they had
been free for a sufficient time and grown to a larger
size.

Tagging off Louisiana from 1983 to 1985 (Fable
et al., 1987) indicated that the northwest Gulf may
have year round residental large king mackerel that
mix in the warm months with smaller migrants
from south Florida and Mexico. Recent tagging data
(Fable et al., 1990%) from this region have provided
additional recoveries from both south Florida and
Mexico, strengthening this interpretation. Addi-
tional support is provided by the occurrence in Loui-
siana of a year-round king mackerel fishery, whereas
elsewhere the fishery is seasonal.

In contrast to historical reports, recent tagging
(Fable et al., 1990%) showed movements between
Texas and Mexico. Fish tagged in Texas waters mi-
grate to both Florida and Mexico. Additionally, fish
movements between Texas and eastward (as far as
Panama City, FL) were documented.

Mark-recapture data (Fable et al., 1990%) from
tagging in Mexican waters suggest that the states
of Campeche and Yucatan are wintering areas for
king mackerel in the western Gulf. Fish tagged in
warmer months (April-July) in Texas, Tamaulipas,
and Veracruz were found in Campeche and Yucatan
in the winter. Tagging efforts (Fable et al., 1990%)
in Veracruz have provided evidence of northward mi-
grations to Tamaulipas and Texas in spring and sum-
mer, and movement to the Yucatan peninsula in winter.

Additional evidence supporting two Gulf stocks
can be found in catch-effort data of king mackerel.
Although the data are complicated by different fish-
ing strategies depending on the type of fishery (rec-
reational or commercial) and regulatory closures,
detailed analysis of catch data from the southeast-
ern United States charterboat fishery indicated that
in spring and early summer some stocks of fish si-
multaneously migrated northward along the west-
ern and eastern coasts of the Gulf (Trent et al.,
1987b). They also developed the .. .idea that part
of the population of large fish remains in the Loui-
siana area year-round and that the abundance of
these fish is greatest during cold months.”

The fishery for king mackerel in Louisiana is
unique among the fisheries in the northern Gulf of
Mexico in that it is year-round; elsewhere it takes
place mainly from late spring to late fall. The win-
ter fishery (commercial hook-and-line) in Louisiana
began in 1981-82. Distinctive differences character-
ized winter and spring-fall seasons: 1) the smallest
fish (both males and females) were caught April to
October whereas the largest fish were caught be-
tween November and March; 2) females were more
abundant in the winter fishery than at other times
of the year (Trent et al., 1987a).

For two or more populations to maintain separate
identities they must be isolated, either physically or
reproductively (Hartl, 1980). In the case of Gulf king
mackerel, there is evidence for reproductive isola-
tion. Grimes et al. (1990) presented a detailed ex-
amination of the distribution and occurrence of lar-
val and juvenile king mackerel in the Gulf (based
on published reports, neuston sampling, and Mexi-
can trap net and trawl collections). The spawning
season in the northern Gulf (U.S. waters), as indicated
by the seasonal occurrence of larvae, is May to Octo-
ber. Larval collections off Mexico were sparse and of-
fered little information on spawning seasonality.

The summer spawning period in the northern
Gulf was also indicated by seasonal gonadal devel-
opment of king mackerel (Finucane et al., 1986).
They reported that reproductive activity occurred
from May through September; a few fish were re-
productively active as early as April and as late as
October. However, spawning dates of January
through August for Mexican juveniles estimated
from otolith data showed a bimodal distribution,
which suggests that spawning seasons in Mexican
waters are different from those in the northern Gulf
(Grimes et al., 1990).

Two of the four collections of juvenile king mack-
erel in Mexico used by Grimes et al. (1990) had tis-
sue samples (Tampico, July 1986, and Playa Norte,
Sept. 1986), and we analyzed these samples for
PEPA-2* variation. Spawning dates of fish in the
Tampico collection ranged from mid-February to
mid-April and PEPA-2"a frequency was 0.896. The
Playa Norte collection’s spawning dates ranged from
mid-April to mid-July, and PEPA-2"a frequency was
0.600 (Table 1).

Water circulation data for the Gulf of Mexico
(Salsman and Tolbert, 19637) and information from
Trent et al. (1987b), Grimes et al. (1990), Fable et
al. 1990,4 along with our data on king mackerel, sug-

7 Salsman, G. G., and W. H. Tolbert. 1963. Surface currents in
the northeastern Gulf of Mexico. U.S. Navy Mine Defense
Laboratory, Panama City, FL, Res. and Dev. Rep. 209, 43 p.
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gest one plausible scenario with regard to king
mackerel stocks in the Gulf of Mexico. A western
population exists that winters and spawns in the
Gulf of Campeche. The Mexican Current serves as
an entrainment system for its young. As these young
become older and larger, they are able to cross the
region of offshore advection and utilize the north-
ern Gulf area (Texas to Florida) for summer feed-
ing. This stock of fish has a high PEPA-2"a fre-
quency and spawns earlier in the year than fish in
the northern and eastern Gulf of Mexico. No infor-
mation (tagging, electrophoretic, or reproductive) is
available on fish of the Yucatan Straits area and the
Caribbean Sea to evaluate their relation to the west-
ern Gulf of Mexico fish. An eastern population of
king mackerel uses the eastern and northern Gulf
of Mexico area as entrainment systems for its young
and the northern Gulf (Florida-Texas) as summer
feeding grounds. The spawning area extends from
Texas to northwest Florida between April and Oc-
tober; the majority of spawning probably occurs in
the northwest Florida-Louisiana area. Tagging stud-
ies suggest that this stock uses south Florida and the
southeast coast of Florida as its wintering grounds.
The Louisiana area is somewhat of an enigma.
Tagging studies indicate that the area is used by fish
from both sides of the Gulf, fish are in the area year-
round, PEPA-2"a frequencies are between the ex-
tremes of the east and west Gulf, and tag recover-
ies from winter tagging in Louisiana have been from
Louisiana and westward, whereas recoveries from
summer tagging were both east and west of Louisi-
ana. Additionally, Finucane et al. (1986) suggested
an earlier distinct peak in gonadal development
(May) for Louisiana-Mississippi than in northwest
Florida (August) and in Texas (August). The ques-
tion still remains: Does the Louisiana area have an
independent spawning population that utilizes the
northern Gulf currents for its life cycle? The exist-
ing evidence (especially tagging) suggests the area
is not independent; however, information comes
from larger fish. Thus, the area may be occupied by
individuals from both sides of the Gulf which may
or may not reproduce in the area. Further investi-
gation especially on the younger life stages using other
methods of analyses may answer this question.
Another group (stock) of king mackerel that im-
pinges upon the Gulf of Mexico resources (officially
recognized by Fishery Management Councils) is the
Atlantic Migratory Group. This group has a vary-
ing range from Virginia to southwest Florida de-
pending on the time of the year (Gulf of Mexico and
South Atlantic Fishery Management Councils,
1985).-The stock is considered to winter in South
Florida and ranges along the Atlantic coast to North

Carolina and South Carolina during the summer.
The fish probably spawn from May to October with
a peak in July (Finucane et al., 1986). These fish are
currently regulated as a group with seasonal south-
ern boundaries of lat. 25°48'N (the Collier/Monroe
County line, FL) from 1 April to 31 October and lat.
29° 25'N (the Volusia/Flagler County line, FL) from
1 November to 31 March. Tagging information sup-
ports this separation (Gulf of Mexico and South
Atlantic Fishery Management Councils, 1985).

PEPA-2"a allele frequencies are generally low
(0.00-0.10) along the Atlantic coast as in the east-
ern Gulf of Mexico. The higher PEPA-2°a values
(>0.10) occasionally encountered may be the result
of fish entrapped in water masses coming up the
coast from outside the east coast of Florida. This
possibility is suggested by the recovery along this
coast of drift bottles that were released in the
Yucatan Straits area (Salsman and Tolbert, 19637).

All these stocks need to be further investigated in
order to be elevated to the status of genetic stocks
(i.e., completely isolated reproductive populations of
the same species).

Conclusion

Four lines of evidence for a two stock hypothesis for
the Gulf of Mexico king mackerel have been pre-
sented. The two stock hypothesis states that the
Gulf contains a western stock of king mackerel,
which winters in Mexico and migrates in spring and
early summer to the northern Gulf (Texas-Alabama),
and an eastern Gulf stock which winters in south
Florida and migrates in spring and early summer
to the northern Gulf. The two stocks mix in the
northern Gulf during the summer.
The four lines of evidence are the following:

1 Dipeptidase (PEPA-2") data showing western
Gulf fish high in *a allele and eastern fish low
in *aq allele.

2 Mark-recapture data showing movement along
both sides of the Gulf from south to north.

3 Catch data indicating simultaneous migrations
northward on each side of the Gulf in early
spring and summer.

4 Estimates of spawning dates suggesting pos-
sible temporal and spatial differences between
the northern and southern Gulf.
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Abstract.—The spawning
seasonality, fecundity, and daily
egg production of three species of
short-lived clupeids, the sardine
Amblygaster sirm, the herring
Herklotsichthys quadrimaculatus,
and the sprat Spratelloides
delicatulus were examined in
Kiribati to assess whether vari-
able recruitment was related to
egg production. All species were
multiple spawners, reproducing
throughout the year. Periods of
increased spawning activity were
not related to seasonal changes in
the physical environment. Spawn-
ing activity and fish fecundity
were related to available energy
reserves and, hence, food supply.
The batch fecundity of A. sirm and
S. delicatulus also varied inversely
with hydrated cocyte weight.

The maximum reproductive life
span of each species was less than
nine months and averaged two to
three months. Each species had a
similar spawning frequency of
three to five days, but this varied
more in A. sirm and S. delica-
tulus. Amblygaster sirm had the
highest fecundity and potential
lifetime egg production, but the
number of eggs produced per ki-
logram of fish was highest in the
small sprat S. delicatulus.

Monthly estimates of the daily
egg production of each species
varied with the proportion of the
population that was spawning.
Estimates of egg production
showed little similarity to the fre-
quency distribution of birthdates
back-calculated from length-fre-
quency samples. The distribution
of back-calculated birthdates con-
firmed that fish spawned in all
months, but the proportion born
each month varied widely from
species to species and year to year.
The reproductive strategy of these
species ensures that successful
spawning is likely, and so the
level of recruitment is more de-
pendent on post-hatching survival
rates than on egg production.
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The sprat Spratelloides delicatulus,
the herring Herklotsichthys quadri-
maculatus, and the sardine Ambly-
gaster sirm are the dominant tuna
baitfish species in the Republic of
Kiribati (Rawlinson et al., 1992).
All three species inhabit coral reef
lagoons and adjacent waters.
Sprats school in shallow water
around reefs and adjacent seagrass
during the day. Herring also form
dense schools in shallow water
along the shoreline and among
reefs during the day (Williams and
Clarke, 1983). Unlike the other
species, sardines school near the
bottom of the lagoon during the day
(Conand, 1988). All species disperse
into the mid and upper waters of
the lagoon during the night to feed
and become available to the com-
mercial fishery.

A major source of lost fishing
time by pole-and-line vessels in
Kiribati has been irregular baitfish
catches (MacInnes, 1990). These
important tuna baitfish species
have shown large seasonal and
interannual fluctuations in abun-
dance since they were first re-
corded during the 1940’s (McCar-
thy, 1985!; Rawlinson et al., 1992).
Both A. sirm and H. quadrima-
culatus disappear from baitfish
catches for variable periods and
can be absent for months or years
(Kiribati Fisheries Division, 19892).

Changes in abundance may be
related to variable or irregular re-
cruitment, because many clupeoids
(especially clupeids and engraulids)
have little capacity to compensate
for environmental variation during
the period of peak spawning and egg
production (Cushing, 1967, 1971).

Most clupeids, including some
tropical species, are multiple
spawners (Alheit, 1989). Multiple
spawning should be advantageous
for short-lived species because it
enables them to maintain rela-
tively stable population sizes in
unpredictable environments
(Armstrong and Shelton, 1990).
Multiple spawning has been estab-
lished for few tropical clupeids
(e.g., Sardinella brasiliensis; Isaac-
Nahum et al., 1988). Of the three
major baitfish species in Kiribati,
only S. delicatulus has been shown
to be a multiple-spawner (Milton
and Blaber, 1991). All three species
are subject to high natural mortal-
ity in Kiribati (Rawlinson et al.,
1992), thus lifetime egg production

1 McCarthy, D. 1985. Fishery dynamics and
biology of the major wild baitfish species
particulary Spratelloides delicatulus, from
Tarawa, Kiribati. Kiribati Fisheries Div.,
Tarawa, Kiribati, 53 p.

2 Kiribati Fisheries Division. 1989. Fisher-
ies Division 1989 Annual Rep., Ministry

of Natural Resources Development,
Tarawa, Kiribati, 38 p.
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may be increased if they spawned multiple batches
of eggs.

Egg production of multiple spawning species de-
pends on reproductive life span, the time between
spawnings, and the age structure of the population
(Parrish et al., 1986). Batch fecundity of S. delica-
tulus varies widely between sites, both within and
between countries (Milton et al., 1990). In a short-
lived species such as S. delicatulus (<5 months;
Milton et al., 1991), reproductive life span may have
an important influence on potential lifetime egg
production.

Batch fecundity of H. quadrimaculatus does not
appear to vary throughout its distribution, and
ranges from 4,000 to 10,000 eggs (Marichamy, 1971;
Hida and Uchiyama, 1977; Williams and Clarke,
1983; Moussac and Poupon, 1986; Conand, 1988).
Fish mature at about 90 mm in length at six months
of age (Williams and Clarke, 1983), and they sur-
vive for at least one year (Milton et al., 1993). Little
is known of fecundity and egg production of A. sirm.
Fecundity of the species is related to length and
weight, with a mean of 20,000 eggs per batch, and
individuals probably spawn more than one batch of
eggs (Conand, 1988).

Temperate clupeids vary widely in life-history
parameters (e.g., Clupea spp., Jennings and
Beverton, 1991). Food availability and environmen-
tal conditions affect the size and number of eggs of
Pacific herring (Clupea pallasi) (Hay and Brett,
1988). Results of studies of temperate clupeoids
suggest that they do not spawn during periods of
high food abundance, but store energy as fat for
later reproductive activity (Hunter and Leong, 1981,
Iles, 1984). There are no similar studies of tropical
clupeids. Encrasicholina heterolobus, a tropical
engraulid, does not deplete energy reserves in the
liver or soma during spawning (Wright, 1990). Fish
with higher condition factor (K) also had higher
fecundity.

Stored energy or fish condition that may influence
both spawning frequency and batch fecundity have
a marked influence on egg production and, hence,
affect subsequent recruitment (Ricker, 1954;
Beverton and Holt, 1957). Adult reproductive varia-
tion should strongly influence recruitment in short-
lived tropical species that have short larval phases
and rapid growth. An example is S. delicatulus
which, in the Solomon Islands, live a maximum of
five months and mature at about two months of age
(Milton and Blaber, 1991; Milton et al., 1991).
Amblygaster sirm and H. quadrimaculatus live less
than two years (Milton et al., 1993) and mature in
6—12 months (Williams and Clarke, 1983; Conand,
1988).

In this study, we examined the variability in re-
productive biology of the three major baitfishes in
Kiribati to determine the influence of adult repro-
ductive variability on subsequent recruitment. Our
objective was to test the hypothesis that reproduc-
tive biology of short-lived clupeids is adapted to
maintaining relatively stable population sizes. We
determined potential life-time egg production and
whether estimated egg production is related to the
frequency distribution of back-calculated birthdates.

Methods and materials

Study areas

The Republic of Kiribati covers an area of 3 x 106
km? in the central Pacific ocean and comprises three
main island groups (Gilbert, Phoenix, and Line Is-
lands) (see Inset Fig. 1). The Gilbert Island group
is the most populated, consisting of 16 coral reef
islands. All islands in the group have a typical ocean
platform coral reef structure and have been built up
by scleractinian corals and coralline algae on a sub-
merged mountain (Gilmour and Colman, 1990%).
Most atolls consist of small islets lying on the east-
ern side of a lagoon with an open western side due
to the prevailing easterly winds. Most typically have
passages between the islets through which water is
exchanged.

The four study sites (Abaiang, Butaritari, Tarawa,
and Abemema) were typical of islands in the Gilbert
Island group; all had narrow islets on their south-
ern and eastern sides, except Abaiang (Fig. 1). La-
goons were mainly shallow (20-30 m deep), often
with large areas of intertidal seagrass or sand on
their eastern sides. Bottom topography of the deeper
parts of the lagoon was generally smooth, with some
coral outcrops. Our study sites were similar to those
described by Hobson and Chess (1978) in the
Marshall Islands.

Environmental parameters

On each sampling occasion, we measured the time
of collection, sea surface temperature (°C), cloud
cover {(okters), wind direction and speed, and moon
phase because these factors may be related to
spawning or recruitment (Dalzell, 1985, 1987;
Peterman and Bradford, 1987; Milton and Blaber,
1991). For each site, monthly rainfall data for 1989

3 Gilmour, A. J., and R. Colman. 1990. Report on a consultancy
on a pilot environmental study of the outer island development
program, Republic of Kiribati. Graduate School of the Environ-
ment, Macquarie Univ., Australia, 151 p.
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and January 1989 from Tarawa. Fish
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were caught by several methods at
each site. Most samples were collected
from the commercial tuna baitfish
catches each month at each site.
Supplementary samples were ob-
tained by beach-seining (H.
quadrimaculatus and S. delicatulus),
cast-netting (H. quadrimaculatus) in
shallow water during the day, or gill-
netting (25— and 38-mm stretched
mesh) at night near baitfishing opera-
tions. All fish were preserved in 70%
ethanol.
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Reproductive biology

Laboratory studies All fish collected
from commercial baitfish sampling
were measured (standard length in
millimetres), and a subsample of 20 to
60 specimens weighed (+0.005 g). Go-
nads, otoliths, liver, and viscera were
removed and the amount of visible fat
subjectively estimated. Both ovaries
from the first 20 females of each spe-
cies at each site for each month were
dried of surface moisture, weighed
(+0.001 g) and stored in 4% formalin-
seawater for histology. Testes, ovaries
of other fish, liver, and the soma were
dried at 60°C to a constant weight.
Otoliths were used to estimate the
age (in days) of each fish by methods
: outlined in Milton et al. (1993). Addi-

0°—

2°8—

Figure 1

tion in the Pacific.

Map of Gilbert Islands, Kiribati showing the four study sites
(Butaritari, Abaiang, Tarawa, and Abemama). Inset shows the ter-
ritorial boundary of Kiribati, the Gilbert Islands, and their posi-

tional samples of fish caught by other
methods were treated separately, but
in a similar way. We report only on
results of studies of fish collected from
commercial samples unless otherwise
stated.

and 1990 were obtained from the Kiribati Govern-
ment Meteorological Division.

Sampling

Fifty to 1,000 Amblygaster sirm, Herklotsichthys
quadrimaculatus, and Spratelloides delicatulus were
collected monthly at one or more of four sites in
Kiribati (Butaritari, Abaiang, Tarawa, and
Abemama; Fig. 1) between August 1989 and May
1991. Additional samples of A. sirm and H.
quadrimaculatus were collected in November 1988

For histological preparations, go-
nads were embedded in paraffin, sec-
tioned at 9 mm, and stained with Ehrlich’s
haemotoxylin and eosin (McManus and Mowry,
1964). Gonad maturation stages were defined follow-
ing Cyrus and Blaber (1984) and Hunter and
Goldberg (1980), and were similar to those of
Moussac and Poupon (1986) for H. quadrimaculatus
from the Seychelles. We staged each gonad accord-
ing to the relative numbers of cells at each develop-
mental stage (Young et al., 1987; Table 1), and the
presence of any post-ovulatory follicles was noted.
The percentage of each histological section that cor-
responded to each developmental stage was subjec-
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Table 1

Criteria used for staging female gonads of tropi-
cal clupeids stained with haematoxylin and eosin.

Stage Histology

(1) Immature Chromatin nucleolar stage —
prefollicle cells surround each
oocyte

(2) Developing/resting Perinucleolar stage —
uniform staining cytoplasm
Yolk vesicle formation; some
non-staining yolk (lipid)
Vitellogenic stage — red-
staining yolk; developed
chorion

Globular red-staining yolk;

(3) Maturing

(4) Ripe

(5) Running ripe

(spawning) oocytes hydrated; develop-
ment complete
(6) Spent Presence of post-ovulatory

follicles; cortical alveoli
present and/or atresian of
remaining ripe oocytes

tively estimated. Post-ovulatory follicles were aged
according to stages found in other multiple-spawning
clupeoids (Hunter and Goldberg, 1980; Goldberg et al.,
1984; Isaac-Nahum et al., 1988). Gonosomatic indices
(GSI) were calculated as the ratio of wet gonad weight
to somatic weight (total weight minus gonad weight),
expressed as a percentage. Similarly, we calculated a
hepatosomatic index (HSI) as the ratio of liver dry
weight to somatic dry weight (total weight minus en-
tire viscera), expressed as a percentage.

Length and age at sexual maturity were defined
as the minimum size and age at which fish had ripe
oocytes (Stage 4), determined by histological exami-
nation. Fish that had running-ripe oocytes (Stage 5)
were recorded as in spawning condition. We defined
the length and age at first spawning as the small-
est size where the proportion of running-ripe oocytes
in the section exceeded 85% for more than 50% of
the fish of that length or age. We chose this crite-
rion after examining large numbers of histological
sections with running-ripe oocytes. In these sections
they always represented more than 85% of the sec-
tion area. Our results were similar to that found in
other tropical clupeoids (Milton and Blaber, 1991).
The reproductive life span of the population of each
species at each site each month was determined
from the oldest fish (Milton et al., 1993) in each
sample minus the age at first spawning.

We estimated batch fecundity for each species
from fish that had been examined histologically and
had oocytes that were starting to hydrate (ripe-early
running ripe; Stages 4-5; Table 1), but we did not

examine the fecundity of fish with any empty fol-
licles. An advanced modal size group of oocytes could
be distinguished in ripe fish. We separated a
subsample of between half (A. sirm) and all (S.
delicatulus) of the ovary and weighed it. The num-
ber of eggs in the advanced mode was counted and
the fecundity was estimated by multiplying the
number of eggs in the subsample by the ratio of total
gonad weight to subsample weight. Fecundity esti-
mates were made within three to four days after the
ovary was removed from the fish to minimize the
potential bias of differential absorption of fixative
by oocytes and surrounding somatic tissue.

We used hydrated oocytes from fish caught be-
tween 2000 and 2330 hours to estimate egg weight.
Oocyte weights were estimated from hydrated oo-
cytes in ovaries that were almost ready to spawn
(late Stage 5; Table 1). We measured oocyte dry
weight by counting 10 samples of 10 oocytes from
each ovary, drying the oocytes at 50° C to a constant
mass and weighing each subsample separately.

We scored visceral fat on a five-point scale. If a
fish had less than 25% of the intestine covered in
fat deposits, it was scored as (1); 25-50%, (2); 50—
75%, (3); and 75-100%, (4). A fish scored (5) when
all intestine was covered with fat and deposits were
also present around the stomach (Nikolsky, 1963).

The proportion of females examined histologically
each month that had post-ovulatory follicles (POF;
Stage 6) was used to evaluate reproductive season-
ality. We determined that these fish had spawned
within the previous 15-48 hours, because these
structures decompose and cannot be recognised af-
ter that time (Hunter and Goldberg, 1980; Clarke,
1989). In samples where no fish had POF’s, we used
the proportion of fish in the histological subsample
whose sections had greater than 85% running-ripe
oocytes (Milton and Blaber, 1991). We used this
proportion to calculate monthly estimates of mean
daily oocyte production and the number of batches of
oocytes spawned each month (Parrish et al., 1986).

We estimated daily oocyte production (n/kg of
adults; egg production index) for samples collected
from commercial baitfishing, because these samples
were assumed to be most representative of the popu-
lation. Our methods were similar to those of Parker
(1980, 1985), which have been used to estimate the
spawning biomass of a number of multiple spawn-
ers (Armstrong et al., 1988; Pauly and Palomeres,
1989; Somerton, 1990). However, our methods dif-
fered because we used commercial catch per unit of
effort (CPUE) as an index of adult abundance.

Egg production
index

=(X.(hpFSR)/Y, W)+ CPUE (1)
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where f; is the proportion of females in the ith
length class, p is the proportion of the sample
spawning, F, is the fecundity of a fish of that length
taken from the fecundity-length regression, SR, is
the sex-ratio of the ith length class and W, is the
total weight of fish in the ith sample. CPUE was
estimated from the monthly catch returns of the
commercial fleet. We chose this method of estimat-
ing egg production because S. delicatulus have de-
mersal eggs (Leis and Trnski, 1989) and the eggs of
A. sirm and H. quadrimaculatus are difficult to
sample adequately in the large areas of suitable
habitat in each lagoon.

For comparison with adult spawning data, we
back-calculated the distribution of birthdates of fish
collected in each length-frequency sample by using
the growth equations of Milton et al. (1993). Fre-
quencies in each age class were adjusted for mor-
tality by using the estimates of Rawlinson et al.
(1992). The distribution of birthdates was also back-
calculated for H. quadrimaculatus and S. delica-
tulus length-frequency samples from previous stud-
ies at one site (Tarawa) January 1976 to February
1977 (R. Cross, 1978*%) and May 1983 to April 1984
(McCarthy, 1985!). We used age distribution in these
earlier studies and those of the present study to ex-
amine seasonal, annual, and site-related differences
in the reproductive life span of each species.

Statistical analyses Inter- and intra-specific differ-
ences in fat index, HSI and K were examined with
Fisher’s t-tests to account for unequal sample sizes.
Seasonal and site-related differences in fecundity
(expressed as oocytes per gram) were examined by
analysis of covariance with weight as the covariate.
Hydrated oocyte weight and reproductive life span
were examined by one-way analysis of variance.
We examined the relative influence of exogenous
and endogenous factors on the fecundity of each
species at each site by stepwise regression (Sokal
and Rohlf, 1981). We included the following: length,
weight, age, sea-surface temperature (°C), wind
speed (in knots), moon phase (expressed by fitting
a sin/cosin curve to the number of days since the last
full moon before the sample was taken divided by
the number of days in a lunar month (29.5) (Milton
and Blaber, 1991), fish condition (K: weight/length?),
fat, and HSI(%). We retained only those variables
that significantly improved the fit of the model
(P<0.05). Because several of these variables were
correlated, we did a partial-correlation analysis be-
tween these variables and fecundity, and the results

4 Cross, R. 1978. Fisheries research notes. Fisheries Division,
Ministry of Commerce and Inductry, Tarawa, Kiribati, 58 p.

of the two approaches were compared. If the variable
most related to fecundity in the stepwise regression
was not the one most related to fecundity in the par-
tial-correlation analysis, the stepwise regression model
was discarded and no relationship was assumed.

In order to estimate egg production (Eq. 1), we
estimated the proportion of females in each 5-mm
length class from the total sample of each species.
The variance of these estimates was calculated by
using the normal approximation to the binomial dis-
tribution (Walpole, 1974). We assessed whether the
monthly percentage of annual egg production was
related to the proportion of annual recruitment in
the same month by rank-correlations (Conover,
1980).

The average age of the potential spawning popu-
lation in each sample was compared by a nested
analysis of variance with month of sampling nested
within year. Significant differences between treat-
ments were identified from comparison of the least-
squares means of each treatment, as sample sizes
differed between cells (Sokal and Rohlf, 1981).

Results

Environmental parameters

Sea-surface temperature in Kiribati varied little
throughout the year. During the study period, tem-
peratures varied between 29°C and 32°C (Table 2).
Rainfall varied along the Gilbert Island group; rain-
fall was higher in Butaritari than at the other sites.
Some rain fell throughout the study period but was
more intense during 1990 at all sites. Rainfall dur-
ing 1989 was below the long-term average at all
sites and was 16-50% that of 1990. The highest
rainfall fell during the north-east monsoon (Decem-
ber—April) at all sites. Winds were mostly light, and
varied in direction seasonally, blowing from the east
during the monsoon, but from the south-south-west
for the rest of the year (Table 2).

Reproductive biology

Maturation The length and age at first maturity
of A. sirm varied between sites (Table 3). Ambly-
gaster sirm matured younger and smaller in Kiribati
than elsewhere. Length and age at first spawning
were much greater than the length or age when fish
reached sexual maturity, but this size was similar
to that of fish from northern Australia (Table 3).
Herklotsichthys quadrimaculatus matured and were
capable of spawning at 70 mm length and 4 months
of age (Table 3). The relative size and age at which
fish matured (as a proportion of maximum size and
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age) did not differ among fish
from the four sites. In Kiribati,
S. delicatulus become sexually
mature at 40 mm and two

Mean water temperature (*C), wind speed (kn), cloud cover, and monthly
rainfall (mm) at four sites in Kiribati from November 1988 to May 1991.

Table 2

months of age and spawn
shortly afterwards. Compared

Parameter

Butaritari Abaiang Tarawa Abemama

to the other species, the length

and age at maturity and first Range 28-32 27-33 29-30 29-31
spawning varied less among Wind speed (kn) 22+06 4209 54+12 22+02
sites (Table 3). The three spe- Range 0-7 0-10 1-15 1-5
cies differed in the length and Prevailing direction East East East East
age at sexual maturity and Cloud cover (okters) 2106 5106 3105 1+04
first spawning. However, as a MRatI;ﬁe infall (mm) (1945-88) 26:_1:635 1311_+735 1650_4-735 12:_:33
. O . n rainia min — = X

proportion of their maxima, the Range 7-908  0-761  0-824  0-728
three species were similiar (t- Monthly rainfall 1989 (mm) 184+ 29 4210 77+23 36+ 10
test; P>0.1). All matured an‘d Range 51-351 0-108 6-235 3-102
spawned at about 70% of maxi- Monthly rainfall 1990 (mm) 404 + 37 - 298 + 51 202 + 31
mum size and 50% of maxi- Range 195-614 19-643  93-402
mum age (Table 3). Months sampled 14 12 18 13

Water temperature (°C)

30.2+03 302x04 29.5+0.1 29.9+%0.2

Timing of spawning We iden-

tified recent spawning by the presence of post-ovu-
latory follicles in the ovaries. In A. sirm, follicles
were detected in samples collected between 0100 to
1630 hours, and new post-ovulatory follicles (iden-
tified as day-0 [<24 hr]; Hunter and Goldberg, 1980;
Goldberg et al., 1984) were observed in fish collected
between 0100 and 0510 hours. Female H.
quadrimaculatus with post-ovulatory follicles were
collected between 2130 and 1630 hours and day-0
follicles were found in samples collected between
2130 to 0300 hours. In female H. quadrimaculatus
caught after 0300 hours, follicles could not be dis-
tinguished from day-1 type POF's, as the follicles de-
generated rapidly. Similarly, we detected post-ovu-
latory follicles in female S. delicatulus collected from
2210 to 1930 hours, and follicles of all females col-
lected earlier than 0845 hours were identified as
day-0. Those in females of the single sample col-
lected later in the day (1930) were assigned as day-1.

Spawning season There was protracted spawning
in A. sirm with periods of intense spawning activ-
ity (Fig. 2). During both 1989 and 1990, fish
spawned August to October and also during May-
June in 1990. Condition, fat index, and HSI were
less during spawning periods and reached a peak in
March—April 1990, i.e., before spawning (Fig. 2). We
found less fat deposits in spent fish and the fish
were in poorer condition than fish with gonads in
other stages of development (P<0.05; Table 4). We
noted no significant differences in HSI among fish
with gonads at the same stage of development.
Herklotsichthys quadrimaculatus spawned
throughout the study period: 20 to 50% of the popu-

lation spawned each month (Fig. 3). Female condi-
tion, fat index, and HSI all followed a similar pat-
tern during the study but did not appear to be di-
rectly related to spawning activity. Fish in spawn-
ing condition had the highest HSI, fat, and condi-
tion values, but these were only significantly greater
than those of spent fish (P<0.05; Table 4).
Spratelloides delicatulus spawned almost continu-
ously throughout the study period but spawning
varied in intensity (Fig. 4). Peak spawning occurred
during different periods in each of the years
sampled. Female HSI and fat index showed a simi-
lar pattern during the study but monthly changes
in these parameters or fish condition did not follow
the spawning cycle. We found no significant differ-
ences in HS] or fat index for females with ovaries
in different stages of development (P>0.1; Table 4).
Fish condition was lower among spent fish than in
ripe or spawning fish (P<0.05; Table 4). Females
with ripe ovaries had higher mean HSI, fat, and
condition than those in other stages of development,
but these differences were not significant (Table 4).

Fecundity The relative fecundity of A. sirm and H.
quadrimaculatus did not differ among sites or sea-
sonally within sites in Kiribati (ANCOVA with
weight as covariate; overall P>0.07; Table 5). How-
ever, the relative fecundity of H. quadrimaculatus
was significantly different between fish from Tarawa
and Abemama (¢-test; P<0.05). Batch fecundity of both
species did not differ among sites in Kiribati. Within
their respective species groups, both species had simi-
lar batch fecundities to the other species listed, al-
though their relative fecundities were lower (Table 5).
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Length and age at sexual maturity and first spawning of Amblygaster sirm, Herklotsichthys quadrimaculatus,
and Spratelloides delicatulus from various populations throughout their range. (L, ,, = length at maturity,
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gf‘p = length at first spawning,

Lmd!

= maximum size, T

mat

= age at maturity, T,

fep

max = Maximum age, K = Kiribati, I = India, SI = Solomon Islands).

= age at first spawning,

Length at Length at first Age at first
maturity (mm) spawning (nm) Age at maturity(d) spawning (d)
Species Site (Lpnge! Linas) (Lpyp/ Lynas) (T e/ Trmaxy (Tpp/ Tray)  Source!
A, sirm Kiribati 110 (0.50) 180 (0.80) 150 (0.29) 330 (0.65) 1)
New Caledonia 132 (0.72) — 295 (0.40) — (2)
N. Australia 174 (0.79) 193 (0.88) — — 3)
Sri Lanka 166 (0.88) — ~330 (0.80) — 4)
Mean 146 (0.72) — —
H. quadrimaculatus Hawaii 80 (0.63) 90 (0.70) 160 (0.53) 190 (0.63) (5)
Marshall Is. 90 (0.82) — 190 (0.72) — (6)
Fiji 95 (0.78) 98 (0.80) 275 (—) 294 (—) (), (8)
Butaritari (K) 65 (0.68) 70 (0.74) 125 (0.50) 135 (0.53) 1)
Abaiang (K) 70 (0.74) 70 (0.74) 125 (0.37) 125 (0.37) (1)
Tarawa (K) 69 (0.72) 70 (0.73) 138 (0.45) 150 (0.48) 1)
Abemama (K) 70 (0.64) 72 (0.65) 140 (0.34) 150 (0.36) (1)
New Caledonia 91 (0.64) — 244 (—) — 9)
Andaman Is. (I) 99 (0.81) 104 (0.85) — — (10)
Seychelles 97 (0.71) — 150 (0.30) — (1n
Mean 83 (0.72) 82 (0.74) 172 (0.46) 174 (0.47)
S. delicatulus Fiji 35 (0.56) 39 (0.63) 52 (0.43) 61 (0.51) (7, (8)
Butaritari (K) 40 (0.68) 40 (0.68) 65 (0.51) 68 (0.54) (1)
Abaiang (K) 45 (0.75) 53 (0.88) 62 (0.51) 80 (0.64) (1)
Tarawa (K) 45 (0.68) 50 (0.76) 77 (0.50) 90 (0.57) (¢8)]
Munda (SI) 37 (0.58) 37 (0.58) 72 (0.47) 78 (0.51) (12), (13)
Vona Vona (SI) 37 (0.66) 37 (0.66) 68 (0.53) 72 (0.56) (12), (13)
Tulagi (SI) 38 (0.60) 38 (0.60) 73 (0.55) 75 (0.57) (12), (13)
Maldives 38 (0.69) 40 (0.73) 90 (0.60) 97 (0.65) (13), (14)
India 42 (0.71) —_ — —_ (15)
Mean 40 (0.66) 42 (0.69) 70 (0.51) 78 (0.57)

1 Sources: (1) present study, (2) Conand (1991), (3) Okera (1982), (4) Dayaratne and Gjosaeter (1986), (5) Williams and Clarke (1983), (6}
Hida and Uchiyama (1977), (7) Lewis et al. (1983), (8) Dalzell et al. (1987), (9) Conand (1988}, (10) Marichamy (1971), (11) Moussac anf
Poupon (1986), (12) Milton and Blaber (1991), (13) Milton et al. (1991), (14) Milton et al. (1990), (15) Mohan and Kunhikoya (1986).

Using stepwise linear regression, we found that
fecundity was related to weight in all species (Table
6; Fig. 5). Fecundity of A. sirm was significantly
correlated with HSI and fish condition. Fish condi-
tion, HSI, and fat index were all correlated with
fecundity in H. quadrimaculatus (Table 6). Fecun-
dity was significantly correlated with weight and
condition at two of the four sites. Although, when
data from all sites were combined, weight and fat
index were the only significant correlates.

Fecundity of S. delicatulus varied widely among
sites, both within Kiribati and among countries
(Table 5). In Kiribati, relative fecundity was higher
at Butaritari than at Abaiang (P<0.05), but differed
less than among sites in the Solomon Islands. Fe-
cundity did not vary seasonally at any site. Relative

fecundity of S. delicatulus was highest in New
Caledonia — significantly higher than at all other
sites except Butaritari in Kiribati (Table 5). How-
ever, the relative fecundity of S. delicatulus was
lower than its congeners, S. gracilis and S. lewisi,
at sites where they co-occurred (Table 5).

We found that the fecundity of S. delicatulus cor-
related strongly with fish weight (Fig. 5). The only
other factor related to fecundity in S. delicatulus
was HSI. There was a significant relationship be-
tween fecundity and HSI at Butaritari and Tarawa
and when all data were combined. Spawning fish
had a higher HSI at Butaritari than at other sites
(2.24 + 0.13 vs. 1.41 £ 0.08; P<0.001).

The HSI of male S. delicatulus that had a GSI
similar to that of spawning females (>5%) was also
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Monthly variation (x95% confidence limits) in (A)
condition, (B) visceral fat index, (C) hepatosomatic
index and (D) proportion spawning of female
Amblygaster sirm from Kiribati between January
1989 and October 1990.
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Figure 3
Monthly variation (+95% confidence limits) in (A)
condition, (B) visceral fat index, (C) hepatosomatic
index and (D) proportion spawning of female
Herklotsichthys quadrimaculatus from Kiribati be-
tween November 1988 and April 1991.

higher at Butaritari (1.41 + 0.06; N=57) than at
other sites (Abaiang HSI=1.07 £ 0.11; N=7; Tarawa
HSI=0.81 + 0.09; N=14). The proportion of male S.
delicatulus that had GSI greater than 5% was also
higher at Butaritari (36%) than at other sites
(Abaiang 17.5%; Tarawa 20%).

Oocyte weights of A. sirm and S. delicatulus dif-
fered significantly from site to site (Table 7). In S.
delicatulus, we found the greatest oocyte weight at
Abemama and Abaiang — significantly higher than
at Butaritari and Tarawa (P<0.01). Oocyte weights
in A. sirm were also higher at Abaiang (P<0.001;

Table 7). We found no significant differences among
sites for oocyte weights of H. quadrimaculatus.

Sex ratio The sex-ratio of A. sirm, H. quadrima-
culatus, and S. delicatulus changed as fish grew but
only among the largest length classes of each spe-
cies were there significant deviations from a ratio
of 1:1. In all three species, females dominate the
largest length classes (Fig. 6). In our samples, we
found significantly more female A. sirm and S.
delicatulus among fish larger than the length at first
spawning (180 and 45 mm respectively). With H.
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higher lifetime egg production
at all sites than did co-occur-
ring S. delicatulus. The num-
ber of days between successive
spawnings influenced esti-
mates of lifetime egg produc-

tion. Although longer in A.
sirm, the difference was not

Table 4
Mean hepatosomatic index (HSI: %), visceral fat index (Fat) and condi-
tion (K: dry weight/length®) of Amblygaster sirm, Herklotsichthys
uadrimaculatus and Spratelloides delicatulus at different stages of gonadal
development (SE = standard error + N = number of females examined).
Species Stage HSI + SE Fat+SE K(x10-6)iSE N
A. sirm maturing 0.88+ 0.06 34+06 4.05%0.25 8
ripe 043+0.04 32103 4.14+0.07 30
spawning 0.39 £ 0.06 26+04 403%0.13 16
spent 0.42 + 0.05 1.7+ 0.2 2.77 £ 0.13 6
H. quadrimaculatus maturing 0.87+0.08 1.4%0.1 3.89+005 45
ripe 0.96 + 0.06 1.6+0.1 3.81 £ 0.05 127
spawning 1.04 = 0.07 1.8+ 0.1 391+£0.05 95
spent 0.69 + 0.04 1.7+ 0.1 3.53+0.06 40
S. delicatulus maturing 1.41+0.19 13+02 236006 15
ripe 1.98 + 0.10 16+0.1 2.51+0.04 41
spawning 1.84 + 0.15 1.3+0.1 246+ 0.04 35
spent 1.46 £ 0.10 1.2+ 0.1 228+ 004 55

significant (Table 8).

Recruitment Amblygaster
sirm recruited from a single
protracted period in Kiribati
during 1989 (March to October;
Fig. 8). We found a greater pro-
portion of survivors had been
born between March and July
than in all other months except
September (P<0.05). There
were insufficient data to com-

quadrimaculatus, females dominated among fish
over 80 mm (Fig. 6).

Egg production The number of spawnings per
month and the daily egg production of all species
generally followed the pattern of the proportion
spawning (Fig. 7). We found lower daily egg produc-
tion in A. sirm than in the other species. During the
period of maximum spawning activity, A. sirm and
H. quadrimaculatus spawned up to 20 times per
month (Fig. 7), and S. delicatulus spawned daily.

Reproductive life span The reproductive life span
of A. sirm was significantly longer in Tarawa (60.1
+ 15.4 days) than at the other sites during 1989-90
(P<0.01; Table 8). Similarly, we found H.
quadrimaculatus had a longer reproductive life span
at Abemama (141.8 + 30.9 days) than at other sites
during 1989-91 (P<0.01; Table 8). During the same
period, the reproductive life span of S. delicatulus
was similar at all sites (57.5 + 4.6 days). However,
the reproductive life span of S. delicatulus at
Tarawa varied significantly between years; fish
caught during 1990-91 were not as old as those in
previous years (P<0.05; Table 8). No corresponding
pattern was observed in H. quadrimaculatus from
Tarawa. Herklotsichthys quadrimaculatus and S.
delicatulus lived significantly longer after maturity
than A. sirm (P<0.01).

Our estimates of maximum lifetime egg produc-
tion of A. sirm were similar at the two sites (Abaiang
and Tarawa). Herklotsichthys quadrimaculatus had

pare monthly egg production
with recruitment, but the pe-
riod of highest recruitment corresponded with the
times of greatest spawning activity. However, this
did not appear to be directly related to the absolute
number of oocytes produced (Fig. 7).

The proportion of H. quadrimaculatus born each
month differed over the four years (P<0.05; Fig. 9).
In 1976, the greater proportion were born from
November to March, while in 1983 over 40% were
born during July. Fish caught during 1989-90
showed a different pattern. The highest proportion
in 1989 were born in May, whereas in 1990 the high-
est proportion were born in January. Over all 4
years’ data, December (15.4%) and July (13.7%) had
the greatest mean proportion of births (P<0.05), but
the July value may be biased by the large value in
1983 (Fig. 10). Where data were comparable, we
found no relationship between proportion of annual
recruitment and monthly egg production (r =0.70,
P<0.10, N=6 in 1989; r,=—0.15, P>0.5, N=11 in
1990).

The proportion of S. delicatulus born each month
varied considerably among the four years examined
(Fig. 10). December had the highest proportion of
births in 1976. In 1983, most fish were born between
May and August, and a similar pattern was found
in 1989. By comparison, the distribution of
birthdates was more evenly spread in 1990 (Fig. 10).
The months with the largest mean proportion across
the four years were May (11.2%), June (14.9%), July
(15.8%), and December (11.9%). We found a nega-
tive relationship between the proportion of births
and egg production in 1990 (r,=-0.58; P<0.05,
N=10).
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Discussion

The reproductive cycles of A. sirm, H. quadrima-
culatus, and S. delicatulus in Kiribati are similar to
that reported for temperate multiple-spawning
clupeoids (Hunter and Goldberg, 1980; Gil and Lee,
1986; Shelton, 1987; Alheit, 1989). Most studies on
multiple spawning clupeoids have been on
engraulids; these species spawn many batches of
eggs each year and have variable batch fecundity
(Alheit, 1989). Our results for H. quadrimaculatus
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The relationship between batch fecundity and
fish weight for (A) Amblygaster sirm, (B)
Herklotsichthys quadrimaculatus and (C)
Spratelloides delicatulus from Kiribati.

and S. delicatulus from Kiribati agree with previ-
ous reproductive studies of these species in tropical
areas (McCarthy, 1985'; Moussac and Poupon, 1986;
Milton and Blaber, 1991). In the tropics, both spe-
cies spawn throughout the year, but have periods
when spawning activity is greater. In more temper-
ate parts of their range, the reproductive season of
both H. quadrimaculatus and S. delicatulus is
shorter and coincides with increases in water tem-
perature in early summer (Williams and Clarke,
1983; Lewis et al., 1983; Conand, 1988).
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Table 5
Mean length (mm), age (years), fecundity, relative fecundity (eggs g') of Amblygaster sirm, Herklotsichthys
quadrimaculatus, and Spratelloides delicatulus and other tropical and subtropical clupeids (sardines, her-
rings, and sprats) (K = Kiribati, SI = Solomon Islands, I = India, PN.G. = Papua New Guinea, UK = United
Kingdom, SU = Soviet Union, G = Germany).
Length Age Fecundity  Rel. fecundity
Species Site + SE + SE + SE + SE N  Source
Sardines
Amblygaster sirm Abaiang (K) 189+5 097+0.03 18789+ 2757 187.1 + 25.3 7 (1)
Tarawa (K) 194+ 1 1.04 + 0.03 20327 + 1391 192.0+ 12.0 25 1
New Caledonia 139-177 0.90-2.2 8000-27780 3000+ 16.9 24 (2),(3)
Sardinella brasiliensis Brazil 162+ 2 — 23318 *+ 2065 356 + 37 23 4)
S. marquesensis Marquesas Is. 10916 — 4150 £ 1000 — 6 (5)
S. zunasi Korea 75-142 1-3 8800-58800 — 31 (6)
Herrings
Herklotsichthys
uadrimaculatus Hawaii 80-121 — 1155-6296 160-311 46 7
Marshall Is. 100 + 2 0.59 + 0.02 4755 + 380 — 7 (8)
Butaritari (K) 751 0.45 £ 0.01 1844 + 108 295.5 + 12,1 44 (1)
Abaiang (K) 751 0.45 £ 0.02 1975 + 133 317.4 £ 193 27 (1)
Tarawa (K) 76+t1 0.44 + 0.02 2353 + 110 3441+ 102 63 1)
Abemama (K) 8412 0.61 + 0.04 3008 * 207 319.1+ 227 33 (1)
Andaman Is. (I) 95-115 — 8353 + - — 19 9)
Seychelles 88-127 — 4500-8000 — 24 10)
Opisthonema
libertate Mexico 142+ 1 — 57125 + 1850 553 + 14 115 (1
Sprats
Spratelloides delicatulus  Butaritari (K) 52+ 2 0.27 + 0.01 1359 + 143 867 + 55 19 (1)
Abaiang (K) 521 0.21 £ 0.02 973 + 43 667 = 35 1 (1)
Tarawa (K) 54+ 1 0.29 £ 0.01 1255 + 54 735 + 25 49 (1)
Abemama (K) 41t 1 0.20 £ 0.02 524 + 95 702+ 175 12 1)
Munda (SI) 48+ 1 0.26 £ 0.01 799 £ 45 554 + 25 57 (12)
Vona Vona (SI) 49+ 1 0.26 + 0.01 925 + 102 717 £ 45 28 (12)
Tulagi (SID 4611 0.21 £ 0.01 926 + 93 567 + 49 28 (12)
New Caledonia 45 — 710 883 + 14 20 (2)
India 40+ 3 — 608 + 54 — 15 (13)
S. gracilis Munda (SI) 50 0.19 514 504 1 (14)
Vona Vona (S]) 37x1 0.15 + 0.01 505 £ 51 882 + 68 13 (12)
PN.G. 58+ 2 — 2592 + 313 1690 + 96 18 (15)
Maldives 59+ 1 0.29 + 0.02 1998 + 137 1073 + 54 33 (12)
India 40+ 5 — 790 £ 71 962 + 53 15 (13)
S. lewisi Munda (SI) 44 + 1 0.18 + 0.01 887 + 20 925 + 16 219 (14)
Vona Vona (SI) 42+ 1 0.14 + 0.01 930 t 51 1032 + 36 62 (14)
Tulagi (SI) 491+ 1 0.28 + 0.02 1290 + 84 1230 + 69 29 (14)
Sprattus sprattus Scotland (UK) 108 3 2729 187 64 (16)
Baltic Sea (SU) 121 1.9 2174 232 46 an
North Sea (G) — 2 — 413 — an
Sources: (1) present study, (2) Conand (1988}, (3) Conand (1991), (4) Isaac-Nahum et al. (1988), (5) Nakamura and Wilson (1970), (6) Gil
and Lee (1986), (7) Williams and Clarke (1983}, (8) Hida and Uchiyama (1977), (9) Marichamy (1971). (10} Moussac and Poupon (1986),
(11) Torres-Villegas and Perezgomez (1988), (12) Milton et al. (19903, (13) Mohan and Kunhikoya (1986), (14) Milton unpubl. data, (15)
Dalzell (1985), (16) De Silva (1973), (17) Alheit (1988).

Although we found A. sirm also had an extended
spawning season in Kiribati, the species may not
spawn throughout the year. Our result differs from
previous studies that found the spawning season

lasted two to five months during early summer
(Conand, 1991) or the monsoon period (Rosa and
Laevastu, 1960; Dayaratne and Gjosaeter, 1986).
Neither temperature nor rainfall appear to be the
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proximate stimuli for spawning
of A. sirm in Kiribati. Tempera- Table 6
ture was constant throughout Stepwise regression of the relationship between various endogenous
the year and rainfall was factors and fish fecundity from sites in Kiribati. (Cr2 = partial
higher at all sites in Kiribati correlation coefficient; r2 = overall correlation coefficeint; P = signifi-
between December and April, cance level; N = sample size; HSI = hepatosomatic index; All = data
when spawning activity was from each site combined).
!owes_t' Mos,t Spawning act1v.1ty Species Site Factor r? r? P N
in this species occurred during P
the second half of the year Amblygaster sirm Tarawa Weight 024 044 <005 25
when the prevailing wind di- HSI 0.20
rection changed from east to All Weight 038 0.64 <0.001 32
west, associated with the north- Condition  0.28
west monsoon that starts at Herklotsichthys Butaritari Weight 036 043 <0.001 44
this time (Burgess, 1987%). Our quadrimaculatus Condition  0.07
limited wind and rainfall data Abaiang ~ Weight 028 039 <001 27
did not indicate that increased HSI 0.11
spawning activity in A. sirm Tarawa Length 058 0.63 <0.001 63
was related to the shift in Condition  0.03
weather pattern. Age 0.02

Gonad maturation and Abemama  Weight 062 0.72 <0.001 33
spawning were also linked to Fat 0.10
changes in fish liver-weight All Weight 0.54 057 <0.001 167
(HSI), visceral fat, and condi- Fat 0.03
tion of each species. Either HSI Spratelloides Butaritari Weight 070 0.76 <0.001 19
or fat index and condition were delicatulus HSI 0.06
all significantly reduced in Abaiang no factor 7
postspawning fish. Amblygas- Tarawa Weight 037 052 <0.001 49
ter sirm stores energy in the HSI 0.15
viscera rather than in the liver. Abemama Weight  0.87 0.87 <0.001 12
Other multiple-spawning clup- _
eoids also transfer energy from All g;:lght g-gg 066 <0.001 87
stored fat to reproductive tis- :
sue (Dahlberg, 1969; Okera,
1974; Hunter and Leong, 1981).
In contrast, spent H. quadrimaculatus and S.

Table 7

delicatulus had reduced HSI, which suggests that
the liver is the energy store utilized during repro-
duction (Diana and MacKay, 1979; Smith et al.,
1990). Energy stored in this organ would be readily
available for rapid assimilation; hence, fish could
spawn multiple batches of eggs rapidly.

Studies of temperate herring, Clupea harengus,
have shown that gonad maturation is linked to food
availability and fat storage (Linko et al., 1985;
Henderson and Almatar, 1989; Rajasilta, 1992).
Ovaries of all three species in Kiribati and of S.
delicatulus in the Solomon Islands (Milton and
Blaber, 1991) vary in a similar way to herring.
Milton and Blaber (1991) did not find a direct rela-
tion between spawning and prey availability. This
suggests that while gonad maturation in these clu-

5 Burgess, S. M. 1987. The climate of western Kiribati. New
Zealand Meterological Service, Wellington, NZ. Miscellaneous
publ. 188, part 7.

Mean hydrated oocyte dry weight of Amblygaster
sirm, Herklotsichthys quadrimaculatus, and
Spratelloides delicatulus from four sites in
Kiribati (N = number of females examined).

Hydrated oocyte

weight + SE
Species Site (x 104 g) N
A. sirm Abaiang 44105 7
Tarawa 1.5+ 0.1 16
H. quadrimaculatus Butaritari 2.0+ 0.2 36
Abaiang 181 0.1 12
Tarawa 1.6 £ 0.2 19
Abemama 1.9 £ 0.2 26
S. delicatulus Butaritari 0.7t 0.1 11
Abaiang 1.4+0.2 12
Tarawa 0.8 + 0.04 27
Abemama 2.2+ 0.2 10
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peids is probably linked to cycles in prey abundance,
fat storage may reduce the effects of short-term fluc-
tuations in prey abundance on reproduction.

Diel timing of spawning events was similar for all
species. We found new post-ovulatory follicles (day-
0) in females collected from 2130 hours onwards
with the greatest proportion detected after 0100.
This indicates that these species spawn during the
early part of the night, probably prior to midnight.
Our results are consistent with previous studies that
found high densities of A. sirm eggs in the plank-
ton after midnight (Delsman, 1926; Lazarus, 1987).
Studies of other sardines (Goldberg et al., 1984;
Isaac-Nahum et al., 1988; Re et al., 1988) and tropi-

Figure 7
Monthly estimates of daily egg production of (A)
Amblygaster sirm, (B) Herklotsichthys quadrima-
culatus and (C) Spratelloides delicatulus from
Kiribati during the study period.

cal clupeoids (Clarke, 1987) also showed that spawn-
ing peaked before midnight.

Length and age at sexual maturity of A. sirm and
H. quadrimaculatus in Kiribati differed from those
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Table 8

Mean reproductive life span (in days) and days between spawning of Amblygaster sirm, Herklotsichthys

quadrimaculatus, and Spratelloides delicatulus from four sites in Kiribati (N = number of length-frequency

samples; No. = number of months examined).

Days Max. lifetime
Reproductive between egg production

Species Site Year life span £ SE Range N spawning  Range No. (x 104

A. sirm Abaiang 1989-1990 19.0 + 6.4 0-66 12 20.0
Tarawa 1989-1990 60.1 + 154 0-127 7 41.6
Abemama 1989-1990 32131 0-19 6

Overall 1989-1990 26.7 + 6.8 0-127 25 62+23 15-25.9 10 38.7

H. quadrimaculatus Butaritari 1989-1991 47.3 + 15.0 0-201 14 11.9
Abaiang 1989-1991 73.9 £ 15.6 0-201 17 12.8
Tarawa 1976/83/89-91 84.11+ 7.8 0-254 64 19.3
Abemama 1989-1991 141.8 + 30.9 0-286 12 27.7
Overall 1989-1991 80.6 + 8.6 0-286 74 3.1+03 1347 15 21.1

S. delicatulus Butaritari 1989-1991 53.6 + 4.6 24-T74 15 1.9
Abaiang 1989-1991 49.2 £+ 5.1 21-80 11 1.5
Tarawa 1989-1991 66.9 + 10.6 0-144 16 3.5
Tarawa 1976 76.6 £ 10.5 45-129 7 3.1
Tarawa 1983/84 843+95 34-152 16 3.7
all 1989 90.0 £ 134 53-144 7 3.2
all 1990/91 51.0 + 4.1 0-109 35 2.5
Overall 1989-1991 575+ 4.6 0-144 42 52+ 18 1-30 16 3.2

Recruitment (%)

Figure 8
The proportion of Amblygaster sirm (+95%
confidence limits) sampled between August
1989 and July 1990 born each month in 1989,
backcalculated from length-frequency samples.

in other parts of their range (Table 3). We found few
differences within Kiribati, but both species became
sexually mature and spawned at much shorter body
lengths than at other locations. Herklotsichthys
quadrimaculatus did not grow as large in Kiribati
as elsewhere (Milton et al., 1993), but the propor-
tion of maximum size at which this species matured
was similar throughout its range. Milton and Blaber
(1991) found regional differences in length at sexual
maturity in other small tropical clupeoids; they sug-

gested these differences were consistent with the
hypothesis of Longhurst and Pauly (1987) that fish
of any species living in cooler water will grow to and
mature at a larger size through the interaction of
oxygen supply and demand. Our data on H.
quadrimaculatus is consistent with this hypothesis
— the other studies were all at sites at higher lati-
tudes than Kiribati, where the water temperature
is lower. Also, the proportion of maximum size at
which fish matured was similar at all locations,
despite the absolute differences in size at maturity
in Kiribati.

By comparison, A. sirm matured at a smaller size
and grew to a larger size in Kiribati than at other
locations (Milton et al., 1993). The proportion of
maximum size at which fish matured was also lower
than found in previous studies and was less than the
proportion common to a wide range of clupeoids
(70%; Beverton, 1963). In response to severe fishing
pressure, the size and age at sexual maturity of
several sardine species have been found to decline
{Murphy, 1977). Presumably, this is because any
density-dependent effects are reduced during early
growth (Beverton and Holt, 1957; Ware, 1980).
Amblygaster sirm can have high or variable adult
mortality in Kiribati (Rawlinson et al., 1992),
favouring early maturation (Stearns and Crandall,
1984).

Length at first spawning was a similar proportion
of maximum size for the three species and was con-
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The proportion of Herklotsichthys quad-
rimaculatus born each month in 1976, 1983,
1989, and 1990, back-calculated from length-
frequency samples (95% confidence limits of
all proportions are all less than 1.5%).

sistent with the close relation with maximum size
found by Blaxter and Hunter (1982) for other
clupeoids. These authors also noted a latitudinal
effect; fish from lower latitudes spawned at a
smaller proportion of maximum size.

Temperate clupeids (especially herrings, Clupea
spp.) show a great plasticity in the number and size
of eggs produced; many species show seasonal, and
inter-annual, as well as geographic, variation in
their reproductive outputs (Alheit, 1989; Jennings
and Beverton, 1991) reflecting energetic resources
and environmental conditions (Hay and Brett, 1988;
Henderson and Almatar, 1989). By comparison, the
tropical herring, H. quadrimaculatus, spawned
throughout the year and showed negligible tempo-
ral or spatial variation in fecundity, egg weight, or
inter-spawning interval. This indicates that egg
production was almost constant throughout the
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Figure 10
The proportion of Spratelloides delicatulus
born each month in 1976, 1983, 1989, and
1990, back-calculated from length-frequency
samples (95% confidence limits of all propor-
tions are all less than 1.5%).

study period and suggests that adult food resources
and larval survival are predictable or relatively con-
stant (Sibly and Calow, 1983).

In comparison to other species, S. delicatulus had
a higher relative fecundity that was also correlated
with HSI. Females in spawning condition also had
a higher HSI at Butaritari. Commercial CPUE was
highest at this site (Rawlinson et al., 1992) and S.
delicatulus spawned more, smaller eggs than at
other sites where relative fecundity was lower.
These data suggest that the fecundity of S.
delicatulus may be influenced by the amount of
energy stored in the liver. This energy store would
be important in a small multiple-spawning species;
it would enable the fish to continue spawning dur-
ing short periods of reduced food supply (Hay and
Brett, 1988). The length of the inter-spawning in-
terval has been shown experimentally to be related
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to food supply in other fish species (Townshend and
Wootton, 1984). Fish at Butaritari may experience
a more predictable environment that enables them
to produce more eggs of smaller size than fish in
more variable environments.

In contrast, A. sirm delayed spawning beyond the
size and age at sexual maturity and did not spawn
until one year old. As fecundity was related to
weight, delayed spawning enabled A. sirm to grow
faster than the other species (Milton et al., 1993)
and have a higher batch fecundity when spawning
started. Murphy (1968) hypothesized that delayed
spawning and longer reproductive life span would
evolve in response to variable reproductive success.
However, Armstrong and Shelton (1990) demon-
strated that, even with a short reproductive life
span, multiple spawners had a high probability of
successful reproduction when subject to random
environmental fluctuations over time. Thus, delay-
ing spawning would be of adaptive advantage if
mortality was low (Roff, 1984) because batch fecun-
dity and lifetime egg production would be increased.

Our estimates of the reproductive lifespan of A.
sirm indicate that this species spawns fewer times
in their lifetime than other species and thus would
also have less chance of successful spawning than
other species. Given that this is the longest-lived of
the species examined, our estimate of overall mean
lifespan may be biased by the small number of
months sampled. Large fish may be under-repre-
sented in small catches and may contribute to un-
derestimating the reproductive potential of A. sirm.

Herklotsichthys quadrimaculatus had a longer
reproductive life span and spawned more frequently
than did the other species. Reproductive life span
varied little among sites (except Abemama) and
there was no significant temporal variation, which
suggests that survival rates of large adult H.
quadrimaculatus are fairly constant in Kiribati.
This is reflected in their life-history parameters,
which varied little among sites or over time. In con-
trast, the frequency distribution of back-calculated
birthdates indicated that overall survival was vari-
able both between and within years, and was not
related to monthly egg production. We have no es-
timates of adult abundance during the study pericd,
and so population egg production could not be as-
sessed. However, the annual CPUE and abundance
of H. quadrimaculatus in the baitfishery were simi-
lar in the three years for which both data sets were
available (Rawlinson et al., 1992). This suggests that
population size was relatively constant during this
period. If so, then variation in post-hatching survival
probably has an important influence on recruitment
in this species (Smith, 1985).

The reproductive life span of the smallest species,
S. delicatulus, was intermediate between the other
species and varied little among sites during 1989
and 1990. Unlike H. quadrimaculatus, the reproduc-
tive life span of S. delicatulus varied between years,
which suggests that survival rates are not as con-
stant or as predictable as those of H.
quadrimaculatus. Potential lifetime egg production
of each female was only one tenth that of other spe-
cies, but, because of the larger number of females,
monthly estimates of daily egg production were
higher. The distribution of back-calculated
birthdates varied between years, but a greater pro-
portion of births fell in May-August, irrespective of
the pattern of egg production. Annual CPUE of S.
delicatulus (Rawlinson et al., 1992) was similar in
1989 and 1990, which suggests that fishing mortal-
ity had not contributed to the increased mortality
that reduced the reproductive life span in 1990.

The reproduction and abundance of S. delicatulus
may be more directly influenced by its environment
than are the other species. Adult survival is vari-
able and low (Tiroba et al., 1990); egg production
varies, probably in response to food supply, and sur-
vival to recruitment is unpredictable. Yet the poten-
tial for successful reproduction with this strategy
may still be relatively high (Armstrong and Shelton,
1990). In contrast, H. quadrimaculatus appears to
be able to offset environmental variability to produce
a relatively constant supply of eggs.

The distribution pattern of back-calculated
birthdates of each species was not consistent among
species. Months when a higher proportion survived
differed for each species during all years; months
with highest mean survival were not the same for
any species. This suggests that the effects of envi-
ronmental conditions such as seasonal food avail-
ability or favorable physical conditions are not the
same for each species. Alternatively, other factors
such as predation (Rawlinson et al., 1992) may have
greater influence on survival to recruitment. Egg
production by S. delicatulus was positively corre-
lated to survival rates in 1989 and negatively cor-
related in 1990. This seems unrelated to fish abun-
dance as catch rates were higher in 1989 than in
1990 (Rawlinson et al., 1992).

Large variations in recruitment, reflected in catch
rates of the main baitfishes do not appear to be di-
rectly linked with variations in egg production. All
spawn in the lagoon for most of the year, and dis-
tribution of birthdates indicated recruitment in most
months. Although the absolute level of recruitment
varied throughout the year, multiple spawning re-
duces fluctuations in population size due to environ-
mental variability and should ensure that relatively
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stable population sizes are maintained. Earlier stud-
ies of A. sirm and H. quadrimaculatus in Tarawa
lagoon suggested that these species spend at least
part of their life outside the lagoon (R. Cross, 1978%;
McCarthy, 19851?). If this is the case, fluctuations in
the relative abundances of these species may be re-
lated to migrations; a better understanding of the fac-
tors causing large-scale movements is necessary
before predicting the potential yield of this fishery.

Acknowledgments

We thank staff of the Kiribati Fisheries Division for
assistance with fieldwork during the project. Peter
Crocos and Jock Young and three anonymous re-
viewers made constructive comments on earlier
drafts. This work formed part of the baitfish re-
search project PN 9003 funded by the Australian
Centre for International Agricultural Research.

Literature cited

Alheit, J.

1988. Reproductive biology of sprat (Sprattus
sprattus): factors determining annual egg
production. J. Cons. int. Explor. Mer 44:162-168.

1989. Comparative spawning biology of anchovies,
sardines, and sprats. Rapp. P-v. Reun. Cons. int.
Explor. Mer 191:7-14.

Armstrong, M. J., and P. A. Shelton.

1990. Clupeoid life-history styles in variable

environments. Envir. Biol. Fish 28:77-85.
Armstrong, M. J., P. A. Shelton, I. Hampton, G.
Jolly, and Y. Melo.

1988. Egg production estimates of anchovy biom-
ass in the southern Benguela system. Calif.
Coop. Oceanic Fish. Invest. Rep. 26:3040.

Beverton, R. J. H.

1963. Maturation, growth and mortality of clupeid
and engraulid stocks in relation to fishing. Rapp.
P-V. Reun. Cons. int. Explor. Mer 154:44-67.

Beverton, R. J. H., and S. J. Holt.

1957. On the dynamics of exploited fish
populations. Fish Invest., Ser. 2, Mar. Fish. GB
Minist. Agric. Fish. Food 19:1-533.

Blaxter, J. S. H., and J. R. Hunter.

1982. The biology of the clupeoid fishes. Adv. in

Mar. Biol. 20:1224.
Clarke, T. A.

1987. Fecundity and spawning frequency of the
Hawaiian anchovy or Nehu, Encrasicholina
purpurea. Fish. Bull. 85:127-138.

1989. Seasonal differences in spawning, egg size,
and early development time of the Hawaiian an-
chovy or nehu, Encrasicholina purpurea. Fish.
Bull. 87:593-600.

Conand, F.

1988. Biology and ecology of small pelagic fish from
the lagoon of New Caledonia usable as bait for
tuna fishing. Thesis Studies, ORSTOM, Paris,
239 p.

1991. Biology and phenology of Amblygaster sirm
(Clupeidae) in New Caledonia, a sardine of the
coral environment. Bull. Mar. Sci. 48:137-149.

Conover, W. J.

1980. Practical nonparametric statistics, 2nd ed.

J. Wiley & Sons, NY, 493 p.
Cushing, D. H.

1967. The grouping of herring populations. J.
Mar. Biol. Assoc. U.K. 47:193-208.

1971. The dependence of recruitment on parent
stock in different groups of fishes. J. Cons. int.
Explor. Mer 33:340-362.

Cyrus, D. P, and S. J. M. Blaber.

1984. The reproductive biology of Gerres in Natal

estuaries. J. Fish. Biol 24:491-504.
Dahlberg, M. D.

1969. Fat cycles and condition factors of two spe-
cies of menhaden, Brevoortia (Clupeidae), and
natural hybrids from the Indian river of
Florida. Am. Midl. Nat. 82:117-126.

Dalzell, P.

1985. Some aspects of the reproductive biology of
Spratelloides gracilis (Schlegel) in the Ysabel
Passage, Papua New Guinea. J. Fish. Biol.
27:229-237.

Dalzell, P., S. Sharma, and J. Prakash.

1987. Preliminary estimates of the growth and
mortality fo three tuna baitfish species, Herklot-
sichthys quadrimaculatus, Spratelloides deli-
catulus and Rhabdamia gracilis from Fijian
waters. Tuna Billfish Assessment Programme
Tech. Rep. 20:1-15.

Dayaratne, P., and J. Gjosaeter.

1986. Age and growth of four Sardinella species

from Sri Lanka. Fish. Res. 4:1-33.
Delsman, H. C.

1926. Eggs and larvae from the Java Sea: 7, The

genus Clupea. Treubia 8:218-239.
De Silva, S. S.

1973. Aspects of the reproductive biology of the
sprat, Sprattus sprattus in inshore waters of the
west coast of Scotland. J. Fish Biol. 5:689-705.

Diana, J. S., and W. C. MacKay.

1979. Timing and magnitude of energy deposition
and loss in the body, liver and gonads of northern
pike (Esox lucius). J. Fish. Res. Board. Can.
36:481-487.

Gil, J. W,, and T. W. Lee.

1986. Reproductive ecology of the scaled sardine,
Sardinella zunasi (Family Clupeidae), in Cheonsu
Bay of the Yellow sea, Korea. In T. Uyeno, R.
Arai, T. Taniuchi, and K. Matsuura (eds.), Indo-
Pacific fish biology: proceedings of the second in-
ternational conference on Indo-Pacific fishes, p.
818-829. Ichthyological Society of Japan, Tokyo.



Milton et al.: Reproductive biology and egg production of three species of Clupeidae 119

Goldberg, S. R., V. H. Alarcon, and J. Alheit.

1984. Postovulatory follicle histology of the Pacific
sardine, Sardinops sagax, from Peru. Fish. Bull.
82:443-445.

Hay, D. E., and J. R. Brett.

1988, Maturation and fecundity of Pacific herring
(Clupea harengus pallasi): an experimental study
with comparisons to natural populations. Can. J.
Fish. Aquat. Sci. 45:399-406.

Henderson, R. J., and S. M. Almatar.

1989. Seasonal changes in the lipid composition of
herring (Clupea harengus) in relation to gonad
maturation. J. Mar. Biol. Assoc. U.K. 69:323-334.

Hida, T. 8., and J. H. Uchiyama.

1977. Biology of the baitfishes Herklotsichthys
punctatus and Pranesus pinguis in Majuro,
Marshall Islands. In R. S. Shomura, (ed.), Col-
lection of tuna baitfish papers. NOAA Technical
Report NMFS Circular 408:63-68.

Hobson, E. S., and J. R. Chess.

1978. Trophic relationships among fishes and
plankton in the lagoon at Enewetak Atoll,
Marshall Islands. Fish. Bull. 76:133-153.

Hunter, J. R., and S. R. Goldberg.

1980. Spawning incidence and batch fecundity in
northern anchovy Engraulis mordax. Fish. Bull.
77:641-652.

Hunter, J. R., and R. Leong.

1981. The spawning energetics of female northern
anchovy Engraulis mordax. Fish. Bull. 79:
215-230.

Iles, T. D.

1984. Allocation of resources to gonad and soma in
Atlantic herring Clupea harengus. In G. W. Potts
and R. J. Wootton (eds.), Fish reproduction: strate-
gies and tactics, p. 331-347. Academic Press, London.

Isaac-Nahum, V. J., R. de D. Cardoso, G. Servo,
and C. L. del B. Rossi-Wongtschowski.

1988. Aspects of the spawning biology of the Bra-
zilian sardine, Sardinella brasiliensis, (Clup-
eidae). J. Fish Biol. 32:383—-396.

Jennings, S., and R. J. H. Beverton.

1991. Intraspecific variation in the life history tac-
tics of Atlantic herring (Clupea harengus)
stocks. ICES J. Mar. Sci. 48:117-125.

Lazarus, S.

1987. Studies on the early life history of Sardinella
sirm from Vizhinjam, southwest coast of
India. Indian J. Fish. 34:28-40.

Leis, J. M., and T. Trnski.

1989. The larvae of Indo-Pacific shorefishes.
N.S.W. Univ. Press, Kensington, NSW, Australia,
371 p.

Lewis, A. D., S. Sharma, J. Prakash, and B.
Tikomainiusiladi.

1983. The Fiji baitfishery 1981-82, with notes on
the biology of the gold spot herring Herklotsichthys
quadrimaculatus (Clupeidae), and the blue sprat
Spratelloides delicatulus (Dussumieriidae). Fish.
Div. Min. Agr. Fish. Tech. Rep. Fiji No. 6, 35 p.

Linko, R. R, J. K. Kaitaranta, and R. Vuorela.

1985. Comparison of the fatty acids in Baltic her-
ring and available plankton feed. Comp. Bio-
chem. Physiol. 82B:699-705.

Longhurst, A. R,, and D. Pauly.

1987. Ecology of tropical oceans. Academic Press,

San Diego, CA, 407 p.
MacInnes, M.

1990. The status of the tuna baitfishery in Kiribati
and its impact on the tuna industry. In S.J. M.
Blaber and J. W. Copland (eds.), Tuna baitfish in the
Indo-Pacific region, p. 55-59. ACIAR Proc. 30.

McManus, J. F. A., and R. W. Mowry.

1964. Staining methods: histological and

histochemical. Harper Row, New York, NY, 423 p.
Marichamy, R.

1971. Maturity and spawning of the spotted her-
ring, Herklotsichthys punctatus from the Andaman
sea. Ind. J. Fish. 18:148-155.

Milton, D. A,, and S. J. M. Blaber.

1991. Maturation, spawning seasonality, and proxi-
mate spawning stimuli of six species of tuna
baitfish in the Solomon Islands. Fish. Bull.
89:221-237.

Milton, D. A,, S. J. M. Blaber, G. Tiroba, J. L.
Leqgata, N. J. F. Rawlinson, and A. Hafiz.

1990. Reproductive biology of Spratelloides
delicatulus, S. gracilis and Stolephorus heterolobus
from Solomon Islands and Maldives. In S. J. M.
Blaber and J. W. Copland (eds.), Tuna baitfish in the
Indo-Pacific region, p. 89-99. ACIAR Proc. 30.

Milton, D. A,, S. J. M. Blaber, and N. J. F.
Rawlinson,

1991. Age and growth of three species of tuna
baitfish (genus: Spratelloides) in the tropical Indo-
Pacific. J. Fish Biol. 39:849-866.

1993. Age and growth of three tropical clupeids
from Kiribati, central south Pacific. J. Fish Biol.
43:89-108.

Mohan, M,, and K. K. Kunhikoya.

1986. Biology of the bait fishes Spratelloides
delicatulus and S. japonicus from Minicoy
waters. Cent. Mar. Fish. Res. Inst. Bull. 36:
155-164.

Moussac, G., and J. C. Poupon.

1986. Growth and reproduction of Herklotsichthys
punctatus (Pisces: Clupeidae) from Seychel-
les. Cybium 10:31-45.

Murphy, G. 1.

1968. Pattern in life history and the
environment. Am. Nat. 102:391-403.

1977. Clupeoids. In J. A. Gulland (ed.), Fish popu-
lation dynamics, p. 283-308. J. Wiley & Sons,
New York.

Nakamura, E. L., and R. C. Wilson.

1970. The biology of the Marquesan sardine,

Sardinella marquesensis. Pac. Sci. 24:359-376.
Nikolsky, G. V.

1963. The ecology of fishes. Academic Press, Lon-

don, 352 p.



120

Fishery Bulletin 92(1), 1994

Okera, W.

1974. Morphometrics, ‘condition’ and gonad devel-
opment of the east African Sardinella gibbosa and
Sardinella albella. J. Fish Biol. 6:801-812.

1982. Observations on the maturation condition of
some pelagic fishes from northern Australian
waters. CSIRO Marine Lab. Rep. 144:1-15.

Parker, K.

1980. A direct method for estimating northern an-
chovy, Engraulis mordax biomass. Fish. Bull.
78:541-544.

1985. Biomass model for the egg production
method. In R. Lasker (ed.), An egg production
method for estimating spawning biomass of pelagic
fish: application to the northern anchovy,
Engraulis mordax, p. 5-6. NOAA Technical Re-
port NMFS 36.

Parrish, R. H,, D. L. Mallicoate, and R. A.
Klingbeil.

1986. Age dependent fecundity, number of
spawnings per year, sex ratio, and maturation
stages in northern anchovy, Engraulis
mordax. Fish. Bull. 84:503-517.

Pauly, D., and M. L. Palomares.

1989. New estimates of monthly biomass, recruit-
ment and related statistics of anchoveta
(Engraulis ringens) of Peru (4-14RS), 1953-
1985. In D. Pauly, P. Muck, J. Mendo, and I
Tsukayama (eds.), The Peruvian upwelling ecosys-
tem: dynamics and interactions, p. 189-
206. IMARPE and GTZ and ICLARM, Peru.

Peterman, R. M., and M. J. Bradford.

1987. Wind speed and mortality rate of a marine
fish, the northern anchovy, Engraulis mordax.
Science 235:354—356.

Rajasilta, M.

1992. Relationship between food, fat, sexual matu-
ration, and spawning time of Baltic herring
(Clupea harengus membras) in the Archipelago
Sea. Can. J. Fish. Aquat. Sci. 49:644-654.

Rawlinson, N. J. F., D. A, Milton, and S. J. M.
Blaber.

1992. Tuna baitfish and the pole-and-line industry in

Kiribati. ACIAR Technical Report No. 24, 90 p.
Re, P, A. Farinha, and 1. Meneses.

1988. Diel spawning time of sardine, Sardina
pilchardus (Teleostei, Clupeidae), off Port-
ugal. Inv. Pesq. 52:207-213.

Ricker, W. E.

1954. Stock and recruitment. J. Fish. Res. Board

Can. 11:559-623.
Roff, D. A.

1984. The evolution of life history parameters in

teleosts. Can. J. Fish. Aquat. Sci. 41:989-1000.
Rosa, H., and T. Laevastu.

1960. Comparison of biological and ecological char-
acteristics of sardines and related species—a pre-
liminary study. In H. Rosa and G. Murphy (eds.),
Proceedings of the world scientific meeting on the

biology of sardines and related species, Vol. 2, p.
521-552. FAO, Rome.
Shelton, P. A,

1987. Life-history traits displayed by neritic fish in
the Benguela current ecosystem. In A. 1. L.
Payne, J. A. Gulland, and K. H. Brinks (eds.), The
Benguela and comparable ecosystems. S. Afr. J.
Mar. Sci. 5:235-242.

Sibly, R., and P. Calow.

1983. An integrated approach to life-cycle evolution
using selective landscapes. J. Theor. Biol.
102:527-536.

Smith, P. E.

1985. Year-class strength and survival of O—group
clupeoids. Can. J. Fish. Aquat. Sci. 42 (Suppl.
1):69-82.

Smith, R. L., A. J. Paul, and J. M. Paul.

1990. Seasonal changes in energy and the energy
cost of spawning in Gulf of Alaska Pacific cod. d.
Fish Biol. 36:307-316.

Sokal, R. R., and F. J. Rohlf.

1981. Biometry, 2nd ed. Freeman and Co., New

York, NY, 859 p.
Somerton, D. A.

1990. Baitfish stock assessment using the egg pro-
duction method: an application on the Hawaiian
anchovy or nehu (Encrasicholina purpurea). In S.
J. M. Blaber and J. W. Copland (eds.), Tuna
baitfish in the Indo-Pacific region, p. 152—
158. ACIAR Proc. 30.

Stearns, S. C., and R. E. Crandall.

1984. Plasticity for age and size at sexual maturity:
a lifehistory response to unavoidable stress. In G.
W. Potts and R. J. Wootton (eds.), Fish reproduc-
tion: strategies and tactics, p. 13-33. Academic
Press, London.

Tiroba, G., N. J. F. Rawlinson, P. V. Nichols, and
dJ. L. Leqata.

1990. Length-frequency analysis of the major
baitfish species in Solomon Islands. In S. J. M.
Blaber and J. W. Copland (eds.), Tuna baitfish in the
Indo-Pacific region, p. 114-134. ACIAR Proc. 30.

Torres-Villegas, J. R., and L. Perezgomez.

1988. Fecundity variation of Opisthonema libertate
(Pisces: Clupeidae) from 1983 to 1985 in Bahia
Magdalena, Baja California, sur Mexico. Inwv.
Pesq. 52:193-206.

Townshend, T. J., and R. J. Wootton.

1984. Effects of food supply on the reproduction of
the convict cichlid, Cichlasoma nigrofasciatum.
d. Fish Biol. 24:91-104.

Walpole, R. E.

1974. Introduction to statistics, 2nd

ed. MacMillan Publ., New York, NY, 340 p.
Ware, D. M.

1980. Bioenergetics of stock and recruitment.

Can. J. Fish. Aquat. Sci. 37:1012-1024.
Williams, V. R., and T. A. Clarke.

1983. Reproduction, growth, and other aspects of the

biology of the gold spot herring, Herklotsichthys



Milton et al.: Reproductive biology and egg production of three species of Clupeidae 121

quadrimaculatus (Clupeidae), a recent introduction the Indo-Pacific region, p. 83-88. ACIAR Proc. 30.

to Hawaii. Fish. Bull. 81:587-597. Young, J. W., S. J. M. Blaber, and R. Rose.
Wright, P. J. 1987. Reproductive biology of three species of
1990. The reproductive strategy of Stolephorus midwater fishes associated with the continental
heterolobus in the south Java Sea. In S. J. M. slope of eastern Tasmania, Australia. Mar. Biol.

Blaber and J. W. Copland (eds.), Tuna baitfish in 95:323-332.



Abstract.—Determination of
stock structure for striped dol-
phins (Stenella coeruleoalba) in
the eastern Pacific has been prob-
lematic, because very few speci-
mens have been available for
study. We compared length data
obtained from vertical aerial pho-
tographs of 28 schools of striped
dolphins from the northern and
southern regions of the eastern
tropical Pacific and found no sig-
nificant differences in average
length for adult animals (=180cm)
or for adult females, defined here
as dolphins closely accompanied
by a calf. Analyses of back-pro-
jected birth dates for dolphins
>155cm revealed a broad pulse in
reproduction extending from the
fall through the spring; however,
sample size was inadequate to
compare timing of reproduction
between the two areas. Striped
dolphins measured from aerial
photographs were longer on aver-
age than those killed incidentally
in fishing operations. We found a
pattern of segregation by size be-
tween schools that is analogous to
the separate schools of juveniles
and adults that are found in the
western Pacific. We hypothesized
that the specimen data base may
be biased because tuna purse-
seine fishermen in the eastern
tropical Pacific may selectively set
on schools composed of younger,
smaller dolphins.
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Examination of stock and school
structure of striped dolphin
(Stenella coeruleoalba) in

the eastern Pacific from

aerial photogrammetry

\Wayne L. Perryman
Morgan S. Lynn

Southwest Fisheries Science Center
National Marine Fisheries Service, NOAA

8604 La Jolla Shores Drive, La Jolla, Calif.

92037

Because striped dolphins, Stenella
coeruleoalba, are killed incidentally
in purse-seine fishing for yellowfin
tuna in the eastern tropical Pacific
(ETP), the National Marine Fisher-
ies Service (NMFS) is required by
the Marine Mammal Protection Act
(as amended in 1988) to monitor
trends in their abundance (Holt
and Sexton, 1989; Wade and
Gerrodette, in press). To satisfy
this congressional mandate, infor-
mation on stock structure is re-
quired. The determination of stock
structure for striped dolphins in
the ETP has been particularly dif-
ficult because of the small number
of animals killed in the tuna fish-
ery and, therefore, small number of
specimens available for study
(DeMaster et al., 1992). In the ab-
sence of morphological, life history,
or genetic data to provide evidence
of reproductive isolation, stocks of
striped dolphins have been identi-
fied provisionally based on
discontinuities in distribution.
With more sighting data from ob-
gervers aboard fishing vessels and
research cruises, the number of
proposed stocks has decreased from
five or six (Smith, 19791; Holt and
Powers, 1982) to one (Dizon et al.,
in press) pending availability of
additional data.

For this report, we examined
length data to help clarify the issue
of stock structure. These data were

extracted from vertical aerial pho-
tographs collected during line
transect surveys and are thus pre-
sumably free of any “sampling” bi-
ases associated with the fishery.
Here, we compare length samples
from aerial photographs of animals
from the northern and southern
stock regions proposed by Perrin et
al. (1985) for evidence of differences
in average length or timing of re-
production. Data were then com-
pared with measurements avail-
able from specimens killed inciden-
tally in purse-seine fishing. We also
examined the frequency distribu-
tion of lengths within individual
schools. These data were used to
test for size-age segregation, as
reported for dolphins taken in the
drive fishery on the Pacific coast of
Japan (Miyazaki, 1977; Miyazaki
and Nishiwaki, 1978).

Methods

Length measurements were made
on vertical aerial photographs of 28
schools of striped dolphins (Fig. 1).
We photographed the schools with
a KA-45A military reconnaissance

1 Smith, T. D. (ed). 1979. Report of the sta-
tus of porpoise stocks workshop; 27-31
August, La Jolla, California. U.S. Dep.
Commer., NOAA, Natl. Mar. Fish. Serv.,
Southwest Fish. Sci. Cent., P.O. Box 271,
La Jolla, CA 92038. Admin. Rep., LJ-79-
41, 120 p.
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Distribution of schools of striped dolphin, Stenella coeruleoalba, (dark circles), from which data were taken for
this report. Boundaries for northern and southern stocks were taken from Perrin et al. 1985.
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camera mounted below the fuselage of a Hughes
500D helicopter that was launched from the NOAA
Ship David Starr Jordan. This photographic sam-
pling was part of a long-term research effort con-
ducted by NMFS to monitor trends in abundance of
dolphin populations in the ETP (Holt and Sexton,
1989; Wade and Gerrodette, in press).

The reconnaissance camera was equipped with a
very fast, medium focal length lens (152 mm) and a
forward image motion compensation system that
eliminated the blur normally found in images taken
from a low altitude, high-speed platform. We used
Kodak Plus-X Aerecon II (thin-base) film, exposed
through a medium yellow filter, throughout the experi-
ment. This filter significantly reduced the amount of
blue light reaching the film, thus enhancing both the
contrast and resolution of our photographs.

The observer sitting in the right front seat of the
helicopter triggered the camera, controlled cycle rate
and shutter speed, and adjusted the forward motion
compensation system. As each firing pulse was sent
to the camera, a data acquisition system recorded

the time that the image was captured and an alti-
tude reading from the helicopter’s radar altimeter.
To check for accuracy in our recorded altitude data
(A ), we photographed calibration target arrays and
compared altitude calculated from measurements of
these known distances with recorded altitude (see
Perryman and Lynn, 1993).

We found a consistent bias in A, and used the lin-
ear regression equation shown below to calculate a
corrected altitude (A) for each photograph used in
this report.

A, =(A,)1.013-33.755 (r* = 0.993).

Length determination

We reviewed the images of 88 schools of striped
dolphins photographed from 1987 through 1990 and
selected the images of 28 schools that provided the
best combination of image clarity and water pen-
etration. From this sample, we selected the photo-
graphic pass over each school that captured the larg-
est number of dolphins swimming parallel to and
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very near the surface. Dolphins were not measured
if either the rostrum or tail flukes were not clearly
visible or if they were surfacing, diving, or jumping,
which would make them appear shorter when
viewed from above. Because there was from 80 to
90% overlap between adjacent photographs, the
same dolphin could often be measured in two to four
photographs. If more than one length was available
for a dolphin, the largest length was selected, as-
suming it was the best determination of true length.
This helped to minimize the reduction in apparent
length caused by the normal swimming movements
of the dolphins (Scott and Perryman, 1991;
Perryman and Lynn, 1993).

We measured each dolphin from the tip of the
rostrum to the trailing edge of the tail flukes (Fig.
2). These points were selected because the fluke
notch that is used to determine standard length
(Norris, 1961) was very difficult to see in most of the
images. For adult specimens, this measurement
should exceed standard length by 2-2.5 cm (Chivers,
19932). The measurements were made on sections
of the original black and white negatives that we
captured with a high-resolution video camera and
transferred to a Macintosh Ilci computer. Image
enhancement and length measurements were made
with the aid of the digital image processing and
analysis program, Image (version 1.37), which was
developed by the National Institute of Health (W.
Rasband, Research Services, Bethesda, Maryland).
The length of each dolphin was determined by mul-
tiplying its length on the image by the scale of the
photograph (scale= A /lens focal length).

Data analysis

Perrin et al. (1985) compared the mean lengths of
physiologically adult male and female dolphins from

2 8, Chivers. 1993. Southwest Fisheries Science Center, La Jolla,
California 92037, unpubl. data.

putative geographic stocks of several species to pro-
vide supporting morphological evidence for repro-
ductive isolation. For our analyses, we used length
as the criteria for eliminating the youngest dolphins
from our sample. Based on the length data for adult
striped dolphins in Perrin et al. (1985) and a review
of our length sample, we estimated that the mini-
mum length for adult female striped dolphins in the
eastern Pacific is about 180 cm. We used this length
as our first cut-off point, and tested for differences
(t-test) between the means of our length samples
(<180 cm) from the northern and southern regions
(Fig. 1). Since the selection of this value was some-
what arbitrary, we repeated the tests on data sets
with minimum values of 185 and 190 cm.

Based on behavioral arguments reviewed in Per-
ryman and Lynn (1993), we assumed that the larger
dolphin swimming closely alongside a calf was an
adult female. Since this determination was based on
behavior and not on examination of sexual charac-
ters, we qualify the term in quotation marks, “adult
female,” whenever we are referring to a length
sample based on this assumption. A ¢-test was used
to compare the mean lengths of “adult females” from
the northern and southern regions. We also per-
formed a power analysis to determine what range
of differences between means we could expect to
detect (probability of type II error < 0.10) for this
analysis and the ones described in the paragraph
above.

Calf birth dates

We examined the length data from striped dolphins
estimated to be one year old or less for evidence of
pulses in reproduction (see Barlow [1984], for spot-
ted and spinner dolphins; Perryman and Lynn
[1993], for common dolphins). Ninety centimeters
was used as the best estimate of average length at
birth and 155 cm for average length at one year for
striped dolphins in the eastern Pacific (Gurevich and

Stewart, 19793). We as-

—

l«-————Photo Length
Detall
‘:
/ Standard
--— Length
<¢—— Standard Length
Figure 2

Ilustration of the difference between points used to determine standard
length and length as measured from our vertical photographs.

sumed postnatal growth was
linear during the first year
and back-projected the birth
dates for all dolphins <155
cm in length. Our goal here

Photo was not to determine the ex-

Length

3 Gurevich, V. S., and B. S. Stewart.
1979. A study of growth and re-
production of the striped dolphin
(Stenella coeruleoalba). U.S. Dep.
Commer., NOAA, Natl. Mar. Fish.
Serv., Southwest Fish. Sci. Cent.,
P.O. Box 271, La Jolla, CA 92038.
Final Rep to NOAA, SWFC Con-
tract 03-78-D27-1079, 29 p.
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act date of birth for each dolphin but rather to exam-
ine the distribution of birth dates, based on the same
assumptions, from the two regions. We used
Kupier’s modification of Kolmogorov’s test for com-
parisons of circular distributions (Batschelet, 1965)
to compare the calculated distribution of birth dates
with a uniform distribution.

Comparisons with specimen data

We conducted four tests to compare the sample of
photogrammetric lengths with data collected from
striped dolphins killed incidentally in purse-seine
fishing in the ETP (Perrin et al., 1976). The data
from specimens included the information published
by Perrin et al. (1985) and a small set of data from
dolphins killed since 1985. T-tests were used to com-
pare the mean length of “adult females” with the
mean length of adult female specimens and with the
mean length of lactating adult female specimens. We
also compared the mean (¢-test) and shape
(Kolmogorov-Smirnov test) of the photogrammet-
rically determined length distribution of striped
dolphins > 180 cm with data from specimens > 180
cm in length.

School structure

Examination of the structure of schools of striped
dolphins captured in the drive fishery in Japan has
revealed a distinct pattern of segregation based on
sex, maturity, and length (Miyazaki, 1977, 1984,
Miyazaki and Nishiwaki, 1978). Researchers have
categorized these schools as adult, juvenile, or mixed
depending on the proportion of juvenile dolphins
(excluding calves) captured. In these studies, length
(<174 cm) or age (<1.5 years) was used as the crite-
rion for eliminating nursing calves from the sample;
the remainder of the dolphins was determined to be
juvenile or adult by direct examination of the go-
nads.

We examined the length distributions for the pho-
tographed schools to see if an analogous pattern of
segregation in schools from the eastern Pacific was
detectable. We divided our samples into two length
categories which we labeled juvenile or adult. The
minimum length for the juvenile category was set
at 165 cm to eliminate nursing calves as described
above. We selected this minimum value because 1)
length at birth for striped dolphins from the ETP is
apparently about 10 cm shorter than that reported
from the western Pacific (Miyazaki, 1977; Gurevich
and Stewart, 19793), and we assumed that the dif-
ference in the average length at weaning was ap-
proximately the same; 2) dolphins larger than 165-

170 cm in length were very rarely found swimming
in the characteristic cow/calf configuration we see
in our photographs.

We selected 195 ecm as the upper bound for the
juvenile category because this appears to be about
the minimum size for adult male striped dolphins
that have been killed in the ETP tuna purse-seine
fishery (Perrin et al., 1985). This value was keyed
to male length data because the studies of school
structure from Japan indicated that a disproportion-
ate number of the dolphins captured in juvenile
schools were males (Miyazaki and Nishiwaki, 1978).
Thus dolphins in each school were categorized as
juvenile if they were between 165 and 195 cm in
length and as adult if they were > 195 cm in length.
The goal in this classification scheme was to create
one category that would be composed of mostly ju-
venile and young adult dolphins and another that
would include mostly adult animals.

We used chi-square analysis to test the hypoth-
esis that the number of dolphins in the two catego-
ries in our schools was independent of school. For
this analysis, we eliminated schools from which we
had measured less than 20% of the school or fewer
than 17 dolphins. The second criterion was estab-
lished to minimize the number of predicted values
in the chi-square analysis that were less than five.
Application of these criteria reduced our sample to
21 schools for this test. Because the selection of 195
cm for the cut-off between the two size categories
probably includes more adult females in the juve-
nile category than males, we decreased the limit to
190 cm and repeated the chi-square test. We also
conducted a regression analysis to determine
whether the proportion of the measured sample in
the juvenile category was related to school size.

With the exception of the power analyses and
birth date comparison which were done by hand, all
tests presented in this report were performed with
the program StatView developed by Abacus Con-
cepts (Berkeley, CA). Unless noted otherwise, tests
were considered significant for P values < 0.05.

Results

Regional comparisons

We compared the average length of striped dolphins
from the northern and southern regions and found
no significant differences between the samples
(Table 1; Fig. 3). In tests for differences in mean
lengths of “adult females” (Fig. 4), no differences
were found between the regions. Although none of
the differences was significant, means of the
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samples from the northern region were generally a
few centimeters smaller than those from the south,
a pattern reported by Perrin et al. (1985). This level
of difference was less than we could detect given the
available sample and the variability of our data

(Table 2). With this length sample, it appears that
we can expect to detect differences between means
that differ by at least 4 cm.

Table 2
Minimum detectable differences between means

for t-tests for samples from striped dolphins,
Stenella coerureoalba, from the northern (Nor)
and Southern (So) regions. Beta error set at 0.10.

Table 1
Results of t-tests for differences between means
of length samples from striped dolhin, Stenella
coerueoalba, from the northern (Nor) and south-
ern (So) regions.
n mean (cm) p
Sub-sample (cm) Nor/So Nor/So (2-tailed)
>180 160/251 205.1/205.9 0.476
>185 154/484  206.0./207.7 0.138
>190 140/450 207.9/209.2 0.230
“Adult females” 19/63 200.2/204.0 0.201
30 4 Northern Region
1 n =202 -
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Figure 3
Distribution of lengths of striped dolphins, Stella
coeruleoalba, measured from the northern and
southern regions.

Minimum
Variance detectable
Sub-sample (cm) Nor/So t-value difference (cm)
>180 164.99 1.963 4.01
190.11
>185 148.23 1.964 3.82
162.59
>190 122.21 1.964 3.72
141.94
“Adult females” 53.61 1.292 9.63
147.57
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Figure 4
Distribution of lengths of “adult females”, defined
here as stroped dolphins, Stenella coeruleoalba,
closely associated with a calf, measured from the
northern and southern regions.
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The sample from the northern region
was too small to test for a seasonal pat-
tern in reproduction, but the distribution
of back-projected births from the south-
ern region differed significantly from the
uniform distribution (P<0.01; Figs. 5 and
6). Reproduction for striped dolphins
from the southern region appears to be
broadly pulsed in the fall through spring
period.

Photogrammetric and specimen
data

Since significant differences between
length samples from the northern and
southern regions could not be detected,
we pooled length data from the two re-
gions in the tests that follow. We found
that “adult females” were significantly
longer (4.8 cm) on average than adult
females from the specimen data base.
When the test was repeated by using
length data for lactating females from
the specimen data base, the two samples
no longer differed significantly (Table 3).
Striped dolphins > 180 ¢m in length from
the photogrammetric sample were sig-
nificantly longer on average than the
sample based on the same length crite-
ria from specimen data. We also per-
formed a Kolmogorov-Smironov test to
compare the two distributions (Fig. 7)
and found that they differed signifi-
cantly (P<0.01).

Count

- N W s 0 o
+—t—+—+

Count

Northern Region

[ o =z = O

B £ £ ¥ 3 3 3 § § & 8
Southern Reglon

JUN
JUL
AUG
SEP

Figure 5

Distribution of back-projected birth dates for striped dolphins,
Stenella coeruleoalba, from the northern and southern regions
and for the two regions combined.

Table 3

Results of comparisons between means of length
data for striped dolphins, Stenella coerueoalba,
taken from specimens (spec) and aerial photo-
graphs (photo) (¢-tests), and the distribution of
lengths 2180c¢m (Kolmogorov-Smirnov {k# and s}
test) from these two sources.

n Mean (cm) p

Comparison spec/photo  spec/photo  (2-tailed)
Adult females

specimen/photo 50/82 198.2/203.0 0.007
Lactating

specimens/

“adult females” 23/82 199.8.203.0 0.202
>180cm ¢-test 256/681 199.19/205.73 0.0001
>180cm k and s 256/681 Z=3.378 0.0007

School size and structure

We performed a chi-square test to determine whe-
ther the number of dolphins in our two size catego-
ries were distributed randomly between schools (Fig.
8) and the hypothesis was significantly rejected
when the maximum length for the juvenile category
was 195 or 190 cm (P<0.001). With a maximum
value of 190 cm, four expected values generated by
the test were lower than five. When these schools
were deleted from the test or lumped with adjacent
schools to eliminate these low expected values, the
test results remained highly significant.

When school size was regressed against propor-
tion in the juvenile category, the slope of the regres-
sion was not significantly different from zero. Thus,
in our sample, the proportion of small dolphins in a
school was not related to school size.
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Cumulative distribution of back-projected striped dolphin, Stenella
coeruleoalba, birth dates (solid squares) and those predicted by a uni-
form distribution of births (open squares).
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Length-frequency distributions for specimens of striped dolphin
Stenuella coeruleoalba, (= 180 cm) taken incidentally in purse-seine
fishing in the eastern tropical Pacific and striped dolphins sampled
photogrammetrically that are > 180 cm. Samples from northern and
southern regions are combined in this figure.

Discussion

scale not detectable in our
sample, i.e. < 4 cm, could exist.
The case for two stocks is also
weakened by the distribution of
sightings of this species from re-
cent research vessel surveys
{Wade and Gerrodette, in press).
These data indicate that, al-
though a hiatus in striped dolphin
distribution exists in the typically
tropical (high temperature, low
salinity) inshore habitat centered
around lat. 15° N, there appears
to be a broad avenue for movement
between the northern and southern
regions in the upwelling modified
habitat east of long. 110° West (Au
and Perryman, 1985; Reilly, 1990).

When we compared our sample
of lengths for “adult females” and
dolphins > 180 cm with data from
specimens killed incidentally in
purse-seine fishing, we found that
the means from the photogram-
metric sample were significantly
larger (by about 3-6 cm). This
does not seem unreasonable at
first glance because our measure-
ments to the trailing edge of the
flukes rather than to the fluke
notch introduces a positive bias in
the photogrammetric data of
about 2-2.5 cm. Also, the “adult
female” category probably in-
cludes only those females who
have carried and given birth to a
live calf, thus eliminating the
younger, presumably smaller, fe-
males who are physiologically
adult but have not yet had a suc-
cessful pregnancy. However, these
results for adult females are con-
trary to previous comparisons of
photographic and specimen data
for northern and central common
dolphins (Perryman and Lynn,
1993) and eastern spinner dol-
phins (Perryman, unpubl. data).

Since the photogrammetric data for all of these taxa

were collected in the same manner, it seems likely

We found no significant differences in our length
samples of striped dolphins from the northern and
southern regions to support a recommendation that
they be managed as separate stocks. This must be
tempered by the fact that length differences of a

that the difference between the two striped dolphin
samples reflects some form of selectivity in either
or both sampling systems.

The schools of striped dolphins that we photo-
graphed showed a pattern of segregation by length
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that is very similar to that reported from the west-
ern Pacific (Miyazaki, 1977; Miyazaki and
Nishiwaki, 1978). It also appears that the propor-
tion of smaller dolphins in our sample of schools is
not related to school size. Possibly this segregation

is the explanation for differences between specimen
and photogrammetric data sets.

Tuna fishermen select dolphin schools for encircle-
ment based mainly on the amount of tuna associ-
ated with the school. Schools of younger/smaller
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striped dolphins might carry more tuna and be cap-
tured more frequently than schools composed of
adult animals. If the bond between yellowfin tuna
and dolphins is related to size and hydrodynamics
as suggested by Edwards (1992) then it may be that
the smaller striped dolphins are hydrodynamically

more suitable for this association. Juvenile schools
of striped dolphins are made up of animals that are
about the same length as schools of spotted or spin-
ner dolphins for which the tuna-dolphin association
appears to be the strongest.
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Abstract.—The eastern Pa-
cific purse-seine tuna fishery has
historically been very productive,
yielding up to 400,000 metric tons
(t) per year of primarily yellowfin,
Thunnus albacares, and skipjack,
Katsuwonus pelamis. However, ef-
forts to minimize dolphin (prima-
rily spotted dolphin, Stenella
attenuata, spinner dolphin, S.
longirostris, and common dolphin,
Delphinus delphis) mortality inci-
dental to tuna seining in the east-
ern Pacific ocean have been in-
creasing. Therefore, predictions of
what the tuna catches will be in
the future, if there is a ban or
moratorium on catching dolphin-
associated tuna, are useful. Based
on recruitment levels, age-specific
catchability coefficients for yellow-
fin tuna caught without dolphins,
and average fishing effort ob-
served during 1980-88, we pre-
dicted that yellowfin catches
would be reduced by an average of
about 25%. These results were
verified by Monte Carlo simula-
tions, by using average effort and
randomly selected yellowfin re-
cruitment and catchability coeffi-
cients from 1980 to 1988, which
predicted a mean annual decrease
of 55,563 t or 24.7% of yellowfin
catch. The actual reduction in yel-
lowfin catch might be greater be-
cause 1) fishing effort will prob-
ably decline, 2) the range of the
fishery might be reduced to the
traditional inshore non-dolphin
regions, and 3) yellowfin recruit-
ment could be reduced by the
change in age structure and popu-
lation size likely to result from a
moratorium. Because skipjack sel-
dom associate with dolphins, redi-
rection of fishing effort to schools
of tuna not associated with dol-
phins would probably result in in-
creased skipjack catch rates. How-
ever, the magnitude of the in-
crease is difficult to estimate, be-
cause the population dynamics of
skipjack are poorly understood.
Finally, this study predicted that
the catches in the first years after
a moratorium on dolphin sets
would not necessarily reflect long-
term catches.
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Potential tuna catches in the eastern
Pacific Ocean from schools not
associated with dolphins

Richard G. Punsly
Patrick K. Tomlinson
Ashley J. Mullen

Inter-American Tropical Tuna Commission

8604 La Jolla Shores Dr., La Jolla, CA 92037

Since the late 1950’s, purse-seine
fishermen in the eastern Pacific
Ocean (EPO), knowing that schools
of yellowfin tuna (Thunnus alba-
cares) often associate with dolphins
(primarily spotted dolphins, Sten-
ella attenuata, spinner dolphins, S.
longirostris, and common dolphins,
Delphinus delphis), have used the
dolphins to help locate and capture
yellowfin. Dolphins are relatively
easy to detect, being larger and
closer to the surface than yellowfin.
In fact, the most efficient means of
catching the 2- and 3-year-old yel-
lowfin, which comprise the largest
component of the tuna catch in the
EPO, is purse-seine fishing for dol-
phin associated schools (Punsly
and Deriso, 1991). Yellowfin remain
associated with dolphins while the
net is being set around the dolphin
herds. The fishermen attempt to
release all of the dolphins from the
net; however, incidental mortality
sometimes occurs through entang-
lement.

As a result of increasing public
pressure to prevent mortality of
dolphins incidental to tuna purse
seining, elimination of setting on
dolphin-associated tunas is being
considered. Therefore, fishermen,
biologists, and managers need to
know the extent to which tuna
catch in the EPO might be reduced
by the elimination of sets on dol-
phin-associated fish. The objective
of this study was to estimate this
potential reduction in the catch. No

such estimates have been pub-
lished previously.

Tuna catches could be affected by
a ban or moratorium on dolphin
sets in six ways:

1 The overall catchability of yel-
lowfin by purse seiners could be
reduced.

2 The yield per recruit of yellow-
fin could decline because non-
dolphin-associated yellowfin
caught by purse seiners are
mostly composed of fish younger
than the optimum age of entry
(Calkins, 1965; Allen, 1981).

3 The average age of yellowfin and
mean biomass may be reduced
by fishing on younger age
groups. This might not only re-
duce the catch in weight, but
also reduce the spawning poten-
tial and possibly the resulting
recruitment.

4 Since the offshore EPO purse-
seine fishery is directed prima-
rily at dolphin-associated fish
(Fig. 1, A and B), a moratorium
on setting on dolphin herds
could result in a contraction of
the range of the fishery into in-
shore regions. The number of
fish recruited to this new
smaller area might be lower
than the number recruited to the
entire area. Lower effective re-
cruitment would also result in
lower catches.

5 If a moratorium on catching dol-
phin-associated tuna occurs,
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some purse-seine fishermen
may decide to move to other
oceans or retire, which would
reduce total fishing effort and
hence the catch.

6 Since skipjack tuna (Katsuwo-
nus pelamis), the only other
primary target species in the
fishery, seldom associate with
dolphins, their catch may in-
crease if effort remains at
1980-88 levels and is directed
only toward tuna schools not
associated with dolphins.

Because no relation between
spawners and recruitment of yel-
lowfin has been established
(Bayliff, 1992, p. 62), the possible
effects of reduced recruitment
were not addressed in this study.
Also, since the authors cannot
predict how many seiners would
leave the EPO, or how much the
fishery would contract, these two
factors were not considered. In
other words, this study only at-
tempted to estimate how much
tuna catches might change due to
changes in yellowfin catchability,
yield per recruit, total biomass,
and age structure.

To measure the possible effects
of changing the mode of fishing
from being directed toward prima-
rily dolphin-associated schools of
tuna (“dolphin sets,” Allen, 1981)
to one directed at exclusively free-
swimming schools (“school sets”)
and floating-object-associated
schools (“log sets,” Greenblatt,
1979), we first estimated what the
tuna catches would have been in
previous years if dolphin sets had
been replaced by non-dolphin
sets. Then the estimates were
compared with actual catches.
Our method used non-dolphin-set
catchability coefficients and total
effort to estimate what the
catches would have been during
1980-88 if there had been a mora-
torium on dolphin sets beginning
in 1980. Other works in which
catches were estimated for alter-
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Figure 1

(A) Geographic distribution of average yellowfin tuna (Thunnus
albacares) catch by purse seiners, during 198088, from schools associ-
ated with dolphins (Delphinidae). Catches are expressed in metric tons
by 2.5-degree quadrangles. (B) Geographic distribution of average yel-
lowfin catch by purse seiners, during 198088, from schools not associ-
ated with dolphins. Catches are expressed in metric tons by 2.5—degree
quadrangles.
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(A) Geographic distribution of total purse-seiner fishing effort during
1980-88 which lead to dolphin (Delphinidae) sets. Effort levels are ex-
pressed in boat-days of fishing by 2.5—degree quadrangles. (B) Geo-
graphic distribution of total purse-seiner fishing effort during 198088
which lead to non-dolphin sets. Effort levels are expressed in boat-days

of fishing by 2.5-degree quadrangles.

native catchability coefficients
include Holt (1958), Jones (1961),
and Bartoo and Coan (1978).

Materials and methods

Data

The Inter-American Tropical Tuna
Commission’s (IATTC) logbook
and length-frequency data bases
were used in this study. The log-
book data base, described in Or-
ange and Calkins (1981), Punsly
(1983; with emphasis on set
types), and Punsly (1987; with
emphasis on yellowfin catch
rates), contains information on
the fishing activities of about 90%
of the purse seiners in the EPO.
Total catches were estimated by
multiplying the logbook catches
by the ratio of the sum of the un-
loading weights to the sum of the
logbook catches. Geographic dis-
tributions of the logbook data on
catch and effort, during 198088,
for both dolphin-associated and
unassociated schools are shown in
Figures 1 and 2. The length-fre-
quency data base, described by
Hennemuth (1957), Punsly and
Deriso (1991), and Tomlinson et
al. (1992), has information from
samples of about 12-15% of the
catch. Age-specific yellowfin abun-
dances from cohort analysis
(Pope, 1972; also called sequential
computation of stock size in
Ricker, 1975; and virtual popula-
tion analysis in Gulland, 1965)
were taken from Bayliff (1990).

Data from 1980 to 1988 were
used in this study. Data before
1980 were not used because of the
difficulty in modeling the closed
seasons for yellowfin (Cole, 1980).
Data after 1988 were not used be-
cause cohort analysis cannot pro-
duce accurate abundance esti-
mates for cohorts which have not
been in the fishery for a sufficient
period of time.

Semi-annual age groups used in
this study were described in detail
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in Bayliff (1992, p. 52). Monthly age compositions
were estimated by combining 1-cm length-interval
data into semi-annual age groups by fitting
multinormal distributions to the data with the aid
of the computer program NORMSEP, (Abramson,
1971), and constraining the fit to the growth param-
eters of Wild (1986). “X” and “Y” cohorts were de-
fined as those fish reaching 30 cm, which correspond
to the approximate age of first recruitment, during
the fourth and second quarters of the year, respec-
tively. Age groups in our study, 0.5 to 5.5 in 0.5 year
increments, correspond to the Y0, X1, Y1 ... Y5 co-
horts, respectively, in Table 21 of Bayliff (1992).

Estimates of fishing effort

The total monthly effort by purse seiners was esti-
mated as

Epp = LYo Yom

where o, refers to the observed mixture of set types,
Y,,, is the yellowfin catch unloaded by purse sein-
ers in month (m), y,,, is the yellowfin catch reported
in the IATTC logbooks and £, , is the effort, in boat-
days of fishing, reported in the logbooks. Effort on non-

dolphin sets for all purse seiners was estimated by

Enm = z z f". nmchomcs / 5’ omcs ?
cs
where f

" mes 18 the fishing effort which lead to non-
dolphin (n) sets by monitored vessels of size (s) from
country (c), Y, is the total catch of yellowfin from
unloadings by size (s) vessels from country (c), and
Yomes 18 the total yellowfin catch by monitored ves-
sels. These estimates were stratified by country and
size of vessel because the proportion of dolphin sets
is affected by these two factors.

Estimates of skipjack catches if all effort
were non-dolphin

Skipjack are suspected to be mostly transient in the
EPO (Joseph and Calkins, 1969), so we assumed
that depletion is probably unimportant. Thus, the
ratio of the total effort to the non-dolphin effort was
used to estimate skipjack catches:

YApm (SJ)= Ynm (SJ) E'om /Enm ’

where l}pm(SJ) is the potential (p) non-dolphin, skip-
jack catch and Y, (SeJ) is the actual non-dolphin-set,
skipjack catch. In essence, skipjack catches were
estimated to be linear extrapolations of catch rates
to higher levels of effort.

Estimation of yellowfin catches if all effort
were non-doiphin

This method used age-specific, monthly catchability
coefficients by fishing mode and allowed the future
population structure to be affected by previous
catches. First, age-specific catchability coefficients
for non- dolphin sets (n) in each month (m) were
estimated for each semi-annual age group (j):

énmj = énw/(ﬁmﬁm)’

where Cm,u. are the monthly, total, non-dolphin
purse-seine catches (in numbers of fish) of semi-
annual age group (j) and N_. are the age-specific,
monthly, average abundances estimated by the co-
hort analysis (Bayliff, 1990). Beginning with the
population structure in January 1980, obtained from
cohort analysis, we estimated what the catch in each
month of each semi-annual age group would have
been without dolphin sets; i.e.,

Com = [(Fsansom ) (dansoom + 3,
[1-- i

where 17_] is the age-specific, instantaneous, monthly
natural mortality (Bayliff, 1992, p. 52). Yield in
weight was estimated by

~

Y

pmj

=W, ()ICpmy-

where W(j) is the estimated mean weight of age (j)
yellowfin in month m caught during 1980-88. The
subsequent month’s abundance of semi-annual age
group (/) was estimated to be

A

_ AGumi B+ M}
Npsy,j = Ny om0,

except for the months of recruitment (May and
January), when N, » and N,y ; Were set equal to
the historical recruitment previously estimated for
that time period by cohort analysis. Yellowfin form
the first semi-annual age group (those fish hatched
in the middle of the current year) were not included
in the analysis because they were not recruited until
the next year, when they became semi-annual age
group 3. Each January, the semi-annual age groups
were graduated as follows:

A

— —4npsqéansc+ﬂj
Ny jv2 = Npecse .
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Monte Carlo simulation

The age-structure method produced catches specific
to the observed time-series of recruitment and age-
specific catchability coefficients during 1980 88.
Additional information can be gained by estimating
what the trend in catches would be if the recruit-
ment and catchability trends were different. In or-
der to explore the range of resulting catches which
might have occurred under various conditions, a
Monte Carlo simulation was used. Paired simula-
tions were performed for both the observed mixed-
mode fishery and a fishery in which all effort was
directed toward non-dolphin-associated tuna. Fre-
quency distributions of differences between catches
from the two simulated fisheries provide a more
comprehensive estimate of future expectations.

The simulations used quarterly time steps and
1,000 replicates. At each quarter of each year in each
replicate, a year between 1980 and 1988 was ran-
domly selected with replacement (i.e., each year
could be selected more than once). Pairs of quarterly
catchability coefficients (one from the observed mix-
ture of fishing modes and one for the non-dolphin
sets only) estimated for the corresponding year, were
used in the calculations during the time steps. Quar-
terly coefficients were calculated with the same
equation as that for the monthly coefficients with
months replaced by quarters. Quarterly fishing ef-
forts were set to the 1980-88 averages. The same
average total effort was applied to both the observed
and non-dolphin fishing-mode models.

Recruitment was simulated to occur in the second
and fourth quarter. For each year in each simula-
tion, a randomly selected year was chosen. Recruit-
ment pairs (X and Y) from the randomly selected
year were used for both fishery models. Initial popu-
lation sizes and age structures were also set to the
198088 averages.

One thousand differences between the simulated
catches for the mixed- mode and non-dolphin only
scenarios were generated for a time series of nine
years. The 95% confidence intervals corresponded to
the 50th and 950th highest differences from the
1,000 simulations. Because yellowfin usually live for
less than 5 years (Fig. 3), results for the last (9th)
year were unaffected by the initial age structure.

Results
Deterministic approach

If trends in total effort, recruitment, and non-dol-
phin-set catchability coefficients had been the same
as during 198088, with all effort directed at non-
dolphin sets, yellowfin catches (Table 1, column

Table 1
Estimated annual tuna (Scombridae) catches by
purse seiners in the eastern Pacific ocean, in
thousands of metric tons.

Year OYF NYF QYF O0SJ NSJ OT QT NT

1980 170 129 158 131 1556 301 313 284
1981 190 152 146 120 151 310 297 303
1982 134 111 120 99 129 233 249 240
1983 104 96 98 58 73 162 171 169
1984 155 108 126 61 90 215 215 193
1985 227 132 169 49 99 276 268 231
1986 286 193 168 64 113 350 281 305
1987 285 243 1956 62 120 347 314 363
1988 303 266 229 85 123 388 352 389
Mean 206 158 156 81 117 286 274 275

OYF = yellowfin tuna (Thunnus albacares) - observed mixture
of set types.

NYF = yellowfin tuna - all effort directed at non-dolphin
(Delphinidae) sets, using the observed monthly
catchability coefficients for non-dolphin sets.

QYF = yellowfin tuna - all effort directed at non-dolphin sets,
using the average, observed, quarterly catchability co-
efficients for non-dolphin sets.

OSJ = skipjack tuna (Katsuwonus pelamis) - observed mixture
of set types.

NSJ = skipjack tuna - all effort directed at non-dolphin sets.

OT = yellowfin plus skipjack tuna - observed mixture of set
types.

QT = yellowfin plus skipjack tuna - effort directed at non-dol-

phin sets, using quarterly average catchability coeffi-
cients.

NT = yellowfin plus skipjack tuna - all effort directed at non-
dolphin sets, using monthly catchability coefficients.

NYF) were estimated to have averaged 77% of the
observed catch (Table 1, column OYF). The range
was from 58% in 1985 when dolphin-associated tuna
fishing was good to 93% in 1983 when dolphin-as-
sociated tuna fishing was poor. The reasons why the
ratio of estimated catch without dolphin sets to the
observed catch varied annually can be seen in Fig-
ures 3-7. For example, the high estimated bio-
masses of 1.5-year-old yellowfin in 1988 (Fig. 4),
coupled with their high non-dolphin-set catchability
coefficients (Fig. 5), produced an estimated catch of
266,000 t for all effort directed at non-dolphin sets,
which was almost as high as the 303,000 t catch
estimated from the catchability coefficients for the
observed mixture of set types (Fig. 6). Catchabilities
could have increased in 1988 for a variety of reasons,
including the use of deeper nets, the use of “bird
radar” (relatively new radar used for detecting birds
which commonly have tuna beneath them) or envi-
ronmental factors, such as a shoaling of the ther-
mocline (Green, 1967). For a given level of effort,
catches depended on the age-specific abundances
(Figs. 3 and 4) and catchability coefficients (Figs. 5
and 6). Consequently, the estimated catches if all
effort were directed at non-dolphin sets approached
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Estimated average annual biomasses (t) of yellowfin tuna (Thunnus albacares)
by semi-annual age group for the observed mixture of set types. In the left panel,
biomasses are summarized by age within year. In the right panel, biomasses
are summarized by year within age group. Age refers to the age in years at the
middle of the year.
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Estimated average annual biomasses (t) of yellowfin tuna (Thunnus albacares)
by semi-annual age group for all effort directed at non-dolphin (Delphinidae)
sets. In the left panel, biomasses are summarized by age within year. In the
right panel, biomasses are summarized by year within age group. Age refers to
the age in years at the middle of the year.
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Average annual non-dolphin-set yellowfm tuna (Thunnus albacares)
catchability coefficients (g in boat- days_ ) by semi-annual age group. In the
left panel, coefficients are summarized by age within year. In the right panel,
coefficients are summarized by year within age group. Annual catchability
coefficients are estimated as the mean of the monthly coefficients. Age re-
fers to the age in years at the middle of the year.
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Average annual observed yellowfm tuna (Thunnus albacares) catchability coef-
ficients (g in boat-days_ ) by semi-annual age group. In the left panel, coeffi-
cients are summarized by age within year. In the right panel, coefficients are
summarized by year within age group. Annual catchability coefficients are es-
timated as the mean of the monthly coefficients. Age refers to the age in years
at the middle of the year.
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the observed levels when the non-dolphin-set
catchability coefficients were greater than or equal
to the observed overall catchability coefficients
(Fig. 7, negative values) for the age groups of the
greatest biomass (Figs. 3 and 4). Estimated total yel-
lowfin plus skipjack catches, if all effort were di-
rected at non-dolphin sets, ranged from 84% during
1985 to 104% in 1983.

Estimates (Table 1, column QYF) of what the
catches would have been without dolphin sets, us-
ing the quarterly average (over years) non-dolphin-
set catchability coefficients for 1980-88, indicate
that yellowfin catchabilities on non-dolphin sets
increased in the late 1980’s. Average quarterly
catchability coefficients produced noticeably higher
catches than the observed non-dolphin-set monthly
coefficients in 1983-85 when the observed coeffi-
cients on small fish were low. On the other hand,
average quarterly catchability coefficients produced
lower catches during 1986-88, when the observed
non-dolphin-set coefficients were high.

Monte Carlo simulation

The Monte Carlo simulations (Table 2) predicted
that, if total effort, recruitment, and non-dolphin-set

catchability coefficients had varied randomly
throughout their 198088 distributions, and current
levels of effort and recruitment had been main-
tained, changing to a fishery with all effort directed
toward non-dolphin sets would have resulted in an
average reduction of 55,563 t (24.7%) of yellowfin
catch per year. The 95% confidence interval, based
on the 50th and 950th highest simulated differences
was 24,000 to 91,000 t (10%—42%). The entire fre-
quency distribution of the differences between the
two fishing-mode models in the 9th year is shown
in Figure 8. Simulated recruitment estimates were
selected from the observed values during 1980—88.
Thus, average recruitment used in the simulations
was higher than the mean actual recruitment to the
initial 1980 population structure, which was partly
a result of the poor recruitment during 1978 and
1979. Consequently, simulated catches were higher
for both the observed mixed mode fishery (229,000
t per year) and the non-dolphin-set only fishery
(175,000 t).

Yield per recruit

Estimated yellowfin catches from both the determin-
istic approach (Table 1) and the Monte Carlo simu-
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Figure 8

Frequency distribution of the percent of the yel-
lowfin tuna (Thunnus albacares) catch in weight
retained in the ninth year of a ban on dolphin
{Delphinidae) sets, from 1,000 Monte Carlo simu-
lated replicates. The percent of catch retained is
calculated as 100x (the catch if all effort were
directed at non-dolphin sets)/ (the catch from the

observed mixture of set types).

lations (Table 2) were heavily influenced by the re-
cruitment and fishing effort levels used. Recruit-
ment in the future may be different from that of
past, because of changes in population size, age
structure, and environmental factors. Therefore,
actual future catches could be different from what
we estimated. For these reasons, results in terms of
reduction in yield per recruit are of interest. We
estimated that the change to non-dolphin sets only
would result in the reduction of the yield per recruit
of yellowfin from the observed value of 2.8 kg per
recruit to 2.1 kg as shown in Figure 9. In addition,
effort levels could change in the future, perhaps as
a reaction to the moratorium. Therefore, estimates
of yield per recruit for various levels of effort might
be useful. If effort levels change in the future, the
multipliers on the X-axis in Fig. 9 could be used to
estimate the potential yellowfin catch.

Discussion

In order to predict what the tuna catches might be
in the future if there were a moratorium on dolphin
sets, we estimated what the tuna catches would
have been during 1980-88, had there been a mora-
torium on dolphin sets beginning in 1980. Using
these estimates to predict future catches required
the following assumptions:

1 Age-specific, non-dolphin
catchability coefficients will

catchability coefficients.

Table 2

Monte-Carlo simulated annual yellowfin tuna (Thunnus albacares) 9
catches, in thousands of tons, from 1980-88, quarterly, average

be the same in the future
as during 1980-88.
Fishing effort will remain
at 1980-88 levels.

3 The geographic distribution

YEAR OYFM OYFL OYFU NYFM NYFL

NYFU PCM PCL PCU

of effort will be the same as

1 202 184 229
2 215 183 247
3 227 183 276
4 229 183 283
5 236 188 286
6 245 195 302
7 237 189 294
8 231 182 281
9 229 181 279

150
164
170
175
181
187
180
176
174

121
127
129
131
139
138
138
134
131

186
205
217
223
230
241
229
228
222

72
76
76
70
76
76
75
76
75

during 1980-1988 (Fig. 2, A

61 83 and B combined).

gg g? 4 Recruitment will be at
68 88 1980-88 levels.

59 91 5 Natural mortality will not
61 91 change in the future.

59 90 6 Skipjack abundance will
55’2 g(l) not significantly change.

OYFM = mean yellowfin tuna catch for the observed mixture of set types.

OYFL = OYFM lower 95% confidence interval.
OYFU = OYFM upper 95% confidence interval.

NYFM = mean yellowfin tuna catch using total effort and non-dolphin catchability coeffi-

cients.

NYFL = NYFM lower 95% confidence interval.
NYFU = NYFM upper 95% confidence interval.
PCM = mean percent of catch retained (100 x NYFM/OYFM).

Significant deviations from
these assumptions could make
our estimates less valid. There-
fore, the potential ramifications
of deviations from the assump-
tions are discussed in detail below.

PCL
PCU

= PCM lower 95% confidence interval.
= PCM upper 95% confidence interval.

Major changes in the vulner-

ability of non-dolphin-associ-
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ated yellowfin to purse seiners could
result in significantly different catches
than we estimated. Allen and Punsly
(1984) showed that both environmental
and vessel efficiency factors affect the
catchability of yellowfin by purse sein-
ers in the EPO. Improvements in vessel
efficiency could increase future
catchability coefficients; whereas, envi-
ronmental factors could produce either
higher or lower catchability coefficients
than those observed during 1980-88.
Environmental factors affecting 05
catchability could conceivably mask the
effects of a moratorium on dolphin sets o
for several years. For example, if a
moratorium on dolphin sets had been
imposed at the beginning of 1983, the
low catch in 1983 would have made it
appear that the decline resulted from
the moratorium. However, we predicted
that a moratorium would have had the
smallest effect in 1983 (Table 1). Fish-
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Figure 9

Yield per recruit of yellowfin tuna (Thunnus albacares) (kg) for
the observed 1980-88 fishery (solid line) and a fishery with all
effort directed at non-dolphin (Delphinidae) sets (dashed line).
An effort multiplier of 1.0 refers to the 1980-88 average effort.

ermen, biologists, and managers should
be aware that catches during the first year after a
moratorium starts may not be indicative of long-
term averages. However, since 9 years of data were
used, our long-term average estimates should only
be affected by long-term changes in catchability.
An assumption that effort will be lower in the
future may be more realistic than our assumption
that effort will remain at 1980—88 levels. However,
we could not predict the extent to which effort might
be reduced because it is affected by ex-vessel tuna
prices at canneries all over the world, the prices of
other foods, and the cost of fuel. Nevertheless, if we
could estimate what the effort reductions would be
in the future, the effort multipliers in the the yield-
per-recruit estimates in Fig. 9 could still be used.
If the fishery contracted into the traditional in-
shore school- and log-set areas after a moratorium
on dolphin sets, then catches may be lower than we
estimated them to be. For example, if the area fished
were smaller, and mixing between the fish inside
and outside the area were incomplete, then the new
fishing area would encompass fewer fish than the
total area. Therefore, all of the population sizes of
yellowfin used in the equations in the methods sec-
tion would be overestimated. Recruitment estimates,
which are estimates of the number of 30-cm yellow-
fin, would also be overestimated. In addition, if fish-
ing effort remained high, but the range contracted,
then a gear- competition effect might lower the catch
of both yellowfin and skipjack. However, since effort
levels are expected to decline after a moratorium,

localized depletion of tuna due to a contracted fish-
ery is unlikely.

We assumed that yellowfin recruitment in the
future would not be affected by the changes in popu-
lation size and age structure which might result
from re-directing effort toward smaller fish, because
a relationship between yellowfin spawning biomass
and recruitment has not yet been demonstrated.
However, a spawner-recruit relationship for yellow-
fin may be discovered in the future, because better
estimates of yellowfin fecundity by size of fish, sea-
son, and area are currently being developed at
TATTC. When this work is completed we may be able
to predict recruitment levels and their resulting
catches more accurately in the future. If future re-
cruitment levels could be estimated, the future catches
could be derived by multiplying the recruitment esti-
mates by the yield per recruit shown in Figure 9.

Environmental factors have long been suspected
of having significant effects on yellowfin recruit-
ment. For example, favorable conditions in the late
1980’s may have contributed to the large number of
recruits (Bayliff, 1992). In 1987, the number of re-
cruits was so large that the effect of a moratorium
in 1988 would have been masked by a high catch of
1.5 year old yellowfin, first recruited during 1987.
In 1988, the high abundance of 1.5 year old fish (Fig.
4) coupled with their high catchability for non-dol-
phin sets (Fig. 5) caused the estimated yellowfin
catch if all effort were directed at non-dolphin sets
to be almost as high as the estimated actual catch.
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In order to predict future recruitment, the IATTC
is currently studying the relationship between the
environment and yellowfin recruitment. If they are
successful the yield-per-recruit estimates in Figure
9 could be multiplied by the recruitment estimates
to better predict future yellowfin catches.

Little is known about the rate of natural mortal-
ity of yellowfin. However, there is no reason to be-
lieve this rate will change. But, if it does change, a
reasonable assumption would be that if natural
mortality goes up, catch will go down and vice versa.

Little is known about skipjack population dynam-
ics. We assumed that local depletion is negligible for
skipjack. However, since skipjack are primarily
caught in association with floating objects, if the
amount of effort per floating object increases as a
result of effort being re-directed from dolphin-asso-
ciated tunas to floating objects, then the chances of
depletion is certainly possible. If this occurs, our
estimates of skipjack catch rates will be too high.
This effect could be compounded during years in
which floating objects are scarce, because the num-
ber of sets per floating object would increase. Since
the skipjack catches have been increasing in the west-
ern Pacific Ocean, their abundance and catch in the
eastern Pacific could be lower than our estimates.

A moratorium on dolphin sets is likely to result
in reduced catchability, yield per recruit, average
age, and total biomass of yellowfin. The catch of
yellowfin, based on these factors only, was predicted
to decline by approximately 55,600 t (25%). On the
other hand, skipjack catches could increase, making
the reduction in total tuna catches much smaller
(4%). The effects of reductions in fishing effort, the
range of the fishery, and recruitment were not ana-
lyzed in this study because they are currently un-
predictable; however, all three would result in an
additional decrease in total tuna catches. If better
predictions of effort levels and yellowfin recruitment
are made, the yield-per-recruit estimates in Figure
9 could be used in conjunction with them to better
predict yellowfin catches. The results of our analy-
sis indicate that catches in the first years after a
moratorium begins may not be indicative of the long-
term catches. Fishermen, biologists, and managers
should not consider these first-year catches as indices
of future catches, because recruitment and catchability
vary annually. On the other hand, our estimates of
future average catches should be useful unless there
are long-term changes in catchability or recruitment.
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Abstract.— Gastrointestinal
tract contents were evaluated from
78 female and juvenile male north-
ern fur seals (Callorhinus ursinus)
for analysis of their diet in the
Bering Sea. Fur seals were col-
lected from August to October of
1981, 1982, and 1985. Juvenile
walleye pollock (Theragra chalco-
gramma) and gonatid squid were
the primary prey. Pacific herring
(Clupea pallasi) and capelin
(Mallotus villosus), considered im-
portant fur seal prey in previous
reports, were absent from the diet.
Prey species and size varied
among years and between near-
shore and pelagic sample loca-
tions. Interannual variation in the
importance of pollock in the diet of
fur seals was positively related to
year-class strength of pollock.
Midwater (n=23) and bottom
(n=116) trawls were conducted at
the location of fur seal collections
to determine availability of fish
and squid relative to prey species
eaten by fur seals. The species and
size composition of prey taken by
fur seals was similar to midwater
trawl collections, but differed from
bottom trawl catches. Contrary to
earlier conclusions that northern
fur seals are opportunistic in their
feeding habits, we conclude that
fur seals are size-selective mid-
water feeders during the summer
and fall in the eastern Bering Sea.
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The Pribilof Island population (St.
George and St. Paul Islands) of
northern fur seals (Callorhinus
ursinus) represents approximately
75% of the total species breeding
population. Between 1975 and
1981, the Pribilof Island population
declined from 1.2 million to an es-
timated 800,000 animals (York and
Hartley, 1981; Fowler, 1985). Abun-
dance levels on St. Paul Island ap-
pear to have stabilized (York and
Kozloff, 1987) at a level 60-70%
below estimates of the 1940’s and
1950’s, and at one-half the esti-
mated carrying capacity (Fowler
and Siniff, 1992). The number of
animals continues to decline on St.
George Island (York, 1990).

The objectives of this study were
to determine the species and size of
prey eaten by northern fur seals in
the eastern Bering Sea, to compare
the seals’ present diet with that
prior to the population decline, and
to examine the seals’ consumption
of prey relative to prey availability.
Previous studies on the feeding
habits of northern fur seals in the
eastern Bering Sea (Scheffer,
1950a; Wilke and Kenyon, 1952;
Wilke and Kenyon, 1957; North
Pacific Fur Seal Commission Re-
ports 1962, 1975,2 and 19803;
Fiscus et al., 1964; Fiscus et al.,
1965; Fiscus and Kajimura, 1965)

were conducted prior to the 1975—
81 population decline and prior to
the 1970’s development of a com-
mercial walleye pollock (Theragra
chalcogramma) fishery in the
Bering Sea. Neither the size of fur
seal prey, nor fur seal selection of
prey relative to real-time availabil-
ity have been previously examined
in detail.

Methods

Northern fur seals were collected
from 17 to 28 October 1981; from
24 September through 6 October

1 North Pacific Fur Seal Commission Re-
port on Investigations from 1958 to 1961:
Presented to the North Pacific Fur Seal
Commission by the Standing Scientific
Committee on 26 November 1962, 183 p.
Available: Alaska Fish. Sci. Cent., NOAA,
NMFS, 7600 Sand Point Way NE.,
BinC15700, Seattle, WA 98115-0070.

2 North Pacific Fur Seal Commission Re-
port on Investigations from 1967 through
1972: Issued from the headquarters of the
Commission, Washington, D.C., June
1975, 212 p. Available: Alaska Fish. Sci.
Cent., NOAA, NMFS, 7600 Sand Point
Way NE., BinC15700, Seattle, WA
98115-0070.

3 North Pacific Fur Seal Commission Re-
port on Investigations during 1973-76:
Issued from the headquarters of the Com-
mission, Washington, D.C., February
1980, 197 p. Available: Alaska Fish. Sci.
Cent., NOAA, NMFS, 7600 Sand Point
Way NE., BinC15700, Seattle, WA
98115-0070.
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Figure 1
The study area with midwater trawl locations and northern fur seal collection positions. All

midwater trawls were conducted in 1985. Seal numbers 1-17 were collected in 1981, 1840 were
collected in 1982, and 41-83 were collected in 1985.

5
165°  164°

1982; and from 6 to 16 August 1985. Collections
were made within 185 km of the Pribilof Islands
over the continental shelf, continental slope, and
oceanic domain of the eastern Bering Sea (Fig. 1).

Seals were shot from a small craft and returned
to the NOAA ship Miller Freeman (65-m stern
trawler) for examination within 1.5 hours of collec-
tion. The esophagus of each seal was checked for
food as an indication of regurgitation, and the gas-
trointestinal (GI) tract was removed and frozen.
Gastrointestinal tract contents were later thawed
and gently rinsed through a series of graded sieves
(0.71, 1.00 or 1.40, and 4.75 mm in 1981 and 1982;
0.50, 1.00, 1.40, and 4.75 mm in 1985). Fleshy re-
mains were preserved in 10% formalin. Fish otoliths
and bones were stored dry. Cephalopod rostra and

statoliths were preserved in 70% isopropyl alcohol.

Prey identification was based on all remains, in-
cluding otoliths. Otoliths were not used for fish iden-
tification in earlier fur seal diet studies because
stomach samples were stored in formalin, which
dissolves otoliths. Techniques and references for the
identification of prey based on otoliths include Fitch
and Brownell (1968), Morrow (1979), Frost and
Lowry (1981), and otolith reference collections (see
Acknowledgments). References for cephalopod beak
and statolith identification include Clarke (1962),
Young (1972), Roper and Young (1975), Clarke
(1986), and beak and statolith reference collections
(see Acknowledgments). A tooth was collected from
each fur seal that was shot and ages were derived
from direct readings of canine tooth sections follow-
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ing Scheffer (1950b). In the analysis of data, males
and females of all ages were treated as one group
because of small sample sizes.

The highest number of either upper or lower
cephalopod beaks and left or right otoliths was re-
corded as the maximum number of each species
present. If deterioration made some left and right
otoliths of a species indistinguishable, they were
counted and the total was divided by 2. The fre-
quency of occurrence and number of individuals
from each prey taxon was calculated for each seal.

The fork length (FL) of pollock and dorsal mantle
length (DML) of squid was measured directly when
whole prey were present in the stomachs. In the
absence of whole prey, body size was estimated by
measurement of otoliths and beaks. The maximum
length of pollock otoliths and lower rostral length
(LRL) of gonatid squid beaks were measured to the
nearest 0.05 mm with vernier calipers. Squid DML’s
were estimated by comparison of LRL measure-
ments to the LRL/DML relationship of 51 gonatid
squid caught in trawls conducted in the vicinity of
seal collections. Walleye pollock fork lengths were
estimated by regression against otolith length (Frost
and Lowry, 1981). For otoliths measuring:

>10.0mm,(FL) ¥ =3.175X —-9.770 (R = 0.968)
<10.0mm, (FL)Y =2.246X —0.510 (R=0.981).

Walleye pollock ages were estimated from these
lengths based on length-age relation described by
Smith (1981) and Walline (1983) for walleye pollock
from the Bering Sea.

Otoliths may dissolve or erode to varying degrees
depending on their size and duration in fur seal
stomachs. We evaluated the bias introduced in FL
estimates due to eroded otoliths by assigning
otoliths to four condition categories (excellent, good,
fair, and poor) based on amount of wear. After qual-
ity categorization, the maximum lengths of otoliths
(except those in “poor” condition) were measured for
estimation of body length by regression, and length
frequencies of each category were determined inde-
pendently.

Cephalopod beaks are more resistant to digestion
than otoliths and were typically identifiable. Beaks
with chipped, worn, or broken rostra were rare and
were not measured. Cephalopod beaks were identi-
fied to species when possible, but most were catego-
rized into two groups referred to as Gonatopsis bo-
realis-Berryteuthis magister or Gonatus madokai-
Gonatus middendorffi. The two individual species
within each group can be separated based on their
external morphology and statolith structure, but

cannot presently be separated based on beak struc-
ture alone (Clarke, 1986).

Trawl collections of potential seal prey

Trawls were conducted throughout the study area
from the Miller Freeman between 1900 and 0600
hours within the vicinity of seal collections (Fig. 1).
Both bottom and midwater trawls were conducted
to provide a relative measure of the availability and
size of potential fur seal prey species. Bottom trawls
were made at 52498 m (¥=139 m) depths with an
83/112 Eastern bottom trawl (17-m width, 2.3—m
height mouth opening; 3.2—cm codend liner mesh,;
360-mesh circumference; 200-mesh depth; 30—m
bridle). Thirty-nine bottom trawls were conducted
in 1981 (14 October—4 November), 51 in 1982 (24
September—8 October), and 26 in 1985 (5 August—
22 August). Seven 1985 trawls were made beyond
maximum recorded dive depths of adult female seals
(257 m; Ponganis et al., 1992). They were included
in analyses because the species and size of fish and
squid caught were consistent with those caught by
bottom trawl within seal dive depths.

Collection and sorting methods and calculation of
bottom trawl catch per unit of effort (CPUE) values
followed Smith and Bakkala (1982). The total bot-
tom trawl catch was randomly split into a sample
of about 2500 kg. Individual species of fishes were
identified and weighed (wet) and CPUE (no./ha) was
estimated based on distance trawled. In 1981 and
1982, cephalopods were classified as squid or octo-
pus and discarded. In 1985, all cephalopods were
identified, sexed, weighed, and frozen whole. Beaks
were extracted and stored in 70% isopropyl alcohol.

Sex and age determination and body length mea-
surements were made on a subsample of up to 200
walleye pollock from each trawl. Fork lengths were
measured to the nearest centimeter. Saccular
otoliths were collected for age determination (Smith
and Bakkala, 1982) and stored in 70% isopropyl
alcohol. Walleye pollock CPUE was calculated by age
and body length. For purposes of this study, age-
length frequencies for male and female walleye pol-
lock were combined for each of the three years.

Midwater trawls were made in 1985 with a Dia-
mond midwater net (n=8) (10-16 fm mouth opening;
3.2—cm codend liner mesh; 354-mesh circumference;
and 160—-mesh depth with 2-m bridles) and a
Marinovich herring trawl (n=15) (6.1-m width, 6.1-
m height mouth opening; 1-cm codend liner mesh;
150—mesh circumference; and 350—-mesh depth with
10-m bridles). Specific trawling positions were cho-
sen within the vicinity of northern fur seal collec-
tion areas based on the presence of fish or squid as
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indicated on 38 kHz echosounders and a chromoscope.
Midwater towing depths measured by an attached
transducer ranged from 22 to 340 m (x=143 m).

All species of fish and cephalopods collected in
midwater trawls were identified and counted. The
CPUE and frequency of occurrence of each species,
LRL and sex of gonatid squid, and walleye pollock
frequency of occurrence by age and length were cal-
culated separately for each trawl type.

Comparison of seal diet and trawl collections

The Odds Ratio (Fleiss, 1981) was used to compare
prey availability (as determined by midwater and
bottom trawls) with selection of prey by fur seals for
each sample year:

12
0=27,
pq
where pl = % of diet comprised by a given prey
taxon,
ql = % of diet comprised by all other prey
taxon,

P2 = % of food complex in environment com-
prised by a taxa, and

q2 = % of food complex in environment com-
prised by all other taxa.

Values were calculated for number of each prey
species and percent frequency of occurrence among
seals, and CPUE values (no./ha) for each trawl type.
Values for p2 and g2 were also calculated for the
trawl types combined in order to provide a compre-
hensive description of the water column. The natu-
ral log of the calculated Odds Ratio represents ei-
ther positive or negative selection. The Odds Ratio
was chosen because, unlike other electivity indices,
the significance of the distance of calculated values
from zero (null hypothesis that prey were consumed
non-selectively) can be tested with the Z-statistic
(Gabriel, 1978).

In order to quantify the degree of overlap in the
composition of bottom trawls, midwater trawls and
fur seal GI contents, percent similarity (PS) values
(Langton, 1982) were calculated:

PS=100—0.5Za—b,

where a = % number of a given prey for seals, and
b = % number of the same prey for trawls.

Results
Fur seal diet

Eighty-three fur seals were collected. Ten of the 17
GI tracts collected in 1981 were empty and were

excluded from the analysis. Of the 73 animals in-
cluded in the analysis, 13 were juvenile males, 3
were juvenile females and 57 were adult females.
Most fur seals were collected over depths less than
200 m within the outer shelf domain (Fig. 1).

Fish represented 89% and cephalopods 11% of
prey numbers for all three sample years combined.
One-hundred percent of the GI tracts had fish re-
mains and 82% of all samples contained walleye
pollock. A total of 2,658 walleye pollock otoliths were
measured. In all years combined, juvenile walleye
pollock (3—20 cm FL) were the most numerous and
frequently occurring prey species. Sixty-five percent
of prey walleye pollock were from the 0—age group
(3-13 em FL) and 31% were from age group 1 (13—
20 cm FL). Only 4% of prey pollock were from age
group 2 (20* cm FL) and older.

Gonatid squids occurred in 36% of the samples,
but in comparison with pollock, they were not con-
sumed in large numbers (Fig. 2). Gonatus madokai-
G. middendorffi and Gonatopsis borealis-Berry-
teuthis magister were the second most frequently
occurring prey in all years combined. Seventy-nine
percent of the 389 beaks measured were from squid
5-12 cm DML.

Northern smoothtongue (Leuroglossus schmidti),
a bathylagid deepsea smelt, was the second most
numerous fish prey overall (Fig. 2) even though it
was found only in 1985 (Table 1). Northern smooth-
tongue composed a higher percentage of the total
number of fish than walleye pollock >2 years old for
all sample years combined. Atka mackerel
(Pleurogrammus monopterygius) composed 23.9% of
the 1981 prey sample and was present in five of
seven stomachs collected in 1981 that had prey re-
mains, but the species was identified from the prey
remains of only one other individual among the six
collected in the same area in 1982 (Table 1).

Although walleye pollock were eaten by fur seals
in all 3 years, marked differences in age and body
size were found between years (Table 1; Fig. 3). In
1981, the few walleye pollock otoliths found were
from fish 34 years of age. Fur seal GI tracts con-
tained primarily age-0 pollock in 1982 and age-1
pollock in 1985. Exclusion of otoliths that were in
fair condition caused a downward shift in modal FL
frequencies of 1 to 2 em, but did not change our es-
timation of the age categories of pollock eaten by
fur seals.

The species of forage fishes and squids consumed
by fur seals varied between samples taken on and
off the cont