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NUMERICAL INTEGRATION OF DAILY GROWTH INCREMENTS:

AN EFFICIENT MEANS OF AGEING TROPICAL FISHES
FOR STOCK ASSESSMENT

STEPHEN RALSTON! AND HAPPY A. WILLIAMS?

ABSTRACT

For an objective, cost-effective ageing methodology applicable to tropical species, a new approach to
estimating parameters of the von Bertalanffy growth equation through the study of otolith micrestrue-
ture was developed and applied to Pristipomoides zonalus, a deepwater snapper widely distributed
throughout the Indo-Pacific region. The average width of sagittal daily growth increments was used to
measure otolith growth rate, which was then related to the size of the otolith. The data were numerically
integrated, providing estimates of age (in years) at regular 500 um increments to otolith length, which
was then used to predict fork length (FL mm) at age with regression analysis. The data were fitted to
the von Bertalanffy growth model, resulting in FL = 442 (1 - exp(-0.234 (Age + 0.892)).

The method was critically examined and validated through the study of 1) annual hyaline and opaque
markings that appear in the otoliths, 2) Monte Carlo simulation, 3) length-frequency analysis, 4) ex-
amination of spawning seasonality relative to back-calculated birth date taken from the time of first
annulus formation, and 5) empirical comparisons with the literature concerning snapper growth.

Developing stock-assessment models tailored to the
characteristics and needs of tropical fisheries is an
area of active and productive research. In particular,
significant progress has been made over the last
several years in the area of length-based methods
(Schnute and Fournier 1980; Jones 1981; Pauly
1982, 1987b; Fournier and Breen 1983; Fournier
and Doonan 1987; Schnute 1987). With these ad-
vances, a powerful array of biologically realistic
models is now available for analyzing length-fre-
quency data.

Although tremendous strides have been made in
developing these new length-based methods, the im-
portance of acquiring other information besides
length-frequency data and total catch statistics is
all the more evident. Ancillary information usually
helps to stabilize and improve the estimation of
model parameters (Schnute and Fournier 1980;
Fournier and Doonan 1987). Foremost is develop-
ing an independent knowledge of growth dynamics
(Gulland 1987; Morgan 1987). It is now generally
accepted that the analysis of length-frequency data,

1Southwest Fisheries Center Honolulu Laboratory, National
Marine Fisheries Service, NOAA, 2570 Dole Street, Honolulu, HI
96822-2396; present address: Southwest Fisheries Center Tiburon
Laboratory, National Marine Fisheries Service, NOAA, 3150 Para-
dise Drive, Tiburon, CA 94920.

2Southwest Fisheries Center Honolulu Laboratory, National
Marine Fisheries Service, NOAA, 2570 Dole Street, Honolulu, HI
96822-2396.

Manuscript accepted September 1988.
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in conjunction with age estimates derived from the
study of hard parts, represents the most promising
avenue for future assessment work on exploited
tropical species (Pauly 1987a).

Nonetheless, estimating growth rates of tropical
species by using otoliths has been a difficult and per-
sistent problem. Investigators have often failed in
their efforts, either because of an absence of con-
ventional hyaline and opaque markings, as is true
of most tropical species, or because of an aversion
to direct enumeration of daily otolith increments.
The latter can be an extremely difficult, time con-
suming, and tedious process.

Since Pannella (1971) first discovered the exis-
tence of daily otolith increments, a large hody of
work has developed on the subject. While many
investigators have touted the potential benefits of
ageing tropical species by using otolith microstruc-
ture, few have attempted to develop growth curves
with assessment goals specifically in mind. Instead,
most work to date has dealt with ageing larval
forms (Jones 1986) and elucidating endogenous and
environmental effects on increment formation (Cam-
pana and Neilson 1985). Although much useful in-
formation has been gained, daily increments have
yet to fulfill their promise with respect to applica-
tions in the area of juvenile and adult population
dynamics.

The purpose of this study was to develop a gen-
eral method of ageing tropical fishes by using daily
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growth increments, specifically with stock-assess-
ment applications in mind. In this regard, the von
Bertalanffy growth equation (Ricker 1979) is of fun-
damental importance. Due to its widespread use in
assessment models (e.g., the Beverton and Holt
[1957] yield formulation). parameter estimates for
this equation provide an ideal complement to many
of the length-based methods that are currently in
use (e.g., Morgan 1987). The ultimate goal of this
study was, therefore, to develop a methodology to
estimate the von Bertalanffy growth parameters K
and L, from the study of daily increments. Ideal-
ly, the approach developed should be general in its
application, easy to implement, simple in its tech-
nical requirements, and cost effective. Were such
a uniform framework to the study of age and growth
of exploited tropical species developed, it would
assist routine assessment work greatly.

MATERIALS AND METHODS

As part of a larger program to assess stocks of
deep slope fishes in the Mariana Archipeiago (Polo-
vina 1985; Polovina and Ralston 1986; Ralston in
press b), a study of the age and growth of gindai,
Pristipomoides zonatus, was initiated. This commer-
cially important eteline snapper (Lutjanidae) is wide-
ly distributed in the Indo-Pacific region (Allen 1985)
and is the most commonly caught species in Guam'’s
deepwater hook-and-line fishery (Polovina 1986).

Field sampling for gindai specimens was con-
ducted from the NOAA ship Tounsend Cromavell
during the 2 yr period spanning April 1982 to May
1984. During this time, six 40 d cruises were com-
pleted, such that samples of gindai were obtained
during all months of the year except March, Sep-
tember, and October.

All gindai were caught during daylight hours by
using hydraulie fishing reels equipped with cirele fish
hooks. When landed, fish were measured to the
nearest millimeter fork length (FL) with a measur-
ing board and weighed to the nearest 0.01 kg on a
beam balance.

Specimens were sexed at the time of capture by
gross examination of the gonads. In addition, a rep-
resentative selection of the gonads was frozen for
more detailed examination in the laboratory. There,
they were preserved in a solution of 10% buffered
formalin and weighed to the nearest 0.1 mg. Ova-
ries were staged with the classification of Everson
(1984), developed for E'telis carbunculus, a related
deepwater eteline lutjanid. His classification recog-
nizes seven stages based on egyg size, shape, and yolk
content, i.e., (I) primordial, (II) early developing, (IIT)
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developing, (IV) advanced developing, (V) early ripe,
(VI) ripe, and (VII) residual. Gonadosomatic indexes
(gonad weight expressed as a percentage of body
weight) also were calculated where possible.

Otoliths

At the time of capture, sagittal otoliths were col-
lected, by frontal section through the cranium, from
certain individuals sampled uniformly from the full
size range of gindai captured. The otoliths were
rinsed in fresh water to remove adhering mem-
branes and endolymph and were stored dry in glass
vials. Later in the laboratory, they were examined
with a dissecting microscope for the presence of
hyaline (i.e., translucent) and opaque markings while
illuminated with reflected light against a dark back-
ground. When markings were present, the distance
from the focus to the beginning of each opaque zone
was measured along the postrostral growth axis by
using a calibrated ocular micrometer. Total otolith
length (focus to postrostrum) also was recorded.

A random subsample of gindai otoliths was taken,
and their microstructure examined for the presence
of daily increments (Campana and Neilson 1985). To
prepare the otoliths, they were first embedded in
casting resin, which was allowed to harden com-
pletely. Cast otoliths were sectioned on a Buehler?
ISOMET low speed jewelry saw. Thin (0.70 mm) sec-
tions were made through the focus along a frontal
plane to the most distal portion of the postrostrum.
Sections were polished sequentially on a Buehler
ECOMET polisher/grinder with 180 and 600 grit
abrasive disks. Samples were then briefly etched for
5-30 seconds in a dilute solution of 1% HC], washed
in water, and dried. Prepared sections were
mounted on glass slides with Euparol or Flotexx and
cover slips and allowed to clear and harden com-
pletely prior to viewing (approximately 2 weeks).

Mounted otolith sections were examined with a
compound binocular microscope by using trans-
mitted light at a magnification of 200 or 400 x . Total
lengths of the otoliths (i.e., the distance in micro-
meters between the focus and the postrostral
margin) were measured (N = 94) and individual
readings were made at selected points along the
postrostral growth axis, wherever it was possible
to distinguish the characteristic bipartite structure
of daily increments. At each site sampled the aver-
age width of presumptive daily growth increments
was determined by counting a small number (me-

2Reference to trade names does not imply endorsement by the
National Marine Fisheries Service, NOAA.



RALSTON and WILLIAMS: AGEING OF TROPICAL FISHES

dian = 14, range = 5-22) of increments and measur-
ing the axial length of the short segment in which
they occurred. In addition, the curvilinear distance
hetween the midpoint of each segment and the
otolith focus was measured along the focus to
postrostral growth axis. Up to 12 readings were
made from each preparation. The focus was defined
to be the most posterior of what typically were
several primordia (e.g., Radtke 1987).

The data were summarized by computing the ratio
of segment length in micrometers to the included
number of increments at each specific site examined,
providing an estimate of the average increment
width at some measured distance from the otolith
focus. Under the assumption that one increment
forms each day, these data can be used to estimate
the instantaneous growth rate of the otolith (Ralston
and Miyamoto 1981, 1983; Ralston 1985).

To estimate age, a simple form of numerical in-
tegration was employed. Starting at the focus, the
data were subdivided into 500 um intervals of otolith
length. For each interval, the arithmetic mean
growth rate of the otolith was calculated based upon
the number of readings falling therein. This aver-
age growth rate was then divided into 500 ym to
estimate the number of days needed to complete
growth through the intervals, which were sequen-
tially accumulated away from the focus, and finally
divided by 365.25 to convert age estimates to years.
The size of the otolith upon completion of growth
through each interval was used to predict the cor-
responding FL of the fish after the natural loga-
rithm of FL was regressed on the logarithm of total
otolith length. These data (age [in years] and FL
[mm]) were then fitted to the von Bertalanffy
growth equation (Ricker 1979) by using a nonlinear
regression routine (SAS Institute Inc. 1979, NLIN
procedure).

Monte Carlo simulation techniques (Naylor et al.
1966) were applied to this analytical procedure to
evaluate the accuracy (i.e., bias) of the estimator and

- to study the precision of parameter estimates. The
structure of the simulation model was such that von
Bertalanffy growth was assumed by stipulating a
decreasing linear relationship between somatic
growth rate and length, i.e., d(FL)dt = K(L,, -
FL). Likewise, the relationship between otolith
length (OL) and FL was assumed to be governed
by the power function, so that FL, = aOL#. Otolith
growth rate, d(OL)/dt, was then obtained by form-
ing the ratio of d(FL)Ydt and d(FL)d(OL). All
parameters in the model were otherwise set equal
to the estimates obtained from the otolith study,
and the specific probability distributions invoked

were similar to those encountered with the actual
data.

Length-Frequency Analysis

As an independent means of verifying results ob-
tained through the study of otoliths, the regression
method of Wetherall et al. (1987) was used to esti-
mate specific growth and mortality parameters
characterizing the study population. The analysis
was based on the combined length-frequency distri-
bution (FL rounded to the nearest 10 mm) of all gin-
dai sampled (see Ralston [in press a] for a discus-
sion of the effects of pooling length data taken at
different times throughout the year).

Initially, this method requires determination of the
least FL at which fish are fully represented in the
catch (£, ). For this purpose, the first size class
larger than the mode was assumed to be the small-
est length category fully sampled (see, for example,
Ricker 1975). Moreover, for this and any larger cut-
off value (£, ;), we were able to compute the mean
size of fully vulnerable fish in the catch (£,), i.e.,
those fish greater than € ;. As { ; was successive-
ly advanced through the fully vulnerable size range,
the mean and variance in size of larger fish were
recalculated at each step, and a series of ordered
pairs was developed. The actual estimation proce-
dure involved regressing values of {; against suc-
cessive values of £, ;. The inverse of the standard
error of f; was used as a statistical weight for
each point, leading to the best linear unbiased esti-
mates of the slope (d) and intercept (¢). With the
resulting regression statistics, the formulae pro-
vided in Wetherall et al. (1987) were used to obtain
point estimates of the ratio of total instantaneous
mortality rate to the von Bertalanffy growth coef-
ficient (Z/K) and the von Bertalanffy asymptotic size
parameter (L_). In particular, they showed that
ZIK = 6/(1 — d) and L, = &(1 — J). Likewise,
error estimates for these statistics were calcuated
as well.

RESULTS

Age Estimation from Increment
Microstructure

In all, 440 otoliths were extracted, and of these,
94 were sectioned and examined for daily incre-
ments. As expected, there is a clear statistical basis
for predicting FL from OL (Fig. 1). The regression
equation relating these variables is highly signifi-
cant (P < 0.0001) and is given by
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FIGURE 1.—Regression of the natural logarithm of FL on the log of otolith length (OL) (focus to distal
margin of postrostrum).

log(FL) = —-3.783 + 1.074 log(OL),

with 2 = 0.76 and standard errors for the slope
and intercept equal to 0.0634 and 0.5665, respec-
tively.

The sagittae of gindai display microstructure (Fig.

2) typical of daily increments observed in other
studies (Dunkelberger et al. 1980; Tanaka et al.
1981; Watabe et al. 1982). Light incremental zones
and dark discontinuous zones are clearly visible in
the photomicrograph. One daily growth increment
is composed of the bipartite combination of a single

FIGURE 2.—Photomicrograph of a sectioned gindai otolith showing increment microstructure. The
10 daily increments in a short 78 um segment are enumerated and increment width, i.e., otolith growth
rate, is calculated (7.80 pm/d). The distance to the focus is also shown (2,160 um).
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incremental zone with its adjacent discontinuous
zone. When counting daily increments, we enumer-
ated the dark discontinuous zones.

From the 94 sectioned otoliths examined for the
presence of growth increments (Fig. 2), a total of
852 determinations of otolith growth rate (i.e., in-
crement width) were completed. Note that no incre-
ment width data were collected at otolith lengths
in excess of 7,500 um, although otoliths as long as
9,594 um were measured and used in the regression
analysis of log(FL) on log(OL) (see Figure 1). Beyond
7,500 um (corresponding to 329 mm FL), the pat-
tern of otolith growth became increasingly irregular,

and clearly distinguishable daily increments, com-
posed of well-defined incremental and discontinuous
zones, were difficult to resolve.

The data show that as otolith length increased the
growth rate of the otolith declined (Fig. 8). No de-
tectable difference in the relationship between
otolith growth rate and otolith length could be at-
tributed to sex. A partitioned analysis of covariance
of the log-transformed data (Table 1) failed to reveal
differences in either the slopes or adjusted means
of males and females. Thus, data for the two sexes
were combined.

The mean growth rate of the otolith d(OL)/dt;

40 suen
% 339 ‘.Ihﬂe ° o a L4 :"‘erlnclles
301 ° .. ° e aies
3 once 887850 » Unknown
L 251 uunl;:.-l=
mO ® pUeetu g,
- 20 o LYY
£ Ly
5 154
o L ]
£ 101
2
O 5
04+ e rreverees rreerrreer rree YT
0 1000 2000 3000 4000 5000 6000 7000 8000

Otolith Length (um)

F1GURE 3.—The relationship between otolith growth rate and otolith length plotted for males, females,
and specimens of unknown sex.

TABLE 1.—Partioned analysis of covariance of log-transformed otolith growth rate
d(OL)/dt. Otolith length (OL) was used as the covariate and sex was the treat-
ment variable. The data were divided into two separate linear partitions: data for
which OL £3,700 um and OL >3,700 um.

Sum of Mean
Source df squares square F P
OL £3,700 ym
Equality adjusted means 1 0.0015 0.0015 0.01 0935
Zero slope 1 121.9917 121.9917 551.78 0.001
Error 316 69.8635 0.2219
Equality slopes 1 0.7158 0.7158 3.26 0.072
Error 315 69.1477 0.2195
OL >3,700 um
Equality adjusted means 1 0.1334 0.1334 1.14 0.286
Zero slope 1 15.9656 15.9656 136.72 0.001
Error 389 45.4273 0.1168
Equality slopes 1 0.2202 0.2202 1.89 0.170
Error 388 45.2071 0.1165




and the variance in growth rate o?; within each of
the 1 = 1,15 intervals of otolith length (Table 2) show
that as otolith length increased both d(OL)/dt and
o declined. The estimated age (in years) at the
point of transition between each of the 15 otolith
length intervals (i.e., upon completion of growth
through interval k) was
k

Ao, - L 3 MOD_

865 i=1 d(OL)/dt;

where A(OL) is 500 um in the application presented
here.

Otolith length upon completion of growth through
interval k was converted to the equivalent FL (see
Figure 1), and the data fitted to the von Bertalanffy
growth equation. Because this model poorly repre-
sents growth during the early life history, only data
representing otolith length intervals in excess of
3,000 um (i.e., ages >0.8 year) were used in the
regression analysis (see Discussion). Table 2 also
provides a statistical weight for each of the age esti-
mates. Weighting was desirable because 1) the sam-
ple size of each mean varied, 2) the o% were
heterogeneous (proportional to the square of the
mean), and 3) compounding of error occurred be-
cause of the additive property of the estimator.
Weights were calculated as the reciprocal of the sum
of standard errors of the means through interval k.
The weighted least squares fit to the von Bertalanffy
equation (Fig. 4) was

FL = 442 (1 - exp(—0.234 (Age + 0.892))),

with 99.99% of the total variation in FL explained
by the model, and with asymptotic standard errors

FISHERY BULLETIN: VOL. 87, NO. 1

for L_, K, and t, equal to 14.85 mm, 0.0180 yr-1,
and 0.078 year, respectively.

The results of the Monte Carlo simulation indicate
that the estimation procedure was unbiased. Follow-
ing 50 computer replications of the same sampling
procedures outlined above, there was no detectable
bias in the estimation of either K or L., even
though the coefficients of variation for the standard
errors of these statistics were both small (0.64 and
0.34%, respectively). Moreover, variance estimates
derived from the approximately normal simulation
sampling distributions of K and L, provided a basis
for placing confidence intervals on the point esti-
mates as follows: P(0.213 < K < 0.255) = 0.95 and
P(421 < L, < 463) = 0.95.

Annual Marks on the Otoliths

On occasion, hyaline and opaque zones were evi-
dent in the sagittae of gindai (Fig. 5). These were
most easily viewed with light reflected off otoliths
immersed lateral side up in water. Typically, how-
ever, the zonations were poorly developed or absent
entirely. Nonetheless, of the 440 otoliths examined,
some banding was evident in 171 (89%), and it was
possible to classify the margins of these as either
hyaline or opaque. The seasonal expression of hya-
line or opaque zones on the margins of these oto-
liths shows what appears to be an annual periodicity;
otoliths sampled during the November-December
bimonthly period were characterized almost exclu-
sively by the presence of hyaline margins (94%). Just
2 months later (January-February), only 13% of the
otolith samples were similarly classified (Fig. 6).
Thereafter, the percentage of otoliths with hyaline
margins was never elevated, at least through the

TABLE 2.—Summary statistics of otolith growth by 500 um intervals in otolith length.

Mean

Otolith growth Variance Interval Statis-

length Lower Upper rate growth  duration Age tical
interval bound bound N (um/d) rate (d) (yr) weight
1 1 500 3 2803 39.20 17.84 0.0 0.0696
2 501 1,000 30 27.89 90.28 1793 0.1 0.0164
3 1,001 1,500 55 21.53 42.81 2322 0.2 0.0132
4 1,501 2,000 60 18.43 41.68 2714 02 0.0118
5 2,001 2,500 83 10.94 32.57 4570 04 00115
6 2,501 3,000 7 5.97 12.76 8368 0.6 0.0115
7 3,001 3,500 54 5.52 441 90.55 0.8 0.0114
8 3,501 4,000 49 3.99 1.61 12525 1.2 0.0113
9 4,001 4500 110 3.98 2.18 12554 1.5 0.0113
10 4,501 5,000 99 3.36 1.72 149.02 1.9 0.0113
11 5,001 5,500 95 3.01 1.5 165.98 24 0.0112
12 5,501 6,000 78 2.87 1.03 174.03 29 0.0112
13 6,001 6,500 39 2.29 0.74 217.91 35 0.0112
14 6,501 7,000 18 2.03 0.45 246.60 4.1 0.0112
15 7,001 7,500 7 1.51 0.16 33097 5.0 0.0111
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FIGURE 4.—Von Bertalanffy growth curve for gindai developed from the study of daily growth
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FIGURE 5.—Photomicrograph of a whole gindai sagitta show-
ing the development of hyaline and opaque zones and
distance measurements from the focus (F) to the otolith
margin and each ring group.

increments.

end of August. No data were available for the
months of September and October. These results in-
dicate that the markings observed were annular and
that the opaque zone first began to form during
January-February.

Given the apparent annual periodicity of the mark-
ings, growth was estimated by examining their
spatial pattern within the otolith. Table 8 presents
mean otolith radii measured to the start of each new
opaque zone, summarized by sampled age groups,
for the 29 specimens that showed well-developed
markings throughout their sagittae (e.g., Fig. 5).
The table also presents the weighted mean radii con-
verted to estimated FL’s by using the regression
developed earlier (Fig. 1).

The assembled data were then used to estimate

TABLE 3.—Back-calculated lengths based on annual markings in
gindai otoliths. All measurements were taken along the focus to
postrostrum growth axis.

Mean otolith radius (um) at annulus

Age group N | ] n v v
| 0 —

1] 0 — —

LI} 6 3,233 4,700 5,600

v 13 3,054 4,400 5,408 6,315

\ 10 3,130 4,440 5,610 6,530 7,260
Weighted mean (um) 3,117 4,476 5517 6,409 7,260
Standard deviation 222 349 427 468 443
Fork length (mm) 128 189 237 278 318
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FIGURE 6.—The seasonal occurrence of hyaline and opaque markings on the margins of gindai otoliths.

parameters of the von Bertalanffy growth equation
by means of a Walford plot (Ricker 1975), wherein
results from a regression of FL at time ¢ + 1 against
FL at time ¢ provide the basis for estimates of K
= 0.156 yr-! and L, = 537 mm FL.

Length-Frequency Analysis

The combined length-frequency distribution for all
gindai sampled (Fig. 7) shows that the mean size was
368 mm FL (standard deviation = 43.1 mm). Fish
ranged in size from 190 to 490 mm FL and the modal
size was 380 mm FL. Thus, ¢, ;, was estimated to
be 385 mm FL. There is evidence to show that,
above this size, fish were equally vulnerable to the
gear (Ralston 1982, unpubl. data), although smaller
individuals were almost certainly underrepresented
in the catch because of the selective sampling ac-
tion of the fish hooks. As £,; increased from 385
to 485 mm FL, the corresponding value of {; in-
creased (Table 4). Due to a sample size of one,
estimates of the variance and standard error of the
mean could not be calculated when ¢ ; = 485 mm.
Without a statistical weight, the point was excluded
from the analysis.

8

The regression of £; on {,; (Fig. 8) was highly
significant (P << 0.0001), although there was an
increasing lack of fit as ¢,; increased, especially
beyond 435 mm FL. This result was due to the
diminished statistical weights accorded these points
(Table 4). Estimates of the slope and intercept of
the regression were d = 0.7051 and = 137.31, with
standard errors of 0.0200 and 8.138, respectively.
Thus, the mortality to growth ratio (Z/K) is esti-

TaBLE 4.—Length-frequency data fitted to the Wetherall et al.
(1987) regression model for estimating Z/K and L (fork length in

mm).

Class Relative
fork - Standard  statistical

length N f; ¢ Variance error weight
390 362 385 4095 2844 0.438 22.82
400 314 385 4159 2121 0.435 22.94
410 301 405 42241 157.3 0.441 22.65
420 214 415 4293 110.7 0.469 21.32
430 165 425 436.3 79.4 0.523 19.10
440 83 435 4446 62.1 0.705 14.18
450 30 445 4538 58.3 1.178 8.49
460 10 455 463.3 78.7 2.562 3.90
470 1 465 4800  200.0 10.000 1.00
490 1 485 490.0 — - -
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FIGURE 8,—Wetherall et al. (1987) regression of f, on ¢ «i (see text for further discussion).

mated to be 2.39 and L, = 466 mm FL. Confi-
dence intervals for these estimates are P(1.94 < Z/K
< 2.62) = 0.95 and P(458 < L_ < 474) = 0.95.

With the results presented earlier, it is possible
to decompose the Z/K ratio and estimate total
mortality rate (Z). For K = 0.234 yr-! (increment
microstructure), Z = 0.56 yr-1, and for K = 0.156
yr-! (annual marks), Z = 0.37 yr-1

Spawning Season

Gonadosomatic indexes for male and female gin-
dai are summarized by month of capture in Figure
9. The relative size of gindai ovaries was consider-
ably greater than the testes. More importantly,
there was a distinct seasonal trend in the monthly
mean gonadosomatic indexes of females, which

9
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FIGURE 9.—The seasonal pattern of variation in mean gonadosomatic indexes of male and female
gindai in the Mariana Archipelago. Note that mean index values are bracketed by sample standard

deviations with the sample sizes given above.

reached a peak in May and diminished as the sum-
mer progressed.

The same pattern was mirrored in the percent-
age of ovaries classified to stages IV-VI (i.e., ad-
vanced developing to ripe). During the January-
March quarter, only 1.4% of the ovaries sampled
were so classified. This statistic rose to 48.3% dur-
ing the April-June period, but then dropped to
19.2% in the July-September quarter and to 16.7%
over the last quarter of the year (October-Decem-
ber). The similarity of these two patterns reinforces
the interpretation of reproductive seasonality based
on gonadosomatic indexes alone (but see deVlam-
ing et al. 1982), and when taken together, these data
indicate that peak spawning of gindai in the Mari-
ana Archipelago occurs in late May and early June.

DISCUSSION

Other researchers also have measured the width
of daily increments to study fish growth. Methot
(1981) used the widths of the outermost three incre-
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ments in the otoliths of Engraulis mordax and
Stenobrachius leucopsarus as a measure of recent
somatic growth rate. Brothers and McFarland
(1981) measured the thickness of daily increments
in newly recruited Haemulon flavolineatum to dis-
criminate life history transitions, as did Gutiérrez
and Morales-Nin (1986) in their study of Dicentrar-
chus labraxz. Moreover, integration of increment
width data to estimate age has been reported, both
analytically for Pristipomoides filamentosus (Ral-
ston and Miyamoto 1981, 1983) and numerically for
Merluccius angustimanus, Merluccius sp., Engrou-
lis mordax, and Pristipomoides auricilla (Brothers
et al. 1976; Methot 1983; Ralston 1985).
Experimental work has revealed some of the fac-
tors that affect the width of daily growth incre-
ments. For example, decreased somatic growth in
Oncorhynchus tshawytscha due to reduced temper-
ature also results in reduced increment thickness
(Neilson and Geen 1985). There is conflicting evi-
dence, however, regarding the effect of food ration
on daily increment width. Volk et al. (1984) experi-
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mentally altered somatic growth rates of O. keta
juveniles with different experimental feeding
regimes and showed a direct linear effect on the
mean width of daily increments. Similarly, Marshall
and Parker (1982) presented data showing an in-
crease in the relative size of otoliths of starved O.
keta compared with that of fed controls, even though
starvation had no effect on the number of incre-
ments. In contrast, Neilson and Geen (1985) found
no effect due to ration alone on the thickness of in-
crements in fry of O. tshawytscha, although an inter-
active effect due to ration level and water temper-
ature was shown. These authors also found that
increased feeding frequency significantly reduced
mean increment width. Lastly, Campana (1984)
found that increments of larval (<10 days old)
Porichthys notatus were more irregularly spaced
than in juveniles, as were the increments of fish ex-
posed to a constant photoperiod environment. From
these results, it is apparent that the effect of food
ration on the width of daily increments is complex
and is at present not well understood.

There is still some question concerning how close
the coupling is between somatic and otolith growth
rates (Brothers 1981; Bradford and Geen 1987).
Over the entire lifespan, otolith length and FL
typically are highly correlated (Templeman and
Squires 1956; Blacker 1974). This situation could not
arise were not the growth rates correlated over a
similar scale. Still, in the most rigorous examina-
tion of the extent of rate coupling to date, Bradford
and Geen (1987) found no correlation between the
observed growth rates of individual O. tshawytscha
fry and otolith increment widths over relatively
short-term (7-15 d) intervals, although a good corre-
lation over a 51 d interval was observed. These
authors point to the relatively conservative char-
acter of otolith growth (Casselman 1983; Gutiérrez
and Morales-Nin 1986) as the reason for short-term
uncouplings between somatic and otolith growth
rates.

In our study, otolith microstructure typical of daily
increments was observed in the sagittae of gindai
(Fig. 2). Daily growth increments were previously
described and illustrated for congenerie species by
Ralston and Miyamoto (1981, 1983), Brouard et al.
(1984), and Radtke (1987). Likewise, we observed
annual hyaline and opaque zonations, which have
been reported in the hard parts (otoliths and verte-
brae) of other lutjanids (Loubens 1978; Chen et al.
1984; Edwards 1985; Manooch 1987; Samuel et al.
1987). Still, of the 11 deep slope species (Pristi-
pomoides zonatus, P. auricilla, P. filamentosus, P.
sieboldii, P. flavipinnis, Aphareus rutilans, Etelis

coruscans, E. carbunculus, Lutjanus kasmira,
Caranx lugubris, and Selar crumenophthalmus)
caught during the Marianas survey and whose oto-
liths were examined in some detail (Ralston and
Williams 1988), only gindai displayed hyaline and
opaque zonations, even though all species exhibited
microstructure typical of daily growth increments.
The absence of annuli in the otoliths of these other
species is difficult to explain because many are con-
geners, most are confamilials, and all but one (S.
crumenophthalmus) occupy the same general deep-
water habitat where gindai are found. As a group,
these fishes are exposed to virtually identical
environmental conditions. Neither is the diet of gin-
dai in the Marianas particularly distinctive (Parrish
1987).

In contrast to the situation in the Marianas,
studies by Loubens (1978) in New Caledonia and
Samuel et al. (1987) in the Persian Gulf document
distinctive hyaline and opaque annuli in a wide varie-
ty of the taxa indigenous to these areas. Although
the occurence of annuli in the otoliths of a variety
of tropical and subtropical species is now well docu-
mented (Manooch 1987), our understanding of when
and how they form is quite limited (see below).

Von Bertalanffy growth curves were developed
for gindai by using both increment microstructure
(Fig. 4) and annual marks. Likewise, the L, param-
eter of the von Bertalanffy growth equation was
estimated by using the regression method of
Wetherall et al. (1987). Moreover, the analysis based
on annual markings was tentatively validated with
an abbreviated form of marginal increment analysis,
wherein the seasonal presence or absence of opaque
margins was established for the various pooled ring
groups. A preferred approach is to measure the
marginal increment for each ring group separately
(e.g., Chen et al. 1984; Matheson et al. 1986). Al-
though the importance of this type of validation has
been overlooked (e.g., Beamish and McFarlane
1983), it is a very useful technique, especially in
situations where capture is fatal.

A comparison of von Bertalanffy parameter esti-
mates obtained by the three wholly independent ap-
proaches (increment microstructure, annuli, and
length-frequency analysis) shows reasonable corre-
spondence. The two estimates of growth coefficient
(K) differed somewhat (0.234 versus 0.156 yr-1%),
although estimates of L_ were substantially closer
(442, 537, and 466 mm F'L, respectively). Given that
the annual marks were only weakly expressed, these
findings support the conclusion that the microstruc-
ture observed in gindai otoliths (Fig. 2) results from
the daily accretion of increments and, to the extent
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that annuli have been validated (Fig. 6), verifies the
method of increment widths employed here. Like-
wise, the Monte Carlo simulation demonstrated that
from an analytical point of view the method is free
of significant bias.

The results obtained here were also compared to
what we know of lutjanid growth by using the
growth performance index developed by Munro and
Pauly (1983) (see also Pauly and Munro 1983). For
a specifically delimited taxon, this index empirieal-
ly quantifies the well-known inverse correlation be-
tween K and L, (Beverton and Holt 1959; Cushing
1968) and provides a simple basis for predicting K
with an estimate of L. Specifically, Manooch
(1987) tabulated the results of growth studies cover-
ing 46 snapper and 31 grouper (Epinephelinae)
stocks and calculated the combined growth perfor-
mance regression for these taxa (r2 = 0.57). With
his equation, we predicted K by using each of our
three estimates of L_ (see above). These calcula-
tions resulted in K = 0.228, 0.200, and 0.220 yr-!
for maximum sizes derived from daily increment
microstructure, annuli, and length-frequency anal-
ysis, respectively. The estimates compare favorably
with the value obtained solely from the study of
otolith microstructure (K = 0.234 yr-1), indicating
that our results are in close agreement with exist-
ing information concerning lutjanid growth.

Calculating the age at first annulus formation pro-
vides additional evidence that the approach pre-
sented here is valid. The data presented in Table 3
indicate that the first annulus occurs at an otolith
length of 3,117 um. An estimate of age at this oto-
lith length can be obtained from Table 2 by linear
interpolation of the data falling in otolith length in-
tervals 6 and 7; i.e., the otolith is 8,000 um at age
0.6 and is 3,500 um at age 0.8. This calculation in-
dicates that the first annulus forms at an age of 0.65
year. Given that the opaque zone forms in January-
February (Fig. 6), the predicted birth date by back-
calculation is early June, in close agreement with
observed spawning activity (Fig. 9). Moreover, the
mean monthly sea surface temperature at Tanguis-
son Point, Guam, reaches its annual minimum dur-
ing January-March (data for the period 1963-72
from Eldredge (1983)), suggesting that temperature
fluctuation may be responsible for the formation of
the annuli, although this species is found below the
thermocline throughout the year (Eldredge 19883)
and other closely related sympatric species lack
zonations.

Some consideration of the underlying assump-
tions, advantages, and disadvantages of the method
presented here is required. Without doubt, the most
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important assumption of the approach is that incre-
ments are deposited daily throughout the size range
where increment width data are gathered. There is
a substantial body of literature to show that inter-
ruptions to the daily increment record can oceur
(e.g., Geffen 1982, 1986; McGurk 1984; Jones 1986),
especially in larger and older individuals (e.g., Pan-
nella 1971; Ralston and Miyamoto 1983). Likewise,
we know that with light microscopy the resolution
of increments much less than 1.0 ym in width is
physically impossible (Campana and Neilson 1985).
This problem therefore becomes increasingly acute
among the largest fish (see Table 2 and Figure 3).
Together these findings have led to the view that
daily growth increments are of little use in ageing
large, old fish (Beamish and McFarlane 1987).

In this study, the deposition of daily increments
became irregular at otolith lengths in excess of 7,500
pum. Beyond this length, the increments were also
difficult to resolve microscopically due to small size.
Consequently, no increment width data were col-
lected at otolith lengths >7,500 um. This corre-
sponds to a FL of 329 mm (Fig. 1), which, although
of a size that is reproductively competent (S.
Ralston, unpubl. data), is smaller than most of the
gindai caught during the field surveys (Fig. 7). Thus,
the estimated von Bertalanffy curve presented here
is largely based on back-calculated data obtained
from the younger stages of growth. Nonetheless,
we believe that daily increments can be useful in
developing growth curves for use in stock assess-
ments, even if data representing the older stages
are not included in the analysis. This is especially
true if the L, parameter is estimated from length-
frequency data (Fig. 8, Wetherall et al. 1987),
avoiding the extrapolation problem described by
Hirschhorn (1974). Still, validation of the increment
periodicity assumption remains an essential compo-
nent for future applications of the method.

Another assumption implicitly made is that no
systematic bias was introduced into the estimation
procedure by the manner in which sampling loca-
tions were chosen for measuring increment widths.
For example, readings were made at specific points
along the postrostral growth axis, i.e., where it was
possible to distinguish the characteristic bipartite
structure of daily increments. However, we also
observed broad transition areas lacking in visually
conspicuous microstructural features. If these ill-
defined regions were elicited by periods of either
fast or slow growth, then our estimates of mean
otolith growth rate would be biased. To counter this
we tried to representatively sample all daily incre-
ments (large and small) and we avoided measure-
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ments beyond 7,600 um (see above). Still, we must
assume that otolith growth rates calculated from
regions where daily increments are visible are other-
wise no different from regions where they are not.

Numerical integration of otolith growth rates pro-
vided a series of ordered pairs of age and otolith
length. Otolith lengths were then converted to FL
through regression analysis. The only FL data in-
cluded in the nonlinear von Bertalanffy regression
(Fig. 4), however, were based on otolith lengths in
excess of 3,000 um. Note that the excluded data (in-
tervals 1-6) represent the first year’s growth, i.e.,
the early life history. Although the von Bertalanffy
growth equation has historically been the model of
choice in stock-assessment applications, including
especially the Beverton and Holt (1957) dynamic
pool model, it provides a poor description of growth
during the early life history. Inflected growth
typically characterizes this stage, which is better fit
with a Gompertz-type curve (Zweifel and Lasker
1976). By excluding ages <0.8 years from the von
Bertalanffy regression analysis, we constrain the
data used to estimate the model to the domain over
which meaningful predictions are made. Moreover,
predictions of FL based on otolith length are also
obtained from regression analysis (Fig. 1). Because
the smallest otolith used in developing the regres-
sion equation was 5,043 um (see Figure 1), applica-
tion of the equation to predict the FL of a fish whose
otolith is less than this size represents an unneces-
sary extrapolation of the fitted model.

One of the side effects of deleting points from the
early life history is to diminish the importance of
weighting. Note that the statistical weights of the
data used in the regression (Table 2) are very similar
(coefficient of variation = 0.78%). Thus, although
it may be desirable from a theoretical perspective,
weighting had a negligible effect on the parameter
estimates.

One of the principal advantages recommending
this approach is an increase in efficiency and objec-
tivity relative to studies that obtain complete counts
of daily growth increments (Uchiyama and Struh-
saker 1981; Brouard et al. 1984; Radtke 1987).
Because all increments need not be visually con-
spicuous for a particular preparation to provide
useful information, as is true of studies relying on
whole counts, the observer can utilize only those por-
tions of the otolith where the microstructure is clear-
ly expressed. Enumeration of ill-defined increments
in poorly developed regions of the otolith is avoided.
This feature also makes it possible to automate the
procedure (Casselman 1983; McGowen et al. 1987)
and ultimately to realize the goal of standardizing

age determinations (Boehlert and Yoklavich 1984;
Boehlert 1985).

Powerful statistical tests of growth heterogeneity
also are possible with the acquisition of increment
width data (Table 1, Fig. 8). Evaluation of statistical
differences in populations with respect to the param-
eters of the von Bertalanffy growth equation is
cumbersome at best (Gallucci and Quinn 1979; Ber-
nard 1981; Kappenman 1981). Analysis of covari-
ance of increment width data provides a convenient
and widely available means of testing for growth
heterogeneity among any statistical populations of
interest.

One of the principal disadvantages of the method
outlined here is that growth variation among indivi-
duals within the sampled population is lost through
averaging of the data. The final growth curve given
in Figure 4 describes the mean growth of the sam-
pled population of gindai. Of course, length varia-
tion at age is extremely important, and its descrip-
tion is required for application of the more powerful
and realistic stock-assessment models, especially in
cohort or virtual population analysis (Ricker 1975).
Nonetheless, given the difficult conditions surround-
ing assessment work in tropical environments
(Gulland 1982), the application of yield/recruit
models is a significant step forward (Munro 1982;
Pauly 1982). In conjunction with the analysis of
length-frequency distributions, the method proposed
here is well suited to help meet that need.
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AGE AND GROWTH OF RED DRUM, SCIAENOPS OCELLATUS,
FROM OFFSHORE WATERS OF THE NORTHERN GULF OF MEXICO'

DANIEL W. BECKMAN, CHARLES A. WILSON, AND
A. LOUISE STANLEY?

ABSTRACT

Otolith (sagitta) sections are used to accurately age red drum, Sciaenops ocellatus, from the offshore
northern Gulf of Mexico. Marginal increment analysis indicated that annuli were formed during winter

and spring months.

Ages of offshore schooling red drum ranged from 1 to 37 years. Age distributions indicated variability
in relative abundances of year classes, with the majority of fish sampled being over 10 years of age.
Male and female age distributions did not differ significantly.

Growth differed significantly between males and females. The von Bertala

nffy growth equation for

males was L, = 90%(1 - ¢ ~*137+774)) and for females was L, < 1,018(1 — ¢ ~0"+113)) where ¢ i

age (years) and L, is fork length (mm).

The red drum, Sciaenops ocellatus, is a large sciae-
nid that inhabits temperate and subtropical near-
shore and estuarine waters from Massachusetts to
northern Mexico. Juveniles are most abundant in
estuarine waters and move from estuarine to near-
shore waters as they near maturity (Pearson 1929).
The primary spawning stock in the Gulf of Mexico
is thought to spawn in nearshore open waters (Over-
street 1983).

The red drum is one of the most popular recrea-
tional and commerecial fish species in the northern
Gulf of Mexico. Recent increase in demand for red
drum has escalated the controversy concerning its
management; however, little has been reported con-
cerning its growth and population structure.

Age and growth-rate estimates of red drum have
only used immature fish from inshore estuarine
waters. Pearson (1929) and Wakeman and Ramsey
(1985) identified modes in length-frequency distribu-
tions and performed scale analysis to determine age
estimates. However, Wakeman and Ramsey (1985)
reported that scale annuli were unsatisfactory for
accurately estimating the age of red drum. Theil-
ing and Loyacano (1976) reported age estimates of
red drum from a South Carolina salt marsh im-
poundment based on otolith examination. Growth
rates of juveniles were reported by Roessler (1970),
Bass and Avault (1975), and Simmons and Breuer
(1962).

1Pyblication 88-06 of the Coastal Fisheries Institute, Louisiana
State University, Baton Rouge, LA 70803-7503.

3Coastal Fisheries Institute, Center for Wetland Resources,
Louisiana State University, Baton Rouge, LA 70803-7503.

Manuscript acoef‘ted August 1988.
FISHERY BULLETIN, U.S. 87:17-28.

No age or growth rate estimates have been pub-
lished for adult red drum from offshore waters. Ac-
curate information on the age and growth of adult
red drum is necessary for determining population
dynamics and monitoring the population’s response
to fishing pressure. Due to the reduction in growth
rate in larger individuals, which leads to size over-
lap between age classes, age estimation by cohort
analysis is not feasible. Otolith sections have
provided valid age estimates for many large,
long-lived fish species (Beamish and McFarlane
1987).

The purposes of this study were to determine if
otoliths (sagittae) could be used to obtain valid age
estimates for red drum and to estimate growth rates
and determine the age structure of the oceanic
schooling population of red drum.

MATERIALS AND METHODS

Red drum (1,726 fish) were collected in Texas,
Louisiana, Mississippi, and Alabama offshore coastal
waters of the northern Gulf of Mexico from Sep-
tember 1985 through October 1987 by purse seine
(N = 1,428 from 67 sets) (Fig. 1), gill net (N =
134 from 9 sets), and hook and line N = 164
from 12 dates). Samples captured by unknown gear
from February 1985 through June 1987 (N = 96)
were included for marginal increment analysis
only.

After fish were randomly sampled from landings,
they were measured (fork length) and weighed, and
their sex was determined. Sex identifications were
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FI1GURE 1.—Purse seine sampling locations in the northern Gulf of Mexico. Points represent individual purse seine sets. N's refer to
the total numbers of red drum sampled from sets indicated. Precise locations were not available for 6 sets (N = 161).

unavailable for 182 individuals. Sagittae were re-
moved, cleaned, and stored dry for later process-
ing.

Length-weight regressions were fit to the data
using the model: weight = a FL!, where weight =
body weight (g) and FL. = fork length (mm). Re-
gressions for male and female red drum were com-
pared using analysis of covariance (Ott 1977). A
Komolgorov-Smirnov two-sample test (Tate and
Clelland 1957) was used to detect possible sampling
bias by comparison of length-frequency distributions
of fish caught by different sampling gears.

Otoliths were processed for age analysis by em-
bedding them in an epoxy resin (Spurr 1969) and
sectioning transversely (0.7 mm thick) through the
core of the left sagitta (or the right when the left
sagitta was not available), using a Buehler Isomet?
low-speed saw. Sections were mounted on glass
slides with thermoplastic cement (Crystalbond 509
adhesive), sanded on 600 grit wet sandpaper to
remove saw marks, polished with alumina micro-
polish (0.8 um), and then examined with a compound
microscope (transmitted light at 40 x magnification).
Opaque zones (annuli) were counted in sections from
the core to the margin in the medial direction. Ap-
pearance of the margin was recorded as either
opaque or translucent. If the left sagitta was un-
readable, the right sagitta, if available, was prepared
and examined. Validation of age estimates was ac-
complished and the timing of annulus formation
determined by plotting percent occurrence of oto-
liths with opaque margins by month.

3Reference to trade names does not imply endorsement by the
National Marine Fisheries Service, NOAA.
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Each otolith was aged by two readers, and the
resulting age estimates were compared. The coef-
ficient of variation was calculated for age estimates
in order to test the reproducibility of age estimates
independent of magnitude (Sokal and Rohlf 1981;
Chang 1982). If readers’ initial age estimates for an
otolith did not agree, the section was reread. If the
resulting age estimates did not agree, the fish's
other sagitta was prepared and read. If the readers
did not reach agreement on an age or sections from
both otoliths were unreadable, the data for that fish
were not used in analyses. All ageing was done
without knowledge of the sample source or any
previous age estimates.

Year-of-birth was back-caleulated from age esti-
mates by subtracting estimated age from the year
of capture and assuming that the first annulus
formed in winter of year 2 (Beckman et al. in press).
Age-frequency distributions were compared using
a Komolgorov-Smirnov two-sample test (Tate and
Clelland 1957).

Von Bertalanffy (1938, 1957) growth curves were
fit separately for males and females by nonlinear
regression. The growth equation for length was
L,=L_[1 - ¢E¢%)] and for weight was W, =
W, [1 - e" K¢t where L, and W, are the esti-
mated length and weight, L_ and W_ are the
asymptotic length and weight, K is the growth coef-
ficient, ¢ is the age (years), and %, is the hypothe-
tical age when length or weight would be zero. A
full model, in which separate parameters were fit
for males and females, was compared with a reduced
model in which sex was not considered. An F-test
(Ott 1977) was used to test for differences in the
models.
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RESULTS

Length-weight regressions for males and females
were not significantly different (P = 0.842 for inter-
cepts, P = 0.605 for slopes). The combined length-
weight regression was

Weight = 2.9 x 10-% FL32 22 = (.91
N = 1,626.

The length-frequency distributions of red drum
collected by purse seine (Fig. 2) were significantly
different from those obtained by gill net (P < 0.01)
and hook and line (P < 0.01). Therefore, to avoid
gear selectivity bias, only purse seine samples were
assumed to represent the age-frequency distribution
of the offshore spawning population.

Because the sagittae were extremely thick and
opaque, they needed to be sectioned before they
could be aged. Distinct opaque and translucent
growth zones were observed in transverse sections.
Annuli were most distinet and the most consistent
growth patterns were observed in the region from
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the core to the proximal surface of the sagitta along
the ventral margin of the sulcus acousticus. All
counts were made in this region (Fig. 3).

The percentage of sagittae with opaque margins
was plotted by month to determine the timing of an-
nulus formation. Opaqgue zones were deposited in the
sagittae during winter and spring months in three
successive years of sampling (Fig. 4A). As a consis-
tent pattern of annulus formation was exhibited
each year, data were combined for all years in order
to compare annulus formation between size groups
(Fig. 4B). Data were grouped according to matur-
ity (Overstreet 1983) and growth patterns. Group-
ings were chosen to include an adequate sample size
within each group for analyses as follows: 0—4 an-
nuli — immature and early maturity, rapid growth;
5-9 annuli — mature, rapid growth; 10-19 annuli
— mature, reduced growth; and 20-36 annuli —
maximum ages, reduced growth. A single peak per
year in all plots indicates that one annulus was
formed each year in all groups. Age in years for red
drum was equal to the number of annuli observed
in sections of sagittae. Age estimates were obtained
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FIGURE 2.—Length-frequency distribution for red drum captured by purse seine from offshore northern Gulf of
Mexico waters. “Unknowns’ are individuals for which sex identifications were not available.
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F1GURE 3.—Photomicrograph of a transverse section of red drum otolith (sagitta) sampled in May 1986. Ventral is to the left and prox-
imal is to the top in this figure. “C” indicates the core of the otolith. Numbers indicate annuli in the region where counts were made.
There are 18 annuli and an opaque edge. Bar equals 1 mm.

by assuming a birth date of early October (Simons
and Breuer 1962; Ditty 1986) and annulus forma-
tion beginning the winter of the second year.

Of the 1,726 fish processed, only 94 (5.4%) otoliths
were judged unreadable by at least one reader. Of
the 58 companion otoliths available from the unread-
able fish, only one was judged unreadable. No data
were obtained from 36 fish with the first otolith
unreadable because their second otoliths were not
available. Age estimates, agreed exactly between
readers in 95.9% of the samples, were within one
year for 99.8% and within two years for 100%. The
coefficient of variation for age estimates (V) was
0.0058. Exact agreement was improved to 99.5%
by recounting sections for which agreement was not
initially reached. Readers differed by one year for
the remaining 0.5% of samples, and these differ-
ences were resolved for all but one sample (not in-
cluded in analyses) by counting a section of the other
sagitta.

The oldest female red drum was 36 years (995 mm
FL, 11.96 kg) and the oldest male was 37 years (940

20

mm FL, 10.49 kg), both captured by hook and line.
Ages of offshore schooling red drum captured by
purse seine ranged from 1 to 34 years for females
and from 2 to 34 years for males.

There were no significant differences between
male and female age distributions in samples taken
by purse seine (P > 0.20). Age distributions were
grouped by year of capture (October through Sep-
tember for 1985-86 and 1986-87) and compared
(Fig. 5). Sufficient samples were not available for
1984-85 for comparisons. The 11-14 year age
classes dominated the 1985-86 samples and 12-15
year old fish dominated in 1986-87. There was an
apparent coherence between the age-frequency dis-
tributions for the two sample years. Anomalies in
the age distribution for 1985-86 lagged one year
behind corresponding anomalies for 1986-87. Age
distributions differed significantly between the two
sample years (P < 0.01); however, there were no
significant differences between year of birth distri-
butions between sample years (P > 0.20). Therefore,
samples were combined for all years to obtain year-
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F1GURE 4.—Plot of percent occurrence of otoliths (sagittae) with opaque margins vs. month of capture for red drum A) by sample
month and year and B) grouped by annulus counts, sample years combined. Sample size is indicated next to points.
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W, = 10,548(1 — ¢-0-UTt+8.69)3
W, = 15,207(1 — e-00m(+1157)3

and by weight
males
females
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FIGURE 5.—Age-frequency distributions for red drum captured

of-birth distributions (Fig. 6). Variability in year-

class success is suggested by differences in relative

October 1985-September 1986 and October 1986-September 1987
by purse seine from offshore northern Gulf of Mexico waters.

Sampling

numbers of individuals between year classes.

Comparison of length-frequency distribution be-
tween gear types demonstrated that gill net and

hook and line were different from purse

The separation of sexes in growth models resulted

ificantly better fit by weight (P < 0.001) and

length (P < 0.001) when compared with models in

inasign

seine

collections. Therefore, to provide a basis for docu-

which sexes were combined. Separate von Berta
lanffy growth curves best described changes in

seine

samples would result in the smallest size selection
bias (Nielson and Johnson 1983). We assumed

shore schooling population only purse seine collec-
that temporal and spatial bias was

menting and comparing age structure in the off-
tions were used. We assumed that purse

L, = 9091 - @ ~0137(t+7.74))

males

length (Fig. 7A) and weight (Fig. 7B) of red drum.

Equations by length were

ized

minim

because sets were made throughout the year and

L, = 1,0131 - e-o.os&t+11.29))

females
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across the coastline of the north-central Gulf of
Mexico.

Validation

Periodicity of formation of ageing structures must
be confirmed over all year classes to validate the use
of that hardpart for ageing (Beamish and McFarlane
1988). Beckman et al. (in press) validated that the
first two annuli were formed yearly in sagittae of
immature red drum from estuarine waters. The use
of marginal increment analysis in this study valid-
ated that annuli continued to be deposited in red
drum sagittae once per year in fish up to 37 years
old. There was no significant variability in timing
of annulus formation with stage of maturity or with
change in growth rates with age.

Precise, reproducible age estimates were obtained
for red drum using transverse sections of sagittae.
Almost 100% agreement between two readers was
achieved by recounting otoliths or counting the fish’s
other sagitta when age estimates disagreed. Initial
disagreements were usually resolved by recounting
the otolith, suggesting initial miscounts or errors
were due to recording and transcription. Unread-
able otoliths were primarily those with inadequate
sample preparation. Discarding difficult-to-age oto-
liths, which are often from older fish, could bias age
distributions as well as von Bertalanffy growth
parameters (Hirschhorn 1974). Recounting otoliths
for which age estimates did not initially agree and
utilizing both sagittae to obtain a readable sample
allowed us to minimize the number of unused
sections,

The same seasonal pattern of annulus formation
reported in this study was observed in sagittae of
red drum in inshore estuaries (Beckman et al. in
press). This pattern is also similar to that observed
in another sciaenid, the Atlantic croaker (Barger
1985). The formation of an opaque zone in red drum
sagittae in winter and spring months may corre-
spond to reduced growth rate during this period
(Doerzbacher et al. 1988). In West African sciaenids
an opaque zone was formed apparently in response
to cold temperatures (Poinsard and Troadec 1966).

Growth

The von Bertalanffy growth coefficients for other
sciaenids (e.g., Barger 1985; Wakeman and Ramsey
1985, cited by Pauly 1980) were generally greater
than those obtained for red drum in this study.
Growth parameters reported herein differ from
those obtained by Wakeman and Ramsey (1985) for
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red drum; however, their model was based only on
young fish from inshore waters that have higher
growth rates (Beckman et al. in press). The growth
models reported in this study were derived primar-
ily from mature slower growing fish. The negative
values of £, predicted suggests that our models do
not adequately describe growth of young fish un-
represented in our data. Separate models may be
necessary to describe growth of immature red drum
from inshore waters (Richard Condrey pers. com-
mun.4). The large variation in size at age beyond
year 5 makes it impossible to precisely predict age
of red drum using length or weight.

QOur estimates of maximum red drum age are
greater than those previously suggested. Pearson
(1929), Simmons and Breuer (1962), and Wakeman
and Ramsey (1985) used the scale method and re-
ported a maximum age of 5, 3, and 4 years, respec-
tively. The use of validated ageing techniques for
red drum from otoliths more accurately estimates
their ages and provides much improved manage-
ment data bases.

Female red drum attained significantly larger
sizes than did males, with growth curves diverging
with increasing age and maturity. Larger size in
females has been postulated as a life history strategy
in fish for increasing reproductive potential through
increased egg production capability (Roff 1983). The
similarities in age-class compositions between sexes
indicated that the increased female size was attained
through somewhat higher growth rates and not
greater longevity.

Age Structure

Examination of the age composition of the off-
shore population revealed that red drum begin to
appear in the offshore population as early as year
2. Their appearance offshore coincides with their
absence inshore by four or five years of age (Pear-
son 1929; Simmons and Breuer 1962; Wakeman and
Ramsey 1985). The 1973 year class was the most
abundant, and earlier year classes demonstrated a
decay pattern indicative of natural mortality. The
year classes since 1973 were variable and could be
interpreted variously to indicate several poor year
classes, high mortality, or incomplete recruitment
to offshore schooling populations, assuming no bias
in the sampling procedures. Inadequate data are
available to determine which are primary factors af-
fecting age distributions.

4Richard Condry, Coastal Fisheries Institute, Louisiana State
University, Baton Rouge, LA 70803, pers. commun. January 1988.
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Comparison of age distributions between years
provided two estimates of the population age-class
structure, varying in time and areas sampled. The
similarities in year-of-birth distributions in 1985-86
and 1986-87 suggest that the same population was
sampled in both years and that distributions may
reflect the true offshore schooling population of red
drum, assuming no sampling selectivity. Recruit-
ment into the population from one year to the next
was evident only in the youngest age classes,
possibly due to migration from inshore nursery
areas. The relatively low numbers of individuals in
age classes of less than 10 or 11 years suggests a
possible delay or reduction in recruitment into the
schooling population sampled. Other possible factors
affecting abundance of younger age classes offshore
are fishing pressure on inshore red drum, size
specific fishing offshore, or other factors affecting
survival.
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DISTRIBUTION, ADVECTION, AND GROWTH OF LARVAE OF
THE SOUTHERN TEMPERATE GADOID, MACRURONUS NOVAEZELANDIAE
(TELEOSTEI: MERLUCCIIDAE), IN AUSTRALIAN COASTAL WATERS

R. E. THRESHER,! B. D. BRUCE,2 D. M. FURLANI,® AND
J. S. Gunnt

ABSTRACT

Ichthyoplankton surveys in southern Australian coastal waters indicate that larvae of the temperate
gadoid, Mucruronus novaezelandiae, differed consistently in mean size and age between sample sites.
These observations are consistent with the hypothesis that larvae are being passively advected by
longshore currents from a spawning area on the west coast of Tasmania to habitats along the southeastern
and eastern coasts. The ages of larvae at specific points along the advection route vary, which suggests
there is considerable variation in rate of larval transport. Rates of larval growth increased exponentially
for at least the first 50 days of planktonic life, though the slope of the growth curve varies both between
years and between seasons. Growth rates also differ between sampling sites: early stage larvae (15 d
postfirst-feeding) grew more rapidly at sites close to the spawning area, whereas older larvae (25 d
postfirst-feeding) grew more rapidly the farther they were from the spawning area. Migration of M.
novaezelandiae to a specific spawning area and the subsequent transport of larvae away from this area
appears to be an adaptive response by the population to, on the one hand, regional differences in condi-
tions for larval growth and, on the other, changing needs of the larvae at different stages of their

development.

Planktonic eggs and larvae of marine fishes are sub-
ject to dispersion (= diffusion) and advection (=
transport or drift), topics of considerable theoretical
and empirical interest to larval fish ecologists (Smith
1973; Wiedemann 1973; Talbot 1977; Okubo 1980;
Naganuma 1982; Power 1986). The causes and con-
sequences of diffusion, aggregation and patchiness
of larvae are largely unknown due to problems of
sampling at an appropriate scale (Hewitt 1981).
Advection of larval fishes, however, has been fre-
quently documented and has been studied in some
detail (see Norcross and Shaw 1984). Temporal
variability in advection can have considerable im-
pact on rates of larval survival (Norcross and Shaw
1984) and has long been suggested to be a major
determinant of year-class strength in populations
subject to variable current regimes (Walford 1938;
Harden Jones 1968; Nelson et al. 1977; Bailey 1981;
Parrish et al. 1981). In at least some species, eggs

1CSIRO Marine Laboratories, GPO Box 1538, Hobart, Tasmania
7001, Australia.

2CSIRO Marine Laboratories, GPO Box 1538, Hobart, Tasmania
7001, Australia; present address: South Australian Department
of Fisheries, GPO Box 1625, Adelaide, South Australia 5001,
Australia. )

3CSIRO Marine Laboratories, GPO Box 1538, Hobart, Tasmania
7001, Australia; present address: Tasmania Department of Sea
Fisheries, Crayfish Point, Taroona, Tasmania 7006, Australia.

Manuscript acce f.ed August 1988.
FISHERY BULLETIN U.S. 87:29-48.

and larvae are placed in currents that transport
them to larval and juvenile nursery areas (Parrish
et al. 1981). Even within species, however, the ex-
tent of adult migration and larval countermigration
varies widely between populations, presumably in
response to local hydrographic conditions (Cushing
1986). Eastern North Atlantic gadoid stocks, for ex-
ample, provide some of the classic examples of adult
migration to spawning grounds and subsequent
passive drift of larvae to nursery areas (Harden
Jones 1968); in contrast, larvae of at least some
Western Atlantic stocks of the same species develop
entirely in the immediate vicinity of the spawning
grounds (O'Boyle et al. 1984, Sherman et al. 1984;
Smith and Morse 1985).

By comparison with their Northern Hemisphere
relatives, little is known about the reproduction and
larval ecology of southern temperate gadoids,
despite the fact that several constitute major fish-
eries. One species, the blue grenadier or hoki,
Macruronus novaezelandiae, supports such a fishery
in Australia and New Zealand, with combined an-
nual landings of approximately 100,000 t (tonnes).
Available data indicate that both the New Zealand
and Australian populations migrate each winter to
discrete spawning areas, located, respectively, on
the west coasts of the New Zealand South Island

29



(Bladodyorov and Nosov 1978¢; Patchell 1982; Kuo
and Tanaka 1984a, b) and Tasmania (Wilson 1981,
1982). These migrations imply a countermigration
by either larvae or juveniles back to adult habitats
(e.g., Harden Jones 1968; McKeown 1984). Patchell
(1982) reported movement of eggs away from
spawning areas in New Zealand, and subsequently
collected juveniles in coastal habitats hundreds of
km from the spawning area. Similarly small juvenile
M. novaezelandiae have been collected in estuaries
and on the coastal shelf along the southeastern and
eastern coasts of Tasmania (Wilson 1981, 1982; Last
et al. 1983; Bulman and Blaber 1986), over 200 km
from the known spawning area.

4Bladodyorov, A. I., and E. V. Nosov. 1978. The biological
basis of rational exploitation of Macruronus novaezelandiae.
Unpubl. TINRO manuscr. English translation held by New Zea-
land Ministry of Agriculture and Fisheries, Fisheries Research
Division Library, 7 p.
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How juveniles move between the spawning area
and these coastal habitats, or even whether this is
a rare or common occurrence in the species is un-
known. The present study investigated the distribu-
tion, sizes, and ages of larval M. novaezelandiae, on
the basis of which patterns of advection, larval
growth, and the relationship between the two could
be inferred.

METHODS

Sampling Procedures

Ichthyoplankton samples were collected at ap-
proximately two monthly intervals from April 1984
to September 1985. Samples were obtained at fixed
stations along nine transects located roughly equi-
distantly around Tasmania (Fig. 1). Additional sam-
ples were obtained in July and August 1985 along

39°S

40°+

41°

T5°

42° - Principal
Spawning
area
43°- Te
T7
44°

Ichthyoplankton stations/'T8

I 1 T T 4
143°F 144° 145° 146° 147° 148° 149° 150°

FIGURE 1.—Location of ichthyoplankton sampling sites (solid circles) and release points (X's) of drift
cards. The drogued buoy was released at the release point for drift cards south of the spawning area.
Cross-hatched area indicates apparent principal spawning area of Macruronus novaezelandice in

Australian coastal waters.
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the southern coast of mainland Australia (see Figure
8). Transects 1 through 8 consisted of 2-4 stations
(4 on average), depending upon the width of the con-
tinental shelf. These stations were designated “near-
shore” (at a depth of 830-50 m), ‘“midshelf”’ (70-100
m), “‘shelf edge” (immediately offshore of the shelf
break and usually at a bottom depth of approximate-
1y 200 m) and “offshore” (1 nmi offshore of the sur-
face temperature/salinity front between inshore and
offshore water masses or, if no front was evident,
at 10 nmi offshore from the shelf edge station). In
the second year of the study, occasional samples
were collected at sites along the west coast between
regular transect lines, in order to improve the spa-
tial resolution of analyses and to increase sample
sizes.

Two samplers were used: a rectangular midwater
trawl (RMT) 1 + 8 (see Baker et al. 1973 for de-
seription) and a 1 m diameter ring net fitted with
a pivoting bridle system similar to the Tranter-
George plankton net (Tranter and George 1972).
Mesh sizes for the RMT-8 was 8 mm and 1 mm for
the net and cod end, respectively, and 333 um
throughout for the RMT-1. The ring net consisted
of 500 ym mesh with a 833 um cod end. Initially,
all sampling was done with the RMT 1 + 8in a fixed
open mode. Because it was difficult to fish the net
in rough seas and to calibrate its fishing character-
istics (see Pommeranz et al. 1982), the RMT 1 + 8
system was replaced after three cruises (April-
August 1984) with the more manageable ring net.
The ring net was subsequently used on transects 1
through 8, while the RMT system was retained for
study of the vertical distribution of larvae at tran-
sect 9.

Each station consisted of a stepped oblique tow
made to a maximum depth of 200 m—bottom depth
permitting—parallel to bottom contours. The net
was fished at 10 m depth steps for three minutes
each at a vessel speed of approximately 2 knots. Net
depth was monitored continuously by a Simrad®
trawl eye. The volume of water filtered was calcu-
lated using Rigosha B flowmeters, calibrated in a
flume tank. Reported catch rates are standardized
to numbers per 1,000 m?® of water filtered. Except
where specified below, sampling was not standard-
ized to time of day.

Data on larval depth distributions were obtained
with the 1 m ring net off the west coast of Tasmania.
Sampling was conducted on 20 and 21 July 1986

sReference to trade names does not imply endorsement by the
National Marine Fisheries Service, NOAA.

between transects 5 and 6, over a bottom depth of
100-120 m. As this site is close to the spawning area
of M. novaezelandiae, the catches consisted primar-
ily of small larvae. On each tow, the net was sent
to depth quickly, allowed to stabilize at the selected
depth for 1-2 minutes, and then retrieved slowly on
a continuous oblique path. Tows were made in the
order of progressively deeper depths. As each tow
integrated larval abundance to the maximum depth
of the tow, it was assumed that differences in stan-
dardized catch rates between adjacent strata re-
flected larval abundance in the depth range added.
Twenty-four tows were made, varying from 15 to
90 minutes and from 10 to 90 m depth. Tows were
made in six sets, three during the day (0830-1330)
and three at night (2300-0400). Sunrise and sunset
were at 0730 and 1700 (Australian Eastern Stan-
dard Time), respectively.

Samples were divided by hand into two portions.
One portion was fixed in a buffered 3.7% aqueous
solution of formaldehyde and the other in 95%
ethanol. The former were used to identify larvae;
larvae in the ethanol-fixed samples were used for
ageing and assessment of growth rates. Larval
abundance data are based on both portions for each
station. The ages of M. novaezelandiae larvae were
determined by examination of otolith microstrue-
ture, following procedures outlined in Brothers et
al. (1976). Whole otoliths were extracted from the
larvae and viewed under transmitted light at 720-
2500 x using a Leitz Orthoplan microscope and high
resolution, closed-cireuit television (Ikigami Model
CTC-6000). Otolith features were measured with a
sonic digitizer (Science Accessories Corporation
Graf/Bar) supported by an Apple 2e microcomputer
and a modified version of the Basic program
DISBCAL (Frie 1982). Viewed laterally, the otolith
measured (the lapillus) was virtually circular; all
measurements reported are to the point on the
perimeter farthest from the primordium (i.e., the
axis of maximum growth). Rates of larval growth
are uncorrected for shrinkage. Preliminary results
suggest shrinkage (TL) due to alcohol preservation
averages approximately 5% and is only weakly cor-
related with larval size (regression of percent shrink-
age against preshrinkage TL, slope = -0.005,
R2 = 0.18, n = 27). Shrinkage will affect estimates
of absolute growth rates, but the available litera-
ture (Theilacker 1980; Fowler and Smith 1983)
suggests it should not bias comparisons between
growth rates, provided the larvae being compared
were collected and fixed in the same manner.
Statistical analyses were done using Statview 512+,
Vers. 1.1.
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Validation of Ageing Procedures

Larvae of M. novaezelandiae were reared in cap-
tivity to determine the age at which otoliths form.
Fertile eggs were obtained by stripping running ripe
males and females immediately after their capture
by trawl on the spawning grounds. Eggs were incu-
bated in 1 L plastic jars, which were filled with sea-
water, and placed in a seawater bath. Initial incu-
bation temperatures ranged from 14° to 18°C
(sea-surface temperature was approximately 14°C).
Upon return to the laboratory, eggs were trans-
ferred to 2 L glass jars and placed in an aquarium
maintained at a constant temperature of 14°C
(£0.2°C). Incubation jars were not aerated, and no
attempt was made to feed the larvae.

Under light microscopy, otoliths were first ap-
parent in M. novaezelandiae embryos 10 hours prior
to hatching. At hatching, the sagittae and lapilli
were developed and conspicuous. The asterisci were
first apparent 3-4 days after hatching. Otoliths from
newly hatched larvae characteristically have a con-
spicuous dark and broad band close to their edge,
which is apparently laid down at hatching. Scanning
electron microscopy indicated the otolith within this
hatching mark consisted of a spherical primordium
surrounded by an area with little conspicuous struc-
ture. The radius of the hatching mark varied be-
tween specimens but did not differ significantly
between reared larvae (x = 6.9 um, range = 6.7-
8.5 um, n = 17) and wild-caught larvae (x = 7.5
um, range = 5.3-9.7 um, n = 17) (P > 0.1, two tailed
t-test).

All wild-caught larvae had a second exceptional-
ly dense and very conspicuous band. The radius of
this band varied from 10.2 to 16.4 um (x = 13.2
um, n = 17), i.e., approximately 5-7 um outside the
hatching mark. Although the otoliths of reared lar-
vae reached sizes close to this (maximum radius =
13.1 um), this distinctive band was not evident in
their otoliths. As the largest of these larvae had fully
ossified jaws and well-developed guts and had all but
exhausted their yolk reserves, the second major
band in the otoliths may have formed close to or
coincident with first feeding. The microstructure of
the otolith differed markedly inside and outside of
the “first-feeding band’”’. Within its radius, there
was little evidence of consistent structuring (other
than the hatching mark); beyond the first-feeding
mark, increments were unambiguous, increasing in
width exponentially. As we saw no indication that
any structure prior to the first-feeding mark formed
daily, otolithic age for the larvae examined is de-
fined as the number of increments external to this
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feeding mark. This age is used in analysis of growth
and advection patterns, unless otherwise indicated.

Based on the observed incubation time (55-60
hours) and the observed time required for reared
larvae held under temperature conditions similar to
those during the spawning season to develop to a
stage where feeding was possible (6 days) (Bruce
1988), the total age of larval blue grenadier can be
estimated as otolithic age + 6 days, with a probable
error of about +2 days. Hence, date at first-feed-
ing for a particular larva was calculated as date of
collection less otolithic age, and date of spawning
was date of collection less total age. In general, the
development of otolith structure prior to first-feed-
ing of larvae in M. novaezelandiae is remarkably
similar to that of other gadoids (Radtke and Wai-
wood 1980; Bolz and Lough 1983; Dale 1984), as is
the proposed time frame.

The hypothesis that increments in the otolith are
formed daily was tested by following cohorts of in-
dividuals and determining whether the change in the
number of increments matched the known sampling
interval (Campana and Neilson 1985; Jones 1986).
Larvae were sampled within 0.5 km of a drogue
deployed near the spawning grounds (see descrip-
tion of drogue below). Larvae from three plankton
tows made near the onset of a 26 h period (0521-
0649) were compared with those from two tows
made close to its end (0628-0701). The respective
samples were pooled because the number of larvae
caught in each tow was small. Mean sampling in-
terval between the first and last set of tows was 24.6
hours (1.025 days). Size-frequency distributions of
larvae collected are given in Figure 2A. Modal
analysis (means and variances unconstrained) for the
first sample set indicated the presence of two nor-
mally distributed populations, with means at 3.61
and 4.66 mm SL (SE = 0.06 and 0.05, respective-
ly); analysis of the size-frequency distributions of lar-
vae collected approximately a day later also in-
dicates two means, at 4.12 and 4.91 mm SL (SE =
0.29 and 0.07, respectively). The smaller of these
two means is poorly defined statistically, however.
Re-analysis with the added constraint that larvae
grew at the same rate across the size range of the
two means (which is a reasonable approximation for
such small larvae—see below and Figure 9) indicated
means for the first set of samples at 3.62 and 4.65
mm SL, and for the second at 3.86 (which is within
one SE of the unconstrained mean) and 4.89 mm
SL, which fitted closely observed distributions. The
average difference in larval sizes between the first
and second set of samples (i.e., mean growth for the
24.6 h period) was 0.24 mm SL. The number of
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FIGURE 2.—A. Size-frequency distributions of larval Macruronus novaezelandiae collected
in tows near a drogue at the onset and end of a 26 h sampling period. Arrows indicate ap-
parent progression of the modes. B. Correlation between larval total length and number
of postfirst-feeding increments for pooled subsample of larvae drawn from populations in
2A. The correlation is significant at P << 0.01 and accounts for 86% of the variance in number

of increments.

growth increments in these larvae was estimated
by drawing subsamples from both populations, pro-
portional to the number of individuals in each 0.25
mm size class, and regressing increment number

against larval size. The relationship is linear and
highly significant (Fig. 2B). Based on the least
squares regression of increment number on SL, a
change in mean larval size of 0.24 mm corresponded
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to a change in increment number of 1.102 incre-
ments. This compared favorably with the sampling
interval, 1.025 days, and is consistent with predic-
tions based on daily increment formation.

Physical Oceanography

Current patterns in the spawning area were inves-
tigated in June-August 1985 by 1) release of
surface drift cards near the spawning grounds, 2)
deployment of a surface drifter drogued at 50 m for
24 hours, and 3) examination of surface isotherms
as indicated by a shipboard thermosalinograph.
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A total of 2,250 surface drift cards were released
during the 1985 spawning season. Cards were re-
leased in four lots, two at each of two points (Fig.
1), located immediately north and south of the
spawning ground. A set of cards was released at
each point on 21 and 22 July and again on 11 and
12 August.

A drifter was deployed at 0800 h on 19 July south
of the spawning area at a site at which large
numbers of newly hatched larvae were collected (lat.
42°43.4'S, long. 145°04.0°E) (Fig. 1). The drifter
consisted a 8.5 m parachute drogue suspended at
a depth of 50 m below a large surface buoy fitted
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FIGURE 3.—Total catches of larval Macruronus novaezelandiae, pooled by
transect, for 1984 and 1985, standardized per 1,000 m® of water filtered.
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with a cross-shaped radar reflector and a flashing
light. The buoy’s position, determined by radar fixes
on coastal features, was recorded at 3 h intervals.

Surface temperature and salinity were recorded
continuously during all cruises, using a Grundy
thermosalinograph. The readings were calibrated
against measurements taken during routine hydro-
graphical sampling using depth-profiled CTD and
Niskin bottle casts.

RESULTS

Distribution of Larvae

In both 1984 and 1985, M. novaezelandiae larvae
were caught almost entirely in the winter, peaking

in abundance in July and August, and primarily
along the western and southern coasts of Tasmania.
The highest densities were caught off the midwest
coast (Fig. 8). Larvae were collected in largest num-
bers at nearshore and midshelf stations (Fig. 4), i.e.,
at bottom depths of 30-100 m and well inshore of
the shelf break, a pattern consistent across all
transects.

During depth-stratified sampling, relatively few
larvae were caught on tows made at depths <20 m
(Fig. 5). Samples taken with the ring net suggest
that larvae occurred predominantly between 20 m
and 90 m (at a maximum depth of 100-120 m) and
that the depth of peak abundance was greater at
night (60 m and below) than during the day (approx-
imately 40 m). In a two-factor analysis of variance,
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F1cuRE 4.—The proportion (percent of total for cruise) of larvae caught on each cruise dur-
ing the spawning season at each of the four typical sampling positions across the continen-
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depth, time of day, and the interaction term were
all highly significant (Fy ;¢ = 22.6, F'; ;4 = 13.5, and
F3 6 = 9.6, respectively, P < 0.01 in all cases). Dif-
ferences between replicate samples were small, ac-
counting for only 12.7% of the variance, despite the
same patch of water not being sampled each time.

Although larvae of M. novaezelandiae were col-
lected at stations all along the western, southern,
and southeastern coasts of Tasmania, the age and
size-frequency distributions of these larvae differed
conspicuously between collecting sites. In 1984, lar-
vae younger than 5 d postfirst-feeding were caught
only on transects 5 (9% of total) and 6 (91%). This
is consistent with earlier suggestions (Wilson 1981,
1982) that the area along or on the continental shelf
between Sandy Cape (transect 5) and Cape Sorell
(transect 6) is the primary spawning area for M.
novaezelandiae in Australian coastal waters. The
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FISHERY BULLETIN: VOL. 87, NO. 1

ages of the larvae caught at transect 5 varied wide-
ly. From transect 6 south and east along the coast,
the ages of larvae collected increased consistently
with increasing distance from the spawning area
(Fig. 6A). Differences between transects in age
distributions of larvae are highly significant (¥ 110
= 88.8, P << 0.01), as is the correlation between
age and distance (= number of transects, based on
the equal spacing of transects along the coast) from
transect 5 (r = 0.64, P << 0.01). The latter corre-
lation was also significant for each of the 1984
spawning season cruises individually, except the last
one (September), when all larvae collected were
relatively old. Differences between transects in the
sizes of larvae caught paralleled differences in ages
(differences between transects, F; ;;5 = 27.9, P <<
0.01), with the largest larvae collected farthest along
the coast from the spawning area (at transect 9) (cor-
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F1GURE 6.—Ages of larvae caught at each transect, pooled across sampling periods, for
1984 and 1985. Vertical bars indicate means +1 SD; SE are in all cases <3 days. Dif-
ferences in larval ages across transects are highly significant for both years, as are the
correlations between age and distance from transect 5.
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relation between distance from transect 5 and size,
r = 0.63, P << 0.01).

The relationships between sampling site and lar-
val ages and sizes in 1985 were similar to those in
1984, though apparently complicated by several fac-
tors. As in 1984, differences between transects were
highly significant (Fiy 355 = 14.2, P << 0.01, and
Fy355 = 12.38, P << 0.01, for age and size, respec-
tively), as were the correlations between both vari-
ables and distance from the midwest coast (» = 0.33,
P <0.01, and r = 0.36, P < 0.01, for age and size,
respectively) (Fig. 6B). At transects 5 and 6, 95%
of larvae aged <5 d postfirst-feeding were caught.
However, some larvae <5 d postfirst-feeding were
also collected at transects 4 and 7, and a few larvae
<15 d postfirst-feeding were found off the north-
eastern coast of Tasmania (near transect 1). The age
of the latter is much less than would be expected
based on northward advection from the known
spawning area (Gunn et al. in press), which suggests
strongly the presence of a second spawning area,
involving few adults, of the northeastern coast. The
occurrence of these larvae confounds a general
relationship between distance from the west coast
and the ages and sizes of larvae caught. Hence,
although for each cruise in 1985 larvae consistent-
ly increased in age and size with increasing distance
from transects 5 and 6, there was a broad range of
larval ages at each transect, relatively old larvae at
several transects, and young larvae on the east
coast.

Larval Advection

On the basis of the distribution of larvae of dif-
ferent ages and sizes around Tasmania, we hypoth-
esized that most larvae were being carried passive-
ly by a longshore current southwards around the
coast from the primary spawning area off the west
coast. The drift card returns, the movement of the
drogue deployed on the west coast, and the distribu-
tion of surface isotherms are generally consistent
with this hypothesis.

Most drift card returns were from sites southeast
along the coast from the release points, including
all of those from the first series (July 1985) (Fig. 7A,
B). The drogue, deployed at the southern point at
the same time drift cards were released, also drifted
longshore and to the south (straight-line distance of
11.8 km in 26 hours). Movement of the drogue was
conspicuously related to wind speed and direction,
varying from nil at slack winds (<9 km/h) (as
measured by shipboard anemometer) to slightly >1
km/h for a 9 h period when wind speed averaged

approximately 55 km/h from the northwest (350°
magnetic). For the second release series, drift cards
returned shortly after being released on 11 August
1985 at the northern site were predominantly from
points inshore (east) and slightly north of the release
point (Fig. 7C). Of the 43 cards returned from this
release, only two were found south of the release
point; four, found on mainland Australia, had been
transported north more than 150 km. In contrast,
southeasterly transport was indicated by the cards
released at the southern point on 12 August; only
three of 30 returns were from sites north of the
release point (Fig. 7D). One of these cards was found
on South Arm Beach (southeastern Tasmania) on
27 August 1985. It had drifted slightly over 350 km
in 15 days. Additional returns from this release in-
cluded three cards from New Zealand, one from
Flinders Island (northeast of Tasmania), and one
from the southeastern coast of mainland Australia.
All of these were found several months after being
released.

The distribution of surface isotherms also suggests
the presence of a southward flowing current along
the west coast of Tasmania during the spawning
period of M. novaezelandiae. In both years of the
study, west coast temperature plots in late autumn
and early winter were dominated by a tongue of
water, 1°-2°C warmer than the surrounding water,
that extended southwards along the coast, becom-
ing narrower and cooler to the south (Fig. 8). This
tongue of warm water, oriented parallel to the coast,
was observed on all winter cruises. Satellite imagery
has since documented it to be a regular seasonal
feature off the west coast of Tasmania (C. Nilsson,

in prep.).

Growth

Otolithic age was determined for 116 larvae in
1984 and 365 larvae in 1985. Growth trajectories
(length-at-otolithic age) for M. novaezelandiae lar-
vae were log linear for both years (Fig. 9), account-
ing for 96% of the variance in length at age in 1984
and 84% of the variance in 1985. Residuals exhibit
no conspicuous systematic deviation from linearity
in either year and no marked increase in variance
with age. Hence pooled data indicate consistent ex-
ponential growth through at least the first 50 days
of larval life, with no indication that the rate of
growth declined late in larval life. The slope of the
semilog regression was steeper, albeit only slight-
ly, in 1984 than in 1985 (0.043 vs. 0.039, respective-
ly, ANCOVA F1_477 = 2.56,P< 0.001), which sug-
gests that growth was more rapid in 1984.
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FI1GURE 9.—Regressions of In total length against age (days postfirst feeding) for 116 lar-
vae of Macrurenus noveezelandiae collected in 1984 and 365 larvae collected in 1985. A
semilog regression accounts for 96% of the variance in length at age in 1984 and 84% of

the variance in 1985. Differences between years in the slopes of the regressions are signifi-
cant at P < 0.01.
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Individual variability in rates of larval growth was
assessed by examining the distribution of residuals
around the mean exponential growth trajectory for
each population each year; a positive residual in-
dicates growth faster than average for the popula-
tion and 2 negative one growth slower than average.
Analysis of these residuals indicated that rates of
larval growth varied seasonally in both years (Fig.
10). Although the variability of rates of larval
growth was high within any given period, in both
years growth residuals differed significantly for lar-
vae hatched in different months (ANOVA F )y =
6.72, P < 0.001, for 1984, and F3 35; = 50.86, P <
0.001, for 1985). In 1984, there was a weak, but con-
sistent tendency for residuals to increase through-
out the spawning season (correlation between resid-
ual and hatching date, » = 0.36, P < 0.01). In 1985,
deviations from population mean growth rates were
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generally negative early in the spawning season,
reached a positive maximum during August, and
then declined in September.

There was also evidence of a complex relationship
between rates of larval growth and location. Over-
all, the distributions of growth residuals differed
significantly across transects (Fygss = 8.71, P <
0.01), with relative growth rates tending to be
highest farthest from the west coast spawning area.
The weakness of the correlation between growth
rate and distance is due, in part, to two factors.
First, there was a marked change in the relation-
ship between location and growth rate with increas-
ing age of the larvae examined. The older the lar-
vae, the more positive the slope between distance
from the spawning area and relative growth rate
(Fig. 11). For larvae less than approximately 10 d
postfirst -feeding, the slope was significantly
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FIGURE 10.—Temporal variation of residuals from the semilog regression of In total length
against age for 1984 and 1985. Macruronus novaezelandiae spawning started approx-
imately a month later in 1985 than 1984 (see Gunn et al. in press for details). Differences
in residuals for larvae pooled by month of spawning are significant at P < 0.01 for both

years.
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F1GURE 11.—Relationship between age of Macruronus novaezelandiae larvae examined (pooled
into 3 d increments) and the slope of the regression between relative growth rate (residual
from semilog regression of In total length against age) and transect number. The correlation
between slope of the regression line and age class of larvae is significant at P < 0.01.

negative; relative growth rates were highest on the
west coast, near the spawning area, and declined
to the south and east (F'; ;06 = 20.25, P < 0.001)
(Fig. 12). In contrast, for larvae older than approx-
imately 25 d postfirst-feeding, the slope was
significantly positive; relative growth rates were
lowest on the west coast, increased towards the east
coast (F; 14 = 25.58, P <0.001), and were highest
farthest from the spawning area (Fig. 12). The tran-
sition from a negative (west coast fastest) to a
positive (east coast fastest) slope occurs at a larval
age of approximately 17-22 d postfirst-feeding.

The second factor confounding the correlation
between distance from the spawning ground and
relative growth rates is an apparent seasonal change
in the strength of the correlation, particularly for
older larvae. A correlation between distance from
the west coast and relative growth rates of larvae
accounts for 27% of the variance in growth residuals
for larvae aged more than 25 d postfirst-feeding in
the early, slow-growth portion of the 1985 spawn-
ing season. By August, however, during the period
when larval growth rates were uniformly high, the
correlation accounts for only 10% of the variance
in growth rates and, by the end of the spawning
season, for larvae hatched after 25 August, the rela-
tionship between location and growth rates for these
older larvae disappears altogether (B2 = 0.02).
There are insufficient data for a comparable anal-
ysis of seasonal changes in growth rates of older
larvae in 1984.

DISCUSSION

The increase in mean age and size of larvae with
increasing distance from the west coast, the pattern
of drift card returns, and the distribution of surface
isotherms on the west coast of Tasmania during
winter all support the hypothesis that larval M.
novaezelandiae are transported by longshore cur-
rents from a spawning ground on the west coast to
the southeastern and eastern coasts. This hypothe-
sis is also supported by independent studies of the
physical oceanography of the west coast. A south-
ward flowing, longshore current off the west coast
in winter was first suggested by Newell (1961); drift
bottles he deployed off the coast moved in a similar
pattern to our drift cards. Subsequently, Baines et
al. (1983) inferred the presence of this current from
a shelfward depression of isotherms and confirmed
it by the drift pattern of a drogue released off the
northwestern coast. Baines et al. (1983) reported the
Zeehan Current, as they named it, to be relatively
narrow (approximately 40 km wide) and restricted
largely to the edge of the continental shelf. It moves
southwards at a depth averaged flow in the order
of about 20 km/d (C. Fandry, pers. commun.®). This
figure is reasonably consistent with our data on lar-
val ages at different points along the advection
route. The distance between the spawning ground

¢C. Fandry, CSIRO Division of Oceanography, GPO Box 1538,
Hobart, Tasmania 7001, Australia, pers. commun. June 1987.
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FIGURE 12.—Regressions between relative growth rates and transect number for Macruronus
novaezelandiae larvae €10 d postfirst-feeding and those >25 d postfirst-feeding. Correlations
are significant at P < 0.01 for both age classes of larvae.

and transect 8, off the southeastern coast, for ex-
ample, is about 400 km. Hence, the minimum time
it should take a larva drifting passively in the main-
stream of the current to reach transect 8 would be
approximately 20 days. In fact, the shortest inter-
val between release time and recovery of one of our
drift cards on the southeastern coast was only 15
days suggesting that at least occasionally larvae
could be transported around the southern end of
Tasmania very quickly. Total ages of larvae collected
at transect 8 varied from 22 to 41 days, averaging
31 days in 1984 and 32 days in 1985. As few larvae
are likely to traverse a perfectly direct path between
the spawning grounds and transect 8, the mismatch
between predicted minimum and observed average
ages is probably reasonable and the hypothesis that
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larval distributions are the result of passive advec-
tion seems plausible.

The range of ages of larvae at each point along
the advection route appears to reflect, in part,
spawnings by M. novaezelandiae at sites north and
south of the primary spawning area, in part, the
distribution of the larvae relative to the main axis
of the Zeehan Current, the location of which is like-
ly to vary with time, and, in part, variations in the
strength and direction of that current. Baines et al.
(1983) noted that the manifestation of the current
may often be overridden by direct wind effects,
which is supported by our observations. The drift
rate and direction of our drogue varied as an imme-
diate function of wind speed and direction. C.
Fandry (fn. 6) suggested that wind affects move-
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ment of the water column off the west coast to
depths of at least 100 m, i.e., virtually the entire
depth range occupied by larval M. novaezelandiae.
Hence, it is likely that the direction and speed of
larval transport vary, though still being predomi-
nantly southwards. Such variability is indicated by
our drift card data. Drift cards released at the mid-
shelf station of transect 5 on 22 July 1985 were
recovered inshore and south of the release point;
cards released at the same location 19 days later,
however, were mostly recovered north of the release
point (Fig. 7). Given the depth of the wind-driven
effects, it is likely that larval fishes present at that
site on the two dates would also have been advected
either south or north, depending on temporary con-
ditions of wind and current.

Indeed, some larvae apparently develop wholly off
the west coast. In both years of the study, the range
in sizes and ages of larvae at transect 5, just north
of the spawning grounds, was nearly as wide as
those at all other transects combined. On this basis,
we suspect that some oceanographic feature on the
mid-west coast of Tasmania results in significant
retention of larvae in that area. One possibility is
that, as larvae are most abundant near shore, some
are trapped in relatively static pockets of water near
the coast and not entrained in the general souther-
ly current stream. Another possible retention mech-
anism is a coastal gyre, as yet unreported, that
perhaps forms in the winter off the west coast. In-
deed, our sea-surface temperature data consistent-
ly show a westward bend of surface isotherms im-
mediately offshore of transect 5, which could in-
dicate such a gyre.

Whatever the retention mechanism, a conse-
quence is that larvae vary widely in the location at
which they undergo planktonic development. Such
variability is not trivial in M. novaezelandiae. Ap-
parent rates of larval growth in the species vary
significantly both with time and location: faster in
1984 than in 1985, faster in some months than in
others, and faster off the west coast for young lar-
vae and off the east coast for older larvae. There
are two ways these differences can be interpreted:
either the differences are real and reflect variability
in conditions that promote growth of larvae, or they
are only apparent, deriving not from variations in
growth rates, but from growth-dependent mortality
that varies in intensity in time and space.

Testing these hypotheses directly in the field is
difficult. They can be tested indirectly, however, by
examining the distributions of residuals around the
population-mean growth trajectories. Consider three
possibilities: first, local differences in growth are

real and are determined wholly by food availability;
second, local variation is real, but upper and lower
limits to growth are determined by physiological
constraints inherent in the metabolism of the lar-
vae; and third, real growth rates do not vary local-
ly, but appear to differ due to variably intense selec-
tion (predation) against slower growing larvae. The
first hypothesis (unconstrained growth) implies nor-
mal distributions of growth rates around population
means for both fast and slow growing populations;
the variance may alter with the mean, but skewness
should not. The second hypothesis (constrained
growth), however, implies distributions of growth
residuals will vary with mean growth rate: the dis-
tribution will be negatively skewed (to the left) when
mean growth rate is high (more individuals near the
maximum growth rate) and positively skewed (to the
right) when mean growth rate is low (more indivi-
duals near the minimum growth rate). The third
hypothesis (growth-dependent mortality) also im-
plies a relationship between the distribution of
growth residuals and apparent mean rates of
growth, but the relationship is opposite that implied
by the constrained growth hypothesis. If predators
selectively remove slow growing larvae, such mor-
tality will skew distributions of growth residuals to
the right. The greater the intensity of growth-
dependent predation (= the higher the apparent
mean growth rate), the more positive the skew.
Hence, the growth-dependent mortality hypothesis
implies that when apparent mean growth rate is low,
the distribution of residuals should be normal or only
weakly positively skewed; when apparent mean
growth rate is high, the distribution should be
skewed strongly to the right.

These predictions can be applied to field data for
M. novaezelandiae. The mean growth rate of larvae
was higher in 1984 than in 1985 and, for older lar-
vae, was higher on the south and east coast than
on the west coast (too few young larvae were caught
on the east coast to warrant a comparison for that
age group). The distributions of residuals for 1984
and 1985 are depicted in Figure 13, and those for
west and southeast coast populations of larvae older
than 25 d postfirst-feeding are depicted in Figure
14. The data are throughout consistent with the
constrained-growth-rate hypothesis. As predicted by
this hypothesis, the distribution of growth residuals
is skewed negatively, albeit weakly, in 1984 (k, =
-0.35, t = 1.58, P < 0.1), and skewed positively,
also weakly, in 1985 (k, = 0.45,t = 1.36, P < 0.1).
Similarly, growth residuals for the relatively fast-
growing larvae caught off the south and east coasts
are distributed normally (k, = 0.25, ¢t = 0.61, NS),
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FIGURE 13.—The distribution of residuals about the semilog regression of In total length
against age of Macruronus novaezelandige for 1984 and 1985, based on growth trajec-

tories pooled by year.

whereas those for the slower growing larvae col-
lected off the west coast exhibit a significant posi-
tive skew (k, = 0.68, t = 2.76, P < 0.01). We con-
clude, therefore, that the data are consistent with
the constrained growth hypothesis, that variations
in rates of larval growth documented in this study
are likely to be real, operating within whatever fac-
tors constrain the limits of larval growth for the
species, and that they reflect variations in environ-
mental conditions that affect growth rates.
Exactly what these environmental conditions are
is still not clear, though it is likely they relate to
water temperature and food availability. That lar-
vae <15-20 d postfirst-feeding grew faster off the
west coast of Tasmania than off the south and east
coasts could, for example, reflect the presence of
the relatively warm Zeehan Current off the west
coast. Growth rates of gadoid larvae increase with
water temperature (Lawrence 1978) and tempera-
tures in this current near the spawning grounds
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were 1°-2°C warmer than off the south and south-
eastern coasts. Circumstantial evidence suggests
that regional differences in growth rates of older
larvae, in turn, were related to differences in food
availability. As noted above, larvae older than 25
d postfirst-feeding grew faster off the east coast
than off the west coast early in the spawning sea-
sons. This difference between coasts narrowed later
in the season and disappeared altogether late in the
spawning season (September). This pattern of
spatial and temporal differences in growth was
matched by variations in coastal productivity. Harris
et al. (1987) reported that in winter (August, re-
ferred to by them as “early spring”), autotrophic
water column productivity was higher off the east
coast in 1985 than off the west coast; reported
values for shelf waters ranged from 1.71 to 4.5 mg
C-m-3-h-1 for the east coast versus 0.06 to 0.84
for the west coast. In September, however, (Harris
et al.’s “late spring”), differences in water column
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productivity between the two coasts were less pro-
nounced; measured values for two sites off the east
coast were 1.51 and 2.89 mg C-m~3-h-! versus
values for the west coast that ranged from 1.04 to
2.24. We suspect, therefore, that growth rates of
these older larvae are driven by local differences in
the abundance of copepods and other larger zoo-
plankters that constitute their primary diet. Why
such regional differences in productivity did not
result in a parallel difference between coasts in
growth rates of younger larvae is not known. It may
be that the effects of food availability on growth
rates of first-feeding larvae are overridden by those
of water temperatures.

Regardless of how location affected the growth
rates of young and older larvae, summarized in
Figure 11, the net effect remains that conditions
favorable for early larval growth were not spatial-

ly coincident with those favoring growth by older
larvae. Specifically, growth rates of larvae aged
<10-15 d postfirst-feeding were highest closest to
the spawning area of M. novaezelandiae, whereas
growth rates of larvae older than 25 d postfirst-
feeding increased the farther away from the spawn-
ing area the larvae were caught. Why M. novae-
zelandiae aggregate to spawn off the west coast of
Tasmania in the winter, rather than at any other
site or time, cannot be known. Winter spawnings
are not the norm in gadoids (Breder and Rosen 1966;
Hislop 1984) nor, with the possible exception of a
weak gyre off the coast, is there any conspicuous
oceanographic feature or condition, such as a highly
localized plankton bloom, yet documented that
would uniquely characterize the site as a particularly
good one for spawning. Nonetheless, the enhanced
growth rates of early stage larvae at the site argue
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for a positive selective value for migrating to the
west coast to spawn. At the same time, increased
rates of growth by older larvae away from the
spawning area suggest equally strong selection to
ensure that, as they develop, larvae are transported
away from the west coast. Larvae achieve the max-
imum growth rate only by being at the right place
at the right stage of their development. Hence,
migration of M. novaezelandiae to a specific spawn-
ing area and subsequent contra-natant migration of
larvae away from that spawning area appears to be
neither evolutionarily trivial nor solely the result of
selection to place eggs and larvae upstream of some
specific nursery habitat. Rather, it is an adaptive
feature of the reproductive biology of the fish that
relates directly to elements of its larval ecology.
Further, if survival of larvae varies with growth
rate, as has been widely suggested (Hunter 1981;
Rosenberg and Haugen 1982; Folkvord and Hunter
1986), then spatial effects on rates of larval growth
can provide a mechanism that links current vari-
ability with year-class strength in M. novaezelan-
diae. We have, as yet, no direct evidence for such
a link in this species but such a hypothesis has been
frequently proposed for marine fishes (Walford
1938; Sette 1943; Harden Jones 1968; Nelson et al.
1977; Parrish et al. 1981). In most cases, however,
emphasis has been placed on the adverse effects of
advection, in which inappropriate current patterns
result in larvae being transported into oceanic
habitats not well suited for their development. For
example, Devonald (1983) and Theilacker (1986) pre-
sented evidence that larval mackerel, Trachurus
symmetricus, found well off the California coast feed
less well and are in worse condition than those col-
lected closer to shore, which is consistent with the
adverse effects of offshore transport on year-class
strength suggested by Parrish et al. (1981). In con-
trast, advection is not a negative factor in M.
novaezelandiae: larvae do better when advected
away from the spawning area at the right stage of
their development. Such a positive effect of advec-
tion is implicit in hypotheses involving spawning
grounds, nursery areas, and adult habitats that are
spatially separated (Harden Jones 1968; Shelton and
Hutchings 1982). Data for most species, however,
are still too sparse to determine the general signif-
icance of a direct, positive effect of advection on
rates of larval growth like that in M. novaezelandiae.
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AGE AND GROWTH OF KING MACKEREL, SCOMBEROMORUS CAVALLA,
FROM THE ATLANTIC COAST OF THE UNITED STATES'

MARK R. CoLLINS, Davip J. ScHMIDT, C. WAYNE WALTZ, AND
JAMES L. PICKNEY?

ABSTRACT

Whole sagittae from 683 and sectioned sagittae from 773 “adult™ (age > 0 ; 437-1,310 mm FL), and
lapilli from 29 larval (2-7 mm SL) and 69 young-of-the-year (79-320 mm FL) king mackerel, were ex-
amined. All fish were from waters off the Atlantic coast of the southeastern United States (Cape
Canaveral, Florida to Cape Fear, North Carolina). Back-calculated lengths at ages and von Bertalanffy
growth equations were calculated from both whole and sectioned sagittae. Ages determined from sec-
tioned sagittae were significantly greater than ages determined from whole sagittae, and the magnitude
of the difference increased with age (from sections). Rings on sectioned sagittae are considered to be
true annual increments, forming during June—-September. There was no clear pattern to ring formation
on whole otoliths. The oldest fish examined was age 21. The daily nature of rings on lapilli of age 0 king
mackerel was not validated, but if the marks are formed daily they suggest growth rates of approx-
imately 0.47 mm/d for early larvae and 2.9 mm/d for fish 1-3 months of age.

The king mackerel, Scomberomorus cavalla, is a
migratory pelagic scombrid occurring in coastal
waters of the western Atlantic from Massachusetts
to Brazil and throughout the Gulf of Mexico (Col-
lette and Russo 1984). In the United States, this fish
is highly sought by both commercial and recreational
fishermen from North Carolina to Texas (Manooch
1979; Trent et al. 1983). Decreased abundance in
part of its range has lead to the establishment of
landings quotas and limits.? Tagging studies indicate
that king mackerel from the Atlantic coast and those
from the Gulf of Mexico form separate migratory
groups, with some overlap and mixing in the waters
of southern Florida.* Biological studies in each
geographic area are essential due to the importance
of the species, possible reproductive isolation of the
groups, and the potential for group-specific life
history traits. Considerable research effort has been
directed toward king mackerel in the Gulf of Mex-
ico, but fish from the Atlantic coast of the United
States, especially north of Florida, have received
little attention. Beaumariage (1973) utilized fish

1Contribution No. 265 of the South Carolina Wildlife and Marine
Resources Department, Charleston, SC 29412.

2South Carolina Wildlife and Marine Resources Department,
Iggrizge Rzesources Research Institute, P.O. Box 12559, Charleston,

412,

3South Atlantic Fishery Management Council, Charleston, SC.
News release, 7 July 1987.

iPowers, J. E., and P. Eldridge. 1983. Assessment of Gulf of
Mexico and south Atlantic king mackerel. Unpubl. manuser., 24
p. Southeast Fisheries Center, National Marine Fisheries Service,
NOAA, Miami, FL 338149.

Manuscript accepted September 1988.
Fishery Bulletin, U.S. 87:49-61.

from both coasts of Florida, but the only sample he
had from northeastern Florida was combined with
the rest of his data. Similarly, Johnson et al. (1983)
sampled fish from North Carolina and South Caro-
lina, but they were pooled with larger samples from
the Gulf of Mexico. A more recent study (Manooch
et al. 1987) utilized only Gulf of Mexico fish. Thus,
there are no previous studies of Atlantic group king
mackerel on which to base management.

Despite evidence that otolith sections may give
more accurate ages than whole otoliths in long-lived
species (Beamish 1979), major studies of king mack-
erel age and growth have been based principally on
data derived from whole otoliths (Beaumariage
1978; Johnson et al. 1983; Manooch et al. 1987). Ade-
quate validation of the use of whole sagittae has
apparently been achieved in at least one of these
investigations (Manooch et al. 1987), but we en-
countered difficulties in the interpretation of whole
otoliths while using similar methods in the present
study. This report describes age and growth of king
mackerel from the Atlantic coast of the southeast
United States, compares results from whole and sec-
tioned otoliths, and describes presumed daily growth
of larval and young-of-the-year (YOY) king mack-
erel from the same geographic area.

METHODS

King mackerel were collected along the Atlantic
coast of the southeastern United States (lat 29° to
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35°N) from May 1983 through January 1987.
“Adult” (= age >0) fish were caught on hook and
line in the recreational fishery, in the commercial
fishery, and during research cruises aboard the RV
Oregon and RV Lady Lisa. Most YOY kings were
collected during research cruises aboard the RV
Lady Lisa and RV Carolina Pride using trawls of
various types, but some fish were taken with gill
nets, seines, and from commercial shrimp trawling
bycatch. Larvae were collected from the RV Oregon
with bongo (505 um mesh) and neuston (505 or 947
um mesh) nets, and were preserved in 95% ethanol.

Nonlarval king mackerel were weighed and mea-
sured (total length [TL] and fork length [FL]), while
larvae were measured to the nearest mm standard
length (SL) using a dissecting microscope and ocular
micrometer. Sagittae of adults were removed and
stored dry, and gutted fish and gonads were
weighed when possible. All otoliths were removed
from larval and YOY fish. Larval otoliths were
mounted on microscope slides, while otoliths from
YOY fish were stored in 75% ethanol.

The lapillus was the best structure from which to
count presumed daily rings for both larval and YOY
king mackerel.5 Larval lapilli were immersed in oil
on a microscope slide and viewed with transmitted
light at 623 x on a microscope equipped with a video
camera. Two readers made three counts for each
of 29 larvae (2-7 mm SL), and the mean of the six
counts, rounded to the nearest integer, was used to
estimate the number of presumed daily rings. Lapilli
from 69 YOY fish (79-320 mm FL) were prepared
by a series of polishings on a smooth whetstone, on
600 grit sandpaper, and on glass with a fine liquid
abrasive (AO Scientific Instruments Cat. No. 938C¢).
Polishing continued until rings in the central por-
tion of the lapillus became visible, and readings were
made in the same manner as those for larvae. Some
lapilli were also read from photomicrographs taken
with a scanning electron microscope (SEM) to deter-
mine differences in marginal increments (distance
from the distal edge of the outer ring to the otolith
margin) between fish caught at different times of
day.

Whole sagittae from 683 adult fish were ex-
amined. Otoliths were placed in a dish of cedarwood

SWaltz, C. W. 1986. Evaluation of a technique for estimating
age of young-of-the-year king (Scomberomorus cavalla) and Span-
ish (S. maculatus) mackerels. Unpubl. manuser. South Caro-
lina Wildlife and Marine Resources Department, Marine Re-
sgurces Research Institute, P.0. Box 12559, Charleston, SC
29412,

SReference to trade names does not imply endorsement by the
National Marine Fisheries Service, NOAA.
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oil and viewed, concave side up, under a dissecting
microscope (12x) with reflected light. Measure-
ments from the focus to the distal edge of each
opaque ring, and from the distal edge of the last
opaque ring to the otolith margin, were made with
an ocular micrometer along an axis approximating
the extension of the sulcus acousticus (Johnson et
al. 1983). The marginal increment was zero when
an opaque ring occurred at the otolith margin.
Transverse sections (ca. 0.5 mm thick) of one sagit-
ta from each of 773 fish, including otoliths also read
whole, were made through the focus on a plane
perpendicular to the long axis with a Buehler Isomet
low speed saw. Sections were viewed at 50 x in the
same manner as whole sagittae. The focus was not
always definite on sections, so measurements were
standardized by defining the focus as the midpoint
of a line connecting the two most distant points of
the first ring. This convention closely agreed with
actual focus locations for sections in which the focus
was apparent. Because the axis of sagittal growth
changed after the first year, sections were measured
in two parts: 1) from the focus to that point on the
first ring, on the dorsal side of the sulcus acousticus,
which minimized the length of the line without cross-
ing the sulcus acousticus, and 2) from the first ring
to the margin of the section, on a line perpendicular
to the rings, along the recognizable major axis of
sagittal growth after year 1. Additional sections
were made of sagittae from 10 randomly chosen fish:
one longitudinal section, and two sections at 45°
perpendicular to each other. The purposes of these
sections were to determine if there was evidence for
splitting of rings and to ensure that the transverse
section, described above, was the most legible prep-
aration. All whole and sectioned sagittae were ex-
amined by two readers, and the age was excluded
from analyses if the readers did not agree. Sex was
determined by gross examination and was verified
histologically in subsamples. Regressions of fork
length on otolith radius were performed for sexes
separately and combined. Back-calculated sizes at
age were computed for males, females, and sexes
combined by the Fraser-Lee method (Carlander
1982; Poole 1961). The SAS NLIN procedure (SAS
Institute 1982) was used to fit von Bertalanffy equa-
tions to the weighted mean back-calculated lengths
at age.

RESULTS

The astericus was not detected in any larvae, sug-
gesting it forms at >7 mm SL. All larval lapilli had
well-defined presumed daily rings that were easily
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counted with good agreement between readers. The
regression of mean ring count (R)on SLis R = 0.11
+ 1.56 (SL); n = 29; 2 = 0.78 (siginificant at P <
0.001). That 2 is not higher is attributed to coarse
length measurements (nearest mm), If the rings are
daily, the regression of SL on R (SL = 1.15 +
0.47(R)) indicates a growth rate of 0.47 mm SL/d
for early larvae (Fig. 1).

Presumed daily ring counts were obtained for 54
(78%) of 69 YOY king mackerel 79-320 mm FL. A
strong correlation was found for the regression of
mean ring count (R) on FL (R = 2.0 + 0.32(FL);
n = 54; r2 = 0.92, significant at P < 0.001). If
these rings are actually daily, the regression of FL
on R (FL = 7.25 + 2.91(R)) suggests that a growth
rate of 2.9 mm/d occurs at 30-100 days of age (Fig.
2). Attempts to produce evidence for the daily
nature of these rings by measuring diel variation in
marginal increments using SEM were not success-
ful, perhaps due to inadequate specimen prepara-
tion. Rings were normally visible on portions of the
lapilli, but we could not consistently read increments
near the margin.

Two readers agreed on annual ring counts for 77%
of all whole sagittae and 70% for fish >850 mm FL,
resulting in 15 age (= number of rings) classes. Ex-
amination of sections made in the four planes veri-
fied that sections perpendicular to the long axis of
the sagitta were most legible, and no evidence for
splitting of rings was found. Agreement on read-

"]

11+

NUMBER OF RINGS

ing sections was greater than that for whole sagit-
tae, with counts verified on 90% of all sections and
96% from fish >850 mm FL. The oldest fish aged
from sections was age 21. Agreement between the
two techniques was but 47% among fish on which
both whole sagittae and sections were used, and the
ages were significantly different (¢ test for paired
observations: P < 0.001). Counts were very similar
for the first three to five age classes, but sections
from older fish commonly showed one or more rings
not detected on whole sagittae and the difference
increased with age. The two procedures differ at an
earlier age for males than for females (Fig. 3).
The correlations of fish length with otolith radius
were significant (P < 0.001 for all) for whole and
sectioned sagittae of males, females, and sexes com-
bined (Table 1). Plots of focus-ring measurements
from sections for successive age groups through age
5 show that the distribution was unimodal for each
increment, that distances to the rings varied little
with age, and that overlap increased with age (Fig.
4). The pattern for whole sagittae was not quite as
well defined (Fiig. 5). Back-calculated lengths at ages
from whole and sectioned otoliths agree well with
observed lengths, especially among (younger) age
groups with large sample sizes (Tables 2-7). Annual
growth increments from whole and sectioned oto-
liths were generally higher for females than males,
especially during the first few years of life. Lengths
at age determined from whole otoliths were con-

T T T
1 3

T T T T 1
5 7

STANDARD LENGTH (mm)

FIGURE 1.—Regression of number of presumed daily rings on standard length
of larval king mackerel.
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FIGURE 2.—Regression of number of presumed daily rings on fork length of young-of-the-year king mackerel.
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FIGURE 8.—Mean difference between whole and sectioned otolith ages for each
sectioned age group, by sex. Sample size is indicated for each data point.

TABLE 1.—Least squares regression of fork length (FL, in mm) on otolith radius (OR, in ocular units) for sectioned and whole

otoliths.
Sectioned Whole
N r? n r?
male log,o FL = 1.088 + 1.012log, OR 204 0.90 log,, FL = 1.242 + 0.918 log,, OR 172 0.80
female logyo FL = 1.209 + 0.967 log,, OR 448 0.83 log,, FL = 1.116 + 1.002 log,, OR 409 0.77
combined log,, FL = 1.350 + 0.884 log,, OR 704 0.80 log,, FL = 0.773 + 1.184 log,, OR 632 0.83
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F1GURE 5.—Distributions of focus-ring distances from whole otoliths for age groups one through five.
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TABLE 2.—Mean fork lengths (mm) at capture and mean back-calculated fork lengths at ages from sectioned otoliths of male king mackerel.

Mean
;‘:éc?-f Ier;%th Mean back-calculated lengths at successive annuli
Age mens capture 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16
1 19 511 433
2 7 716 479 649
3 6 758 457 615 712
4 16 791 465 601 690 754
5 17 808 440 585 670 730 778
6 14 825 441 580 652 712 759 805
7 19 838 417 566 647 698 743 784 819
8 11 884 455 600 666 716 757 792 826 862
9 16 882 434 569 643 692 734 769 803 833 864
10 13 882 404 546 612 670 709 744 773 805 836 867
11 8 912 419 545 614 663 702 742 774 806 833 865 895
12 10 909 387 532 597 641 681 718 748 780 810 838 863 892
13 11 918 366 516 585 635 673 706 739 768 798 826 851 878 907
14 7 954 375 505 581 630 673 706 742 773 805 833 857 884 911 938
15 5 930 383 507 581 623 657 687 718 743 770 797 822 844 871 894 919
16 3 948 383 475 547 607 646 677 709 737 758 787 815 839 864 892 912 937
Total number 182 163 156 150 134 117 103 84 73 57 44 38 26 15 8 3
Weighted mean 426 566 639 689 724 753 779 801 822 839 857 875 896 914 916 937
Growth increment 426 140 72 50 34 29 25 22 20 17 17 18 21 17 2 2

sistently greater than from sections, except for age
1 females (F'ig. 6). The von Bertalanffy growth con-
stants (K) from whole and sectioned otoliths are
greater for males (Table 8), while females attain
greater maximum length. Estimates of asymptotic
length (L) from both otolith preparations are con-
servative for both sexes.

The distribution of monthly percentages of sec-
tioned otoliths with zero marginal increment was
unimodal and reasonably normal, indicating annual
ring formation that peaks in August-September
(Fig. 7). Few section margins were opaque during
October-May, though sample sizes were smaller
then. Similar treatment of marginal increment data
from whole sagittae produced completely different
results: opaque margins seem to occur irregularly
from March through November. This suggests
either that readings of whole otoliths were often in
error despite agreement between observers, or that
rings were not true annuli.

DISCUSSION

The daily nature of rings on lapilli of larval and
YOY king mackerel was not validated, although cor-
relations between otolith radius and fish length were
very strong. If the marks are daily, they imply a
moderately high average growth rate for early lar-
vae followed by very rapid growth (2.9 mm/d) for
fish 1-3 months of age. Future studies should con-
centrate on validation, possibly by chemical (tetra-

eycline, calcein) labeling of otoliths or by describ-
ing diel variations in marginal increments.

Readability (percentage legible enough for ob-
servers to agree on age) of sectioned otoliths was
greater than that of whole otoliths, especially among
fish >850 mm FL. The two techniques agreed only
47% of the time, primarily for smaller individuals.
‘Why Johnson et al. (1983) and Manooch et al. (1987)
found much higher agreement (96% and 87%, re-
spectively) between whole and sectioned otoliths is
not clear. The opacity and appearance of sagittae
may differ between Gulf of Mexico and Atlantic king
mackerel (pers. commun., S. P. Naughton?), and
could account for differences in agreement. Beamish
(1979) noted that readability and reliability of whole
otoliths differed between stocks of Pacific hake,
Merluccius productus, supporting this hypothesis.
He reported a 47% agreement between whole and
sectioned otolith ages and concluded that ages from
sections were more reliable, especially in older age
groups and for certain geographic areas. He also
found even greater deviations that we found be-
tween ages from whole and sectioned otoliths, but
utilized all readings. If our procedures were liberal-
ized in a like fashion, or if readings from a single
observer were used, we feel that the deviations
reported here would be much greater.

7S. P. Naughton, Southeast Fisheries Center Panama City Lab-
oratory, National Marine Fisheries Service, NOAA, Panama City,
FL 32407, pers. commun.
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TABLE 3.—-Mean fork lengths (mm) at capture and mean back-calculated fork lengths at ages from sectioned otoliths of female king mackerel.

Mean
;‘:.; c?f Ier;gth Mean back-calculated lengths at successive annuli
Age mens capture 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
1 16 548 462
2 24 719 503 668
3 19 820 519 681 775
4 43 832 494 635 727 794
5 51 878 500 650 739 804 856
6 37 897 484 634 716 775 829 876
7 30 937 487 632 718 778 831 876 919
8 14 977 491 646 731 790 836 878 917 956
9 39 990 477 616 709 768 815 857 896 937 975
10 42 1,005 477 629 699 759 804 847 883 919 956 991
1 32 1,052 482 630 710 765 812 855 893 929 964 998 1,034
12 27 1,063 466 620 701 755 801 840 877 912 946 977 1,013 1,044
13 17 1,035 482 610 674 724 767 801 837 870 902 931 961 990 1,022
14 12 1,041 458 599 663 713 753 791 824 856 886 921 948 976 1,007 1,035
15 9 1,145 500 643 718 772 818 858 899 931 962 993 1,022 1,050 1,077 1,105 1,134
16 3 1,189 513 668 753 807 847 883 919 954 981 1,008 1,043 1,070 1,097 1,123 1,154 1,181
17 2 1,216 504 629 708 766 811 850 889 928 960 992 1,018 1,056 1,088 1,120 1,152 1,177 1,203
18 2 1,272 480 642 737 785 834 871 920 950 981 1,018 1,049 1,074 1,105 1,130 1,159 1,191 1,215 1,246
19 2 1,075 416 551 626 663 704 740 766 791 812 843 869 889 916 936 962 983 1,003 1,034 1,054
20 2 1,151 464 603 671 723 764 795 825 856 881 906 937 957 987 1,007 1,032 1,052 1,077 1,106 1,126 1,146
21 1 1,220 421 602 686 727 768 796 823 865 892 920 947 974 988 1,015 1,043 1,070 1,084 1,111 1,138 1,165 1,192
Total number 424 408 384 365 322 27t 234 204 180 151 109 77 50 33 21 12 9 7 5 3 1
Weighted mean 486 635 716 772 817 852 886 917 949 975 1,002 1,017 1,032 1,064 1,110 1,118 1,120 1,126 1,100 1,152 1,192
Growth increment 486 148 81 56 45 34 34 31 31 26 26 15 15 32 46 8 2 6 -26 52 40
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TABLE 4.—Mean fork lengths (mm) at capture and mean back-caiculated fork lengths at ages from sectioned otoliths of king mackerel, sexes combined.

Mean
'::écci,-f Ier;gth Mean back-calculated lengths at successive annuli
Age mens capture 1 2 3 4 5 6 7 B 9 10 1 12 13 14 15 16 17 18 19 20 21
1 48 538 461
2 37 722 515 668
3 30 800 520 670 759
4 70 823 513 645 727 788
5 74 859 513 652 733 791 837
6 61 871 500 635 708 763 810 851
7 56 899 494 631 710 762 807 847 883
8 28 938 508 650 722 773 814 850 884 918
9 59 956 495 626 708 761 803 B840 874 908 941
10 59 976 492 636 703 758 798 836 868 900 932 963
11 43 1,020 502 640 713 764 806 845 878 911 941 971 1,003
12 39 1,018 479 625 697 746 788 823 855 887 916 944 974 1,002
13 29 986 471 602 665 711 750 781 813 842 871 897 922 947 975
14 20 1,007 464 597 662 709 747 781 812 840 868 898 922 947 974 998
15 15 1,065 494 629 700 747 786 819 854 882 909 935 960 984 1,008 1,032 1,056
16 6 1,068 490 610 684 738 775 806 837 867 889 914 943 966 989 1,013 1,037 1,060
17 2 1,216 538 661 737 793 836 873 910 947 977 1,007 1,031 1,067 1,097 1,127 1,156 1,180 1,204
18 2 1,272 516 676 767 813 860 896 942 970 1,000 1,035 1,064 1,087 1,117 1,139 1,167 1,196 1,219 1,248
19 2 1,075 447 580 653 688 727 762 786 810 830 859 883 902 927 946 971 990 1,009 1,037 1,056
20 2 1,151 497 633 699 748 788 817 846 875 899 923 951 970 998 1,017 1,041 1,059 1,082 1,110 1,128 1,146
21 1 1,220 456 635 716 756 795 822 848 887 913 939 965 991 1,004 1,029 1,055 1,080 1,083 1,119 1,144 1,169 1,194
Total number 683 635 598 568 498 424 363 307 279 220 161 118 79 50 30 15 9 7 5 3 1
Weighted mean 497 638 712 763 802 833 864 892 920 943 964 975 989 1,020 1,060 1,086 1,124 1,130 1,102 1,154 1,194
Growth increment 497 141 73 51 39 30 30 28 27 23 20 11 13 31 39 26 38 5 -27 51 40
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TABLE 5.—Mean fork lengths (mm) at capture and mean back-calculated fork lengths
at ages from whole otoliths of male king mackerel.

Mean
:&gf Ier;gth Mean back-calculated lengths at successive annuli
Age mens capture 1 2 3 4 5 6 7 8 9
1 18 505 402
2 8 689 511 670
3 11 758 468 654 731
4 20 794 488 655 726 772
5 17 821 451 642 721 764 802
6 5 827 420 629 688 737 772 805
7 6 847 417 642 705 745 776 806 823
8 0 —_ - = = = = = = =
9 5 896 452 625 699 741 773 797 831 853 871
Totalnumber 90 72 64 63 33 16 11 5 5
Weighted mean 453 649 719 760 788 803 827 853 871
Growth increment 453 195 70 41 28 14 23 26 17

TABLE 6.—Mean fork lengths (mm) at capture and mean back-calculated fork lergths at ages from whole otoliths
of female king mackerel.

Mean
No. 9' length Mean back-calculated lengths at successive annuli
speci- at
Age mens capture 1 2 3 4 5 6 7 8 9 10 11 12
1 18 552 440
2 20 712 481 666
3 26 810 502 696 780
4 42 845 490 671 762 814
5 46 882 474 670 759 820 862
6 35 915 471 673 757 810 851 892
7 21 949 453 651 746 802 845 887 921
8 12 1,022 467 697 788 837 881 924 963 995
9 8 1,035 475 669 785 842 885 918 0954 986 1,018
10 9 1,079 485 689 778 837 890 931 964 997 1,028 1,056
1 1 1,138 350 654 785 814 873 917 976 1,020 1,064 1,093 1,123
12 1 1,077 387 454 724 778 806 846 873 927 968 995 1,022 1,077
Total number 239 221 201 175 133 87 52 31 19 1" 2 1
Weighted mean 475 673 764 817 861 901 943 992 1,022 1,054 1,073 1.077
Growth increment 475 197 91 52 44 40 42 48 30 31 18 3

Van Oosten (1929) listed assumptions involved in
the use of hard parts to determine age of fish: 1)
the structures used are constant in number and iden-
tity throughout the life of the fish, 2) the ratio of
structure size and fish size (length) remains constant
with growth, and 8) marks (rings) are annual and
form at about the same time each year. The first
assumption is not in doubt for otoliths. Supporting
the second assumption are the correlations between
fish length and otolith radius, which were signifi-
cant for whole and sectioned otoliths but stronger
for the latter. It is in meeting the final assumption
that the validity of ages from whole otoliths becomes
doubtful. The distributions of focus-ring measure-
ments were only slightly better for sectioned than
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for whole otoliths. However, the distribution of
monthly percentages of whole otoliths with opaque
margins was multimodal, indicating nonannual ring
formation (or large and numerous reading errors),
while that of sections was unimodal and fairly nor-
mal, indicating annual ring formation peaking in
August-September. Manooch et al. (1987) found a
peak in ring formation during February-May, but
they also found ring formation in September for
some fish taken off northwest Florida and suggested
that this difference may be due to separate spawn-
ing groups within the Gulf of Mexico.

We consider rings in otolith sections valid annuli,
but our evidence for validation is indirect, as in
previous studies of king mackerel. As pointed out
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FIGURE 6.—Mean back-calculated lengths at age from whole and from sectioned
otoliths for male and female king mackerel.

by Van Oosten (1929) and restated by Beamish and
McFarlane (1983), procedures that produce direct
evidence and validate ages of all age groups include
mark-recapture techniques (which will involve chem-
ical labeling if ages are to be determined from oto-
liths) and capture of known-age fish. The only pre-
vious study of king mackerel producing acceptable
evidence for age validation (Manooch et al. 1987)
generated very different life history characteristics
from ours, including maximum ages of 11 and 14

for males and females, respectively, but was based
on whole otoliths from Gulf of Mexico fish. Thus,
whether the differing results are due to sepa-
rate groups of king mackerel with different life
history characteristics or to differences in tech-
niques is not known. Regardless, we have demon-
strated that dubious information from whole oto-
liths can appear valid, and suggest that sectioned
sagittae be used to age king mackerel in future
studies.
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TABLE 7.—Mean fork lengths (mm) at capture and mean back-calculated fork lengths at ages from whole otoliths
of king mackerel, sexes combined.

Mean
L‘:égf Iergth Mean back-calculated lengths at successive annuli
Age mens capture 1 2 3 4 5 6 7 8 9 10 11 12
1 46 532 396
2 30 706 453 662
3 47 793 439 656 755
4 69 827 437 635 734 792
5 64 866 412 626 727 794 843
6 44 898 410 629 721 780 827 872
7 27 926 385 606 704 764 812 858 894
8 13 1,014 404 644 749 803 853 902 947 983
9 14 985 406 602 711 770 816 853 885 927 960
10 9 1,079 421 636 734 800 861 907 945 983 1,019 1,052
1 1 1,138 285 593 736 768 833 883 950 1,000 1,051 1,086 1,120
12 1 1077 322 390 675 735 765 811 841 903 950 981 1,013 1,077
Total number 385 319 289 242 173 109 65 38 25 11 2 1
Weighted mean 418 633 730 786 833 872 912 961 984 1,048 1,067 1,077
Growth increment 418 215 96 56 46 39 39 48 23 63 18 9
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F1GURE 7.—Monthly percentages of zero marginal increments on
whole and sectioned otoliths, with number of zero marginal in-
crements over number in sample for each month.
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TABLE 8.—von Bertalanffy growth parameters from whole and from

sectioned otoliths of king mackerel.

Asymptotic 95%
confidence interval

Param-
Sex eter Estimate Lower Upper
Sectioned otoliths

Male 942 905 979
K 0.1915 0.1471 0.2358
to -2.5006 -3.4139 -1.5874

Female L, 1,208 1,156 1,260
0.1239 0.0978 0.1500
ty -3.7445 —4.8442 —2.6448

Combined L, 1,277 1,162 1,392
K 0.0872 0.0572 0.1172
to -5.6836 —-7.7409 -3.6262

Whole otoliths

Male L, 853 816 889
K 0.5170 0.3334 0.7006
ty -0.5266 —1.1493 —-0.0960

Female L, 1,122 1,051 1,192
K 0.2278 0.1570 0.2987
ty -1.8572 —-2.5360 -0.7784

Combined L, 1,127 1,027 1,227
K 0.2128 0.1304 0.2951
ty -1.4777 —-2.5008 —-0.4546
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EFFECTS OF FOOD CONCENTRATION AND TEMPERATURE ON

DEVELOPMENT, GROWTH, AND SURVIVAL OF

WHITE PERCH, MORONE AMERICANA, EGGS AND LARVAE

DANIEL MARGULIES!

ABSTRACT

Growth and mortality during the egg and early larval stages of white perch, Morone americana, were
examined in relation to food concentration and temperature. Laboratory experiments were conducted
utilizing variable food conditions (high, low, and initially delayed rotifer levels) and temperatures (13°,
17°, and 21°C). Egg and yolk-sac larva stage durations were inversely related to temperature, and op-
timum hatch of eggs occurred at 17°C or lower. Larvae fed initially at low food levels for as little as
2 days exhibited significantly reduced survival and growth after 8 days of feeding at all temperatures.
Survival rates of well-fed larvae after 8 days of feeding ranged from 43 to 55%. Feeding delays of 4-8
days resulted in markedly reduced survival at 17° and 21°C. Growth was slow under any food conditions
at 13°C (<0.05 mm/d in length, <5%/d in dry weight). At 17° and 21°C, well-fed larvae grew at significant-
ly higher rates (>0.20 mm/d in length, >15%/d in dry weight). Based on these laboratory data and on
seasonal abundance of food in Chesapeake tributaries, it was estimated that optimum temperatures for
growth and survival of first-feeding white perch larvae are 15°-20°C. Results suggest that the estima-
tion of variability in growth rates of larval white perch in Chesapeake tributaries would make a major
contribution to our understanding of white perch recruitment.

The white perch, Morone americana, is an impor-
tant recreational and commerecial fish species in the
Chesapeake Bay drainage. Fluctuations in relative
abundance of white perch are most likely related
to survivorship during the early life history, yet
surprisingly little is known about the effects of
varying environmental factors on growth, devel-
opment, and survival of white perch eggs and
larvae.

Past studies on the early life history of white
perch have focused on distribution patterns (Man-
sueti 1961), descriptions of egg and larval develop-
ment (Mansueti 1964), electrophoretic (Morgan
1975), and biochemical (Sidell and Otto 1978)
characterizations of larvae and temperature ef-
fects on hatching (Morgan and Rasin 1982). The
interacting effects of temperature and food on
the development, growth, and survival of white
perch eggs and larvae had not been studied pre-
viously.

Fecundity of white perch, which usually are 100
250 mm SL, is high (50,000-300,000 ova per female),

1Chesapeake Biological Laboratory, Center for Environmental
and Estuarine Studies, University of Maryland, Solomons, MD
20688; present address: Inter-American Tropical Tuna Com-
mission, ¢/o Scripps Institution of Oceanography, La Jolla, CA
92093.

Manuscript accepted September 1988.
Fishery Bulletin, U.S. 87:63-72.

thus larval mortality rates are expected to be high
(Ware 1975). For most high-fecundity species, if
large numbers of larvae are produced in a cohort,
small changes in growth or mortality rates during
the larval stages may produce large variations in
recruitment (Houde 1987). White perch juveniles are
large relative to reproductive size, with the greatest
relative weight increases occurring in the larval
stage. This growth pattern indicates a strong poten-
tial for regulation of numbers through variable lar-
val growth (Houde 1987).

In this study, I examined the effects of two vari-
able environmental factors, food concentration and
temperature, on the development, growth, and sur-
vival of first-feeding white perch larvae. White perch
spawn in Chesapeake tributaries over a temperature
range of 10°-20°C (Hardy 1978). Thus, first-feed-
ing larvae can encounter a wide range of develop-
mental temperatures. Microzooplankton, which
forms the bulk of the diet for first-feeding white
perch larvae, can fluctuate in Chesapeake tidal
freshwaters during spring months from <50 to
>1,000/L (Heinle and Flemer 1975; Lippson et al.
1980). By examining the interacting effects of
temperature and food, the scope for growth and
survival potential of white perch larvae were
studied.
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METHODS

Experimental Design

White perch adults were collected by otter trawl
from the Potomac and Patuxent Rivers, MD dur-
ing April and May 1982. Eggs were collected from
at least four females and milt from four males from
each river system. Gametes were stripped into 8 L
polycarbonate containers. Fertilized eggs were then
transported to the laboratory and placed in well-
aerated, 38 L tanks divided into three temperature
groups: 18°, 17°, and 21°C. Salinity was maintained
at 1%m. After hatching, yolk-sac larvae were trans-
ferred to 38 L culture tanks. Feeding studies were
initiated with larvae that had some yolk remaining
and which had pigmented eyes, indicating readiness
to initiate feeding (Blaxter 1969).

All feeding experiments were conducted for a
period of 8 days. Partial water changes of 25% were
made in each feeding tank every other day to mini-
mize buildup of metabolites. Fluorescent lighting
provided constant 200-300 lux, with photoperiod
maintained on a 13 h light: 11 h dark cycle. Tem-
perature was controlled to the nearest 0.5°C by
maintaining aquaria in water baths of ambient
Patuxent River water and regulating individual
tanks by aquarium heaters.

Food for larvae consisted of rotifers (Brachionus
plicatilis) cultured in the laboratory on the green
alga Chlorella sp. Field studies demonstrated that
Brachionus constitutes the bulk of the diet of first-
feeding white perch larvae (Martin and Setzler-
Hamilton 1983). Based on a size analysis of zoo-
plankton prey consumed by Potomac River larvae,
rotifers were graded as follows: Day 1 to day 3:
100-150 um in breadth provided; and day 4 to day
8: all sizes (100-180 um) provided. Food levels were
measured in the feeding tanks by calculating the
mean values of three 100 mL aliquots taken four
times daily. Food concentrations subsequently were
adjusted to nominal levels.

Four food groups were established, representative
of high, low, and delayed-high food conditions.
Group 1 was a well-fed group maintained at 800
rotifers/L; group 2 was maintained at 50 rotifers/L
concentrations for 2 days and then fed at 800
rotifers/L levels for 6 days; group 3 was fed at 50
rotifers/L levels for 4 days and then fed at 800
rotifers/L concentrations for 4 days; group 4 was
maintained at low levels of 50 rotifers/L for the en-
tire study period. The food levels of 800 and 50
rotifers/. were representative of high and low
microzooplankton levels that typically occur in tidal
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freshwaters of the Chesapeake (Lippson et al. 1980).
Each food group was tested at three tempera-
tures: 13°, 17°, and 21°C. At each temperature, 10
eggs and 10 newly hatched larvae were sampled
from the rearing tanks and fixed in 4% formalin to
test for possible incubation temperature or paren-
tal stock effects on egg and newly hatched larva
sizes. Just prior to feeding, 10 larvae were removed
from each temperature stock tank and preserved for
initial length and dry weight measurements.

At each temperature, 150 larvae were assigned
to each of two replicates for each food group (with
four food groups per temperature). Once feeding
was initiated, at 2 d intervals, subsamples of 3 or
4 larvae were removed from each tank and pre-
served in 4% formalin for growth analyses.

Sample Analyses

Mean egg diameter, larval hatching length, and
length at first-feeding were measured and compared
among temperatures. Yolk and oil globule dimen-
sions of eggs and larvae were measured by ocular
micrometer and converted to yolk and oil volumes
(mm?); the stage-specific volumes were then com-
pared among temperatures. Regressions also were
developed predicting the duration of the egg and
yolk-sac stages in relation to temperature.

Expected mean survival after 8 days of feeding
was calculated based on the relationship: N; =
Nye~#, where N, = number of survivors at ¢ days
after first-feeding (8 days), N, = initial number of
larvae (150), t = number of days of feeding (8), and
Z = instantaneous total mortality rate. Also, Z =
F + M, where F' = sampling mortality and M =
natural mortality rate. The number of larvae pre-
served for analyses was considered sampling mor-
tality (#'), and all other mortality was M. Thus, when
Ny, N,, t, Z, and F' were known, it was possible to
solve for M, from which expected number of sur-
vivors was calculated as N, (Expected) = Nye M
(Ricker 1975).

Growth rates were calculated from the subsam-
ples of preserved larvae. Lengths were measured
after three weeks of preservation using a Wild?
dissecting microscope fitted with an ocular microm-
eter. Lengths were recorded to the nearest 0.1 mm.
Dry weight was obtained by drying larvae at 60°C
for 48 hours, dessicating, and weighing to the near-
est 0.1 ug on a Cahn electrobalance. Growth in
length was estimated by linear regression: L; = a

2Reference to trade names does not imply endorsement by the
National Marine Fisheries Service, NOAA.
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+ bt, where L, is length at time *“t” days and b is
daily growth rate (mm per day). Growth in weight
for the 8 d period was determined from the expo-
nential regression of dry weight on days after first-
feeding: W, = Wy, where W, = dry weight at
time “t” days, G = instantaneous daily growth coef-
ficient, and W, = dry weight at first-feeding. Spe-
cific growth rate (percent per day) was calculated
as 100(¢¢ - 1). In addition, mean incremental
growth coefficients (i.e., between sampling days 2,
4, 6, and 8) also were calculated (Ricker 1975).

Data were analyzed by regression analysis, anal-
ysis of variance (ANOVA), and analysis of covari-
ance (ANCOVA) followed by the Student-Newman-
Kuels (SNK) multiple comparison test (Sokal and
Rohlf 1981). The probability level for rejecting null
hypotheses was P = 0.05.

RESULTS

Development

Preserved white perch eggs ranged from 0.76 to
1.03 mm in diameter. Mean diameters of eggs
hatched at 13°, 17°, and 21°C were 0.91, 0.87, and

TaBLE 1.—Characteristics of fertilized white perch eggs, newly
hatched larvae and first-feeding larvae cultured at three temper-
atures.

Temperature (°C)

13 17 21
Parameter n: 10 10 10
Eggs
X diameter (mm) 0.91 0.87 0.92
SE; 0.02 0.02 0.03
X yolk vol (mm®) 0.14 0.15 0.18
SE; 0.01 0.01 0.01
X oil glob. vol (mm®) 0.0081 0.0070 0.0080
SE; 0.0005 0.0004 0.0004
Newly hatched larvae
x SL (mm) 2.52 2.46 2.53
SE; 0.03 0.03 0.02
X dry wt (ug) 352 34.0 36.4
SE; 1.3 1.1 1.2
First-feeding larvae
x SL (mm) 3.48 3.43 3.49
SE; 0.06 0.05 0.05
X dry wt (ug) 18.8 18.4 19.4
SE; 0.5 04 0.6
% yolk vol (mm?) 0.0026 0.0018 0.0014
SE; 0.0005 0.0004 0.0004
X % yolk remaining 1.87 1.53 0.75
SE; 0.36 0.33 0.23
x oil glob. vol (mms) 0.0036 0.0023 0.0022
SE; 0.0007 0.0003 0.0006
X % oil remaining 44.1 32.1 27.6
SE; 7.8 46 7.0

0.92 mm, respectively (Table 1). Each egg contained
a large volume of yolk (0.14-0.16 mm3), and a
prominent, amber-colored oil globule (0.0070-
0.0081 mm®). There were no significant differences
(ANOVA, P > 0.10) among incubation temperatures
for mean egg diameter, yolk volume, or oil globule
volume (Table 1).

Mean larval size at hatch ranged from 2.37 to 2.81
mm SL and averaged 2.50 mm (Table 1). Dry weight
of hatchlings was approximately 35 ug. Newly
hatched larvae had unpigmented eyes, with the head
deflected downward over the yolk sac. Mean lengths
and weights of newly hatched larvae at the three
temperatures did not differ significantly (ANOVA,
P > 0.10).

At the first-feeding stage, larvae averaged 3.45
mm SL and weighed approximately 19 ug (Table 1).
First-feeding larvae had utilized at least 98% of their
yolk reserves and from 55 to 75% of their oil. At
the first-feeding stage no significant temperature
effects were apparent for size of larvae, percentage
of yolk remaining or percentage of oil volume re-
maining (ANOVA, P > 0.10). Although not signifi-
cant, there was a trend for larvae to retain more
yolk and oil at lower temperatures.

Temperature had a pronounced effect on the dura-
tion of the egg and yolk-sac larval stages (Fig. 1).
The relationships between the durations of these
stages and temperature were best described by
decreasing exponential functions. Although effect
of temperature on hatching success was not mea-
sured precisely, rough estimates based on removals
of dead eggs were made. Percentage hatch was near
80% at 13°C, approximately 60% at 17°C, and near
20% at 21°C.

Survival

Expected survival after 8 days of feeding ranged
from 4.0 to 55.0%, depending on temperature and
food conditions (Fig. 2). As expected, survival at
each temperature was highest for the well-fed lar-
vae in food group 1. Larvae fed at low food levels
for as little as 2 days (groups 2, 3, and 4) exhibited
significantly reduced survival at all temperatures
(ANOVA and SNK procedure, P < 0.05). In par-
ticular, larvae fed at low food concentrations for 4-8
days (groups 3 and 4) displayed markedly reduced
survival at 17° and 21°C.

Growth

At 13°C, growth in length was slow under all food
conditions—all larvae were <4.0 mm SL after 8 days
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