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STARVATION-INDUCED MORTALITY OF YOUNG
SEA-CAUGHT JACK MACKEREL, TRACHURUS SYMMETRICUS,
DETERMINED WITH HISTOLOGICAL AND MORPHOLOGICAL METHODS

GAIL H. THEILACKER!

ABSTRACT

Young jack mackerel, Trachurus symmetricus, living offshore are starving while those living nearshore
are healthy. These results for sea-caught jack mackerel were determined by using histological and mor-
phological criteria that reliably diagnosed the viability of laboratory-raised jack mackerel. Both the
histological and morphological indices indicated that 350 km offshore ahout 70% of the first-feeding jack
mackerel were starving. In contrast, 12% of the fish cullected near islands and banks were starving. In
both habitats, mortality rates decreased to zero for jack mackerel at 2 weeks of age. The accuracy of
the techniques for prediction of the nutritional state of wild larvae is discussed and evaluated.

Jack mackerel, Trachurus symametricus, hatch with
yolk reserves that last for 5 d at 15°-15.5°C. After
the yolk is absorbed, they must eat within 3 d or die
of starvation. In addition, growth is retarded in lar-
vae that have experienced only 1 d of starvation, and
resumption of normal growth does not occur until
2-3 d after the starvation period (Theilacker 1978,
1981). Thus, in the laboratory, availability of food at
the time of first feeding affects growth and survival
of young jack mackerel. In the field, the relative im-
portance of starvation as a source of mortality of
jack mackerel is unknown. It was first suggested by
Hjort (1914) (reviewed by May 1974) that the
strength of the year class is determined early in life
by the availability of food for larvae at the time of
first feeding (the critical period hypothesis). But only
recently (O'Connell 1980) has the presence of
starving ocean-caught larvae been documented. In
this study I give evidence that starvation may be a
major cause of natural mortality of young jack
mackerel at sea. I use two techniques, developed in
the laboratory, to determine the incidence of starva-
tion (Theilacker 1978). The potential use of these
techniques to monitor sea samples for larval survival
is discussed.

METHODS

Collection

In May 1980 a concentration of jack mackerel eggs
and larvae was located 850 km off the coast of

1Southwest Fisheries Center La Jolla Laboratory, National
Marine Fisheries Service, NOAA, PO. Box 271, La Jolla, CA 92038.

Manuscript accepted February 1985.
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California (lat. 31°00"N and long. 120°30'W). A 400
mi® grid was established which contained 41 sta-
tions, 4 mi apart; it took 4 d to sample all stations
(Fig. 1). At each station, a standard oblique bongo
net tow (Smith and Richardson 1977) and a 1 m net
sample were taken. The bongo samples will be used
in another study to estimate growth and mortality
of jack mackerel larvae (Hewitt et al. in press). The
1 m net (505 um mesh) was used to sample larvae
qualitatively from the upper 50 m of water. Ahlstrom
(1959) found that 88% of the larval jack mackerel
collected off California were in the upper 50 m, and
all the jack mackerel collected by Devonald (1983)
were above 42 m. A special collection procedure was
used for the samples taken for histological and mor-
phological analyses. Immediately after the net tow,
the sample was preserved in Bouin's solution to avoid
autolysis of larval tissues (elapsed time was usually
8 min) (Theilacker 1978). The collecting net was not
washed down (a procedure required for quantitative
samples), and the cod end containing the sample was
placed directly into Bouin's solution. The preserved
sample was removed from the cod end within an
hour. After 2 d, Bouin's solution was replaced by 70%
alcohol.

In addition to jack mackerel collections taken in
the open ocean 350 km offshore, a few special tows
(n = 24) for assessment of starvation were made dur-
ing routine cruises in 1978, 1979, and 1980 near the
Channel Islands (Anacapa, Santa Barbara, and San
Clemente) and Tanner Bank.

Preparation of Fish
More than 2,000 jack mackerel were collected in
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FIGURE 1.—Location of jack mackerel, Trachirus symmetricus, col-
lections off the coast of California. Nearshore stations were at
Anacapa, Santa Barbara, and San Clemente Islands and at Tan-
ner Bank. The grid of open-ocean stations was 350 km offshore;
stations were 4 mi apart.

samples taken offshore; from 0 to 262 fish were
caught per sample (Table 1). Larvae sorted from the
samples (n = 445) were counted and five body
measurements taken: standard length (SL, tip of up-
per jaw to perpendicular at end of notochord); head
length (HL, tip of upper jaw to cleithrum); eye
diameter (ED); body depth at the pectoral (BD-1);
and body depth at the anus (BD-2). After measure-
ment, some larvae (n = 369) were prepared for
histological examination. When samples contained
fewer than 50 jack mackerel, most larvae were ex-
amined, but when samples contained more than 100

2
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jack mackerel, about 25% of the fish were examined
histologically. Jack mackerel size distribution in the
offshore study area (determined for 400 fish taken
from stations 16, 23, 34, and 85) was similar among
stations and ranged between 2.6 and 4.7 mm SL. To
ensure analysis of all ages in the larger samples, fish
were taken equally from each of four length classes:
<3.0; 3.0-<3.5; 3.5-<4.0; 4.0-<5.0 mm. These larvae
were imbedded in paraffin, sectioned at 6 um, and
stained with Harris hematoxylin and eosinphloxine
B (Theilacker 1978). In my analysis of histological
data I combined the first two size classes because
the size at first feeding was 8.2 mm.

The prevalence of starvation was assessed for 871
jack mackerel selected from 20 of the 82 positive sta-
tions (Table 1). In addition, 1 analyzed 41 jack
mackerel taken in 14 hauls from the inshore stations
near the Channel Islands and Tanner Bank.

Histological Analysis

The histological assessment of nutritional state is
based on distinct cellular changes that occur in
tissues when larval jack mackerel were deprived of
food; these changes are well documented by Umeda
and Ochiai (1975), O’Connell (1976), and Theilacker
(1978). To determine the condition of individual
ocean-caught jack mackerel, I used the histological
criteria I developed in the laboratory by starving jack
mackere] except I did not grade the pancreas. Grades
were assigned to 11 histological characteristics of
the brain, digestive tract, liver, and musculature
(Theilacker 1978, 1981). Fish identities were
unknown during this examination. I classified jack
mackerel larvae into four categories (healthy,
recovering, starving, and dying) according to their
histological scores (the summation of the grades for
each of the 11 histological characteristics).

Tissues of jack mackerel from the sea which had
tissues similar in appearance to the tissues of
feeding, laboratory-raised fish were classified as
healthy; sea-caught jack mackerel which resembled
laboratory fish that had fasted before eating were
classified as recovering (these fish showed signs of
feeding and digestion, but also showed signs of star-
vation); sea-caught larvae which were classified as
starving resembled larvae that had been starved in
the laboratory for 1-3 d (Theilacker 1978, 1981). I
did not observe the dying category in laboratory-
starved larvae; this category is described in Results.

Morphological Analysis

To detect starvation I used a set of morphological
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TaBLE 1.—Number of jack mackerel collected and the condition of those that were ana-
lyzed histologically.

Number of fish

Station Starv- Recover-
No. Sampled Analyzed Dying ing ing Healthy
Offshore
1 0 0
2 2 1 0 0 1 0
3 0 0
4 2 0
5 0 0
6 0 0
7 2 1 0 1 0 0
8 2 2 0 0 2 0
9 1 1 1 0 0 0
10 0 0
1 3 3 3 0 0 0
12 0 0
13 1 [}
14 1 0
15 >200 0
16 >200 0
17 20 13 0 8 5 0
18 >125 0
19 43 35 7 0 1 27
20 242 64 8 19 13 24
21 >250 0
22 >175 0
23 150 32 1 0 4 27
24 1 0
25 23 0
26 4 3 3 0 1] 0
27 0 0
28 262 58 3 36 14 5
29 11 11 1 4 4 2
30 250 57 4 13 18 22
31 32 9 7 1 0 1
32 109 25 0 2 20 3
33 31 23 1 3 10 9
34 38 0
35 43 0
36 31 24 3 4 1 16
37 7 5 2 1 2 0
38 2 2 1 0 0 1
39 0 0
40 1 0
41 0 0
Total (Offshore) >2,264 369 45 92 95 137
Around Islands
Anacapa 12 12 0 1 0 1"
Santa Barbara 3 3 0 0 2 1
San Clemente 17 17 0 1 5 11
Tanner Bank 9 9 0 1 0 8
Total (Nearshore) 41 41 0 3 7 31

characteristics that successfully diagnosed the ex-
tent of starvation in 85% of the laboratory-reared
jack mackerel (Theilacker 1978). The technique is
based on a stepwise discriminant analysis (SWDA)
using 11 body part measurements. The analysis
allowed me to distinguish between individuals
belonging to fed and starved treatments, given a set
of morphological measurements that describe the
characteristics of the individuals in each feeding
treatment. The 11 body part measurements used to
distinguish between groups of fed and starved jack

mackerel were 1) head length, 2)eye diameter, 3)
body depth at the pectoral, 4) body depth at the
anus, 5) head length/standard length, 6) eye
diameter/standard length, 7) body depth at the pec-
toral/standard length, 8) body depth at the anus/
standard length, 9)eye diameter/head length, 10)
body depth at pectoral/head length, and 11) body
depth at anus/head length. Standard length was used
in the ratios but not as a unit to allow discrimina-
tion between feeding and starving fish of the same
length.



Adjustment for Shrinkage

In order to use morphological measurements to
diagnose starvation of jack mackerel, it is essential
to adjust for shrinkage of body measurements. Both
handling and preservation cause shrinkage of lar-
val fishes, and the amount of shrinkage varies among
body parts. Final fish size is dependent not only on
initial size but also on the handling time (which is
different for the laboratory and the field) and the
type of preservative used (Blaxter 1971; Theilacker
1980a; Hay 1981). The shrinkage of laboratory speci-
mens of jack mackerel preserved in Bouin's solution
is known (Theilacker 1980a), but for field-collected
specimens the shrinkage caused by the net tow and
the subsequent effect of Bouin's preservative must
be evaluated.

I conducted laboratory experiments to estimate
the amount of shrinkage caused by handling (net
retention) and by preservation. Live jack mackerel
were pipetted individually (time = 0) onto a slide,
and four body measurements were taken before
placing the fish into a net container through which
15°C seawater circulated. Standard length, head
length, eye diameter, and body depth at the anus
were measured. Body depth at the pectoral fin was
not measured because it was difficult to measure
quickly on live jack mackerel. During net treatments,
I usually remeasured each fish four more times at
5-7 min intervals, replacing the fish in the net be-
tween each set of measurements. After 25-30 min,
the fish were preserved in either Bouin’s fixative
(used for histological analyses) or 5% buffered
Formalin? (as per shipboard procedures; Smith and
Richardson 1977). Remeasurements after preserva-
tion were taken in 3-4 wk.

Shrinkage of net-captured larval fish has been
shown to decrease with increasing fish size. For ex-
ample, shrinkage of northern anchovy decreased
from 19% at 4 mm SL to 8% at 18 mm SL
(Theilacker 1980a). The jack mackerel tested in this
study ranged between 3.35 and 4.10 mm SL, and
within this restricted length group shrinkage was
proportional to size. Thus for the shrinkage analy-
ses, all jack mackerel were combined into one
group.

For the combined size group, length of the jack
mackerel body (Fig. 2) and the head continued to
shrink for the duration of the net treatment. Width
of the body (Fig. 3) and the eye shrank initially, and
then remained relatively constant during additional

2Reference to trade names does not imply endorsement by the
National Marine Fisheries Service, NOAA.
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treatment. To account for positive correlation be-
tween body parts, a multivariate analysis (Table 2)
was used to relate the ratio of net-treated size to live
size (for each body part) with treatment time. In-
dividual shrinkage was highly variable; for example,
shrinkage of body depth varied between 0 and 28%
for treatment times between 5 and 20 min (Fig. 3).
However, since these were the best estimates of
average shrinkage for body parts, the regressions
(Table 2) were used to calculate the adjustment fac-
tors needed for this study. Factors for each body part
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FIGURE 2—Shrinkage of standard length, shown as the ratio of net-
treated size to live size, of individual Trachurus symmetricus lar-
vae as a function of net-treatment time; estimated paramaters are
in Table 4.
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F1GURE 3.—Shrinkage of body depth, shown as the ratio of net-
treated size to live size, of individual Trachurus symmetricus lar-
vae as a function of net-treatment time; estimated parameters are
in Table 4.
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TABLE 2—Shrinkage of jack mackerel larvae. Parameters estimated from multi-
variate linear equations relating the ratio of the net-treated size of a mackerel body

part to its live size (y) with the net-treatment time (x).

Net-treated size/

live size! a (SE) b (SE) Pz r
Standard length (SL) 1.0109 (0.0117) -0.0105 (0.0008) <0.001 0.66
Head length (HL) 0.9281 (0.0157) -0.0038 (0.0011) 0.001 0.12
Eye diameter (ED)  0.9360 (0.0168) -0.0027 (0.0012) 0.031 0.06
Body depth (BD-2)  0.8980 (0.0177) -0.0014 (0.0013) 0.280 0.02

n = 89,
2Probability that slopes differ from zero.

were calculated by 1) combining the shrinkage ratio
at 8 min (average elapsed time for field collections,
see Methods) with 2) the average shrinkage in
Bouin’s preservative after the net treatment, and 3)
comparing the combined shrinkage with results from
shrinkage determined in the laboratory study
(Theilacker 1980a; Table 8). Also given in Table 3 are
average shrinkage ratios calculated for specified time
intervals.

Adjustment factors for standard length, head
length, and eye diameter (Table 8) support the view
that shrinkage of field-collected fishes is greater than
shrinkage of fishes preserved in the laboratory.
Shrinkage of BD-2 was an exception to this pattern,
however, as less shrinkage occurred under simulated
field conditions (20-28%) than in the laboratory
(25%). I (Theilacker 1980a) reported a similar
paradox for northern anchovy where simulated-field
net treatments caused 8% shrinkage of BD-2 as com-
pared with 10% shrinkage for standard laboratory
preservation. Jack mackerel shrinkage was greater
in Bouin’s solution than in Formalin, results which

are consistent with studies on northern anchovy.
Also, as with northern anchovy, Formalin preserva-
tion caused a slight increase in the size of the jack
mackerel eye (Table 3).

I adjusted the body measurements of the ocean-
caught jack mackerel with the shrinkage factors
(ratio Rg, Table 3). Use of these adjustments should
equate the morphology of preserved, ocean-caught
jack mackerel (this study) with the morphology of
preserved, laboratory-raised jack mackerel that were
used to develop the morphological SWDA (see
Methods: Morphological Analysis). It was necessary
to reestimate the SWDA function for this study,
although nearly the same analysis was made
previously (Theilacker 1978). A new estimate was re-
quired because pectoral body depth was not included
in the shrinkage measurements in this study; hence,
an SWDA function that excluded this measurement
was needed. Elimination of pectoral body depth from
the analysis reduced the level of predictability from
85% to 78%. This new function was used here to
classify the condition of ocean-caught jack mackerel

TaBLE 3—Shrinkage of jack mackerel larvae'. Treatment ratio (R) is treated size
divided by previous size (100 = no shrinkage).

Ratios
Treatment Mean Standard Head Eye Body
ratio R n time length length diameter depth
8 min net/live size 2R, 89 8 0.93 0.90 0.91 0.89
5-10 min netflive size R, 36 7.3 0.94 0.90 0.92 0.89
11-15 min net/live size R; 22 12.6 0.87 0.88 0.88 0.86
16-28 min netllive size R, 27 194 0.81 0.86 089 088
Bouin’s fixative/
net-treated size 3R; 15 — 0.91 0.84 0983 091
Formalin fixative/
net-treated size 3R 13 — 0.96 0.93 1.08 0.91
Laboratory-preserved
in Bouin's fixative
live size ‘R, 45 — 0.92 0.82 090 075
Calibration factor
= R,IR,xRs SRy — — 1.09 1.08 1.06 0.93

1Range in standard length 3.35-4.10 mm.
2Calculated from regression (Table 2); ocean-caught fish preserved within 8 min; see text.
3ghrinkage in fixative after net treatment.

4Data from Theilacker (1980a).

sAdjustment factor to equate measurements of field-collected mackerel (this study) with

measurements of lab

yry-raised

| (Thei 1978)



after the size of their body parts was adjusted for
shrinkage.

RESULTS

Habitat Conditions

A larval-density gradient was apparent in the open
ocean study area. High densities of jack mackerel
larvae (100-<300/sample) were found in the central
stations and in stations near the western boundary
of the grid; lower densities (20-50) were found to the
north and east, and densities of larvae approached
zero at the southern stations that were occupied at
the beginning and again at the end of the 4-d obser-
vation period (Fig. 4). Larval densities in the south
did not change during this period.

The study area was chosen because temperature,
viewed on satellite thermal image of the sea surface,
corresponded to the temperature range (15°-16°C)
associated with jack mackerel spawning (Farris
1961). Surface temperature in the study area in-
creased from 15.2°C in the north to 16.8°C at the
southern stations, with the majority of jack mackerel
found in water temperatures of 16.1°-16.6°C.
Water temperatures inshore of the grid were about
14°C.

A temperature-salinity curve obtained at station
19 (Fig. 1) agreed well with the curves obtained from
inshore stations with the exception of the warm-
water portion of the curve, which appeared to be a
thin, warm lens of open ocean water intruding coast-
ward over deeper coastal water.

Histological Assessment of
Fish Condition

I used the tissue characteristics of laboratory fish
(raised at 15.0°-15.5°C) of known feeding history as
the criteria to determine the nutritional condition
of the sea-caught jack mackerel. Photomicrographs
of the diagnostic tissue characteristics were
documented by Theilacker (1978). Many of these
characteristics are shown also for wild fish (Fig. 5,
see also Figures 6-14). In addition, the wild fish ex-
hibited four tissue conditions that were not observed
in the laboratory: lesions in the brain; luminal
vacuoles in the midgut; total degeneration of the
midgut mucosal cells; and a wavy configuration of
the muscle fibers. Each of these conditions will be
considered in the following section that describes the
tissues of ocean-caught fish. My emphasis will be on
those tissue characteristics that diagnose starvation
in young jack mackerel.
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Brain

The brain of an ocean-caught jack mackerel was
considered normal when the neurons were distinct,
round, and closely spaced. In these fish, brain cell
division was common, but it was not graded. One
percent of the jack mackerel examined had brain le-
sions of the type (Fig. 6) induced by ultraviolet light
in larval northern anchovy, Engraulis mordaz, and
Pacific mackerel, Scomber japonicus (Hunter et al.
1979). The grading system classified these jack
mackerel (n = 3) into the healthy category. In a
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FIGURE 4—Trachurus symmetricus larval density gradient shown
as number of larvae collected per sample (not quantitative). Sta-
tion grid located 850 km off the coast of California.
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single specimen, lesions were present not only in the
brain but throughout the spinal cord (Fig. 7) as well.
In addition, the gut and associated glands had
deteriorated to the extent that this fish was con-
sidered starving.

An abnormal central nervous system of a jack
mackerel larva consisted of vacuolar degeneration
and shrinkage of neurons. The degenerating neurons
exhibited increased staining (Fig. 8).

Digestive Track and Associated Glands

The midgut mucosa of young jack mackerel is com-
posed of a single layer of columnar epithelial cells.
Older fish (3.7-4.0 mm) showed increased mitotic ac-
tivity in the basal layer. Microvilli bordered the
midgut lumen only in fish that appeared healthy.
Mucosal cells were closely united in the fish con-
sidered to be normal (Figs. 9, 10). Basal separations
between these cells were common, not only in fish
that appeared to be starving but also in fish that
showed signs of feeding and digestion (Fig. 11).
O’Connell (1980) also reported that sea-caught north-
ern anchovy exhibited basal separations between
mucosal cells while the apical portions were well
joined.

All wild jack mackerel categorized as recovering
had basal separations between midgut mucosal cells.
Laboratory fish that were artificially starved for 1-2
d before feeding showed these separations for several
days after feeding resumed. In the laboratory, lar-
vae did not grow while their tissues were regen-
erating (Theilacker 1981).

Many sea-caught jack mackerel of all ages had
intracytoplasmic vacuoles in the midgut epithelium.
Basal and membrane lined, these vacuoles resem-
bled the vacuolar condition found in some recover-
ing, laboratory fish (Theilacker 1981). In addition,
many sea-caught larvae had smaller, luminal
vacuoles that were found in the laboratory fish (Fig.
12). These luminal vacuoles may indicate a degen-
erative condition. In higher vertebrates a metabolic
imbalance can cause vacuolar degeneration. Vacuola-
tion appears first as numerous small, clear vacuoles
dispersed throughout the cytoplasm. As the condi-
tion becomes more severe, these minute vacuoles
coalesce to form large (sometimes single) clear
spaces that displace the nucleus (Anderson 1971).
On the other hand, the numerous luminal vacuoles
can secrete mucous into the lumen or store fat. Use
of a routine mucicarmine staining was negative for
the presence of mucous cells. Unfortunately, the
presence of fat in the vacuoles could not be tested
because fat is removed during tissue preparation by

clearing agents. Neither vacuolar condition was
graded.

Another unusual condition of the midgut occurred
in many of the smaller wild jack mackerel. In these
fish, the margin of the lumen had lost its integrity,
microvilli were absent, and the sloughing of the
mucosal cells into the lumen (a condition common
in starved laboratory jack mackerel) appeared to
have progressed until the lumen contained masses
of undefinable, cellular material (Fig. 13). O’Connell
(1980) described a comparable condition which he
found in the midgut of a single, northern anchovy
specimen, the smallest examined. All jack mackerel
exhibiting this condition were smaller than the size
attained at first feeding, indicating shrinkage had
occurred. The hindgut also contained necrotic debris,
and other diagnostic tissues were in poor condition.
These jack mackerel were classified as dying.

Hindgut mucosal cells of wild jack mackerel
typically showed eosin-staining inclusions that are
reported to be sites of intracellular digestion (Iwai
1968, 1969; Iwai and Tanaka 1968; Watanabe 1981).
Inclusions in the wild jack mackerel varied in inten-
sity; in healthy specimens the intensity appeared to
be related to time of day (feeding period), increasing
during daylight hours and decreasing during the
night. Although the presence and intensity of hind-
gut inclusions were noted, they were not graded.
Inclusions were not present in larval teleosts de-
prived of food in the laboratory (Theilacker 1978;
Umeda and Ochiai 1975; O’Connell 1976). However,
in many wild jack mackerel showing signs of starva-
tion the presence of pale inclusions indicated that
the fish had eaten at some time in the past.

The key diagnostic characteristics of the pancreas
were obscure in ocean-caught jack mackerel because
of the intensity of staining. In laboratory fish, the
pancreas was very sensitive to food deprivation. For
example, a breakdown in the symmetry of the acinar
secretory unit was detectable after 1 d of food
deprivation (Theilacker 1978). In the wild fish, the
intensity of the staining of the pancreas was difficult
to control (see Fig. 12), and I was not able to obtain
consistent results, hence the condition of the pan-
creas was not evaluated.

The jack mackerel liver was considered normal
when hepatocytes had clear, distinct nuclei (Fig. 9).
The appearance of the cytoplasm was quite variable;
in some larvae very few intracellular spaces existed
in the cytoplasm of the hepatocytes whereas in
others extensive intracellular spaces existed.
Presumably these spaces are areas where glycogen
and fat are stored within the cell. This presumed in-
corporation of stores was most marked in healthy

7
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FIGURE 5—Trachurus symmetricus larva, 3.75 mm SL. All 11 histological criteria graded as healthy. Bar = 281 pm.

FIGURE 6—Head of Trachurus symmetricus larva graded healthy. Mitotic activity and the location of brain lesions are indicated. Bar
= 47 ym. B = brain.

FIGURE 7.—Trachurus symmetricus larva graded as starving. Lesions present throughout brain and spinal cord. Bar = 47 um. B =
brain, N = notochord.

FIGURE 8—Pectoral area of a dying Trachurus symmetricus larva showing darkly stained primitive nerve cells, wavy muscle fibers, necrotic
and atrophied liver, and loss of integrity of midgut mucosal cells. Bar = 47 um. FG = foregut, L = liver, m = muscle, MG = midgut,
N = notochord, SB = swim bladder, SP = spinal cord.

FIGURE 9.—Pectoral area of healthy Trachurus symmetricus larva collected offshore showing parallel muscle fibers and abundant inter-
muscular tissue, distinet nuclei in liver and midgut, and good cellular integrity. Note deflating swim bladder. Bar = 47um. FG = foregut,
IM = intermuscular tissue, L = liver, M = muscle, MG = midgut, N = notochord, P = pancreas, SB = swim bladder.

FiGURE 10.~Pectoral area of healthy Trachurus symmetricus larva collected near San Clemente Island showing abundant glycogen reserves
in the liver. Bar = 47 um. FG = foregut, L = liver, M = muscle, MG = midgut, N = notochord, P = pancreas, SB = swim bladder.
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jack mackerel collected near islands and banks (Fig.
10) whereas healthy jack mackerel collected offshore
showed moderate to little storage (Fig. 9).

At the other end of the grading scale, the shrunken
livers of jack mackerel considered to be starving con-
tained darkly stained hepatocytes composed of even-
ly stained cytoplasm with indistinet, irregular nu-
clei.

Musculature

Healthy muscle tissue in jack mackerel had the
following characteristics: few spaces between the
muscle fibers; distinet and parallel, striated myo-
fibrils; and abundant, basophilic and nucleated intra-

muscular tissue (Fig. 9). Nourishment was con-
sidered inadequate in fish exhibiting separated (Figs.
11, 14) and hyaline muscle fibers (Fig. 13) and a
reduction (Figs. 11, 14) or absence (Fig. 13) of intra-
muscular tissue. In some sea-caught jack mackerel,
muscle fibers were wavy (Fig. 8). Presence of wavy
muscle fibers in wild fish was considered abnormal
because it was always associated with the poor con-
dition in the other diagnostic tissues, but this charac-
teristic was not used in classification. In starved
laboratory fish, nonparallel fibers were reported
(Theilacker 1978, 1981), but the wavy pattern was
unusual. There were fish with intermediate spaces
between muscle fibers that, according to the scores
of the other diagnostic tissues, appeared healthy. The

h;minal . .
vacuoles 12

FIGURE 11—Trachurus symmetricus larva graded recovering. Prominent separations between midgut and hindgut epithelial cells, slight
muscle fiber separation and intermediate intermuscular tissue containing distinct nuclei. Bar = 47 ym. HG = hindgut, IM = inter-
muscular tissue, M = muscle, MG = midgut, N = notochord.

FIGURE 12—Healthy Trachurus symmetricus larva showing luminal vacuoles in the midgut. This histological characteristic was not
graded. Bar = 47 ym. M = muscle, MG = midgut.

FIGURE 13—~Trachurus symmetricus larva graded dying. No intermuscular tissue; hyaline muscle fibers; total degeneration of midgut
mucosa. Bar = 34 ym. HG = hindgut, M = muscle MG = midgut.

FIGURE 14.—Recovering Trachurus symmetricus larva showing slight muscle fiber separation and slight reduction of intermuseular
tissue. Bar = 47 ym. HG = hindgut, IM = intermuscular tissue, M = muscle, MG = midgut, N = notochord.



grading system usually classified these fish into the
recovering category.

General Histological Observations

In jack mackerel that were considered healthy,
swim bladder inflation was first noted at 3.4 mm.
Swim bladders were inflated in larvae taken at night
whereas they were deflated in those taken in the day.
The swim bladders of 72% of the fish were deflated
by 0700 (n = 81) except for fish scored in the
starving category where inflation was common at
any time of day, which was possibly a symptom of
starvation or an additional energy-sparing func-
tion of the swim bladder (Hunter and Sanchez
1976).

Theilacker (1978) pointed out that the gallbladder
was always enlarged in jack mackerel that were
deprived of food in the laboratory, and this condi-
tion occurred in sea samples of starved larvae taken
in the day. On the other hand, gallbladder enlarge-
ment was also found in the healthy fish as well as
starved fish collected at night. According to Love
(1970), the gallbladder discharges its contents when
stimulated by food. Jack mackerel do not eat at
night, so the gallbladder of healthy fish may remain
distended during the night. Thus enlargement of the
gallbladder was not used to diagnose starvation.
Theilacker’s (1978) samples of fed and unfed fish
were taken only during the day, when feeding oc-
curs.

Mitotic figures in the brain of jack mackerel oc-
curred in fish collected at all times of day and night.

FISHERY BULLETIN: VOL. 84, NO. 1

On the other hand, mitosis of mucosal cells in the
midgut was restricted to the night. It seems that
mucosal cells of northern anchovy also divide late
at night, when the digestive tracts are empty (O'Con-
nell 1981).

Evidence for Starvation in the Sea

Results of the histological analysis showed that
starvation was a major source of mortality for the
smallest jack mackerel larvae (<3.5 mm) as 59% ap-
peared to be dying of starvation, 23% were eating
but had fasted previously, and only 19% were class-
ed as healthy. The incidence of starving larvae
decreased to 16% in the 8.5-4.0 mm size class and
was 8% in the older larvae (Table 4). The numbers
of fish used for the histological assessment of star-
vation was adequate for the smallest (<3.5 mm SL)
larval size class (coefficient of variation ranged be-
tween 0.09 and 0.15 for the four condition
categories), but larger samples would be needed to
give a reliable estimate of the fraction starving for
the older larvae (>>3.5 mm SL) because of the low
incidence of starvation.

Despite the fact that jack mackerel abundance
decreased from west to east and north to south (Fig.
4), I found no consistent differences in the incidence
of starvation between fish taken from areas of high
larval density and those taken from areas of low lar-
val density (Fig. 15). Therefore, to estimate mortality
due to starvation, I combined all samples collected
in the offshore area. To estimate mortality rates on
a daily basis, the observed number of fish belong-

TABLE 4—Histological condition of jack mackerel collected 350 km off the coast

of California.
o ©
o P & eé’@ o‘é@* > Dai.ly percen:it
S fF ¥ S Starving! Dying?
Yolk sac — — — 15 15 0 0
<35 mm
Number 43 74 45 38 200
Duration (d) 1 3 2 6
Number/d 43 247 225 63 965 70 45
35<40 mm
Number 2 16 38 54 110
Duration (d) 1 3 2 33
Number/d 2 53 19 164 42.7 17 5
4.0-<45 mm
Number 0 2 12 45 59
Duration (d) — 3 2 3.3
Number/d — 0.7 6 13.6 203 3 0
Number dying/d + starving/d
Total
2Number dying/d
Total
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ing to each size and health category was divided by
the duration—the number of days jack mackerel are
expected to remain in each category (Table 4). Dura-
tions spanned 1 to 6 d depending on age and condi-
tion. For healthy fish, duration is simply the size-class
interval divided by the growth rate Healthy fish
belonging to the smallest size group (<3.5 mm) grow
at 0.05 mm/d (Theilacker 1978) and begin to eat at
3.2 mm SL. Thus duration for this size interval (0.3
mm) was 6 d. Growth rate for older fish was 0.15
mm/d; the rate was determined for this study by
counting daily growth increments in otoliths (Hewitt
et al. in press). The duration that a larva remains
in one of the starvation states is a function of the
persistence of the histological criteria. Young jack
mackerel deprived of food in the laboratory show
signs of starvation for 3 d before dying, and larvae
recovering from a period of starvation show these
signs for 2 d (Theilacker 1978, 1981). Older fish may
be more resistant to starvation, but as I had no in-
formation for older jack mackerel, I used the dura-
tions for younger larvae.

For the smallest jack mackerel living 350 km off-
shore, 45% were dying of starvation per day. Daily
mortality dropped rapidly to 5% to zero for older
larvae (Table 4). Increasing the durations for the
older larvae in the starving and recovering
categories (Table 4) decreases this estimate of daily
mortality.

Results of the histological examination of jack
mackerel collected near islands and banks allow a
preliminary assessment of the effects of different
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FIGURE 15—Percentage of starving Trachurus symmetricus lar-
vae (number starving/number analyzed) related to the number of
larvae collected at each offshore station: station number is
indicated.

habitats on starvation (Table 5; Fig. 16). A large dif-
ference existed in the daily larval mortality caused
by starvation between the open ocean and island and
bank habitats. In areas near the islands, none of the
first-feeding larvae were dying of starvation whereas
45% from the open ocean were dying of starvation.
In addition, healthy larvae taken near islands were
apparently more fit than healthy larvae captured in
the open ocean, as the larvae from the island habitats
had abundant quantities of glycogen in the liver (Fig.
10), whereas livers of larvae from the open ocean
rarely contained glycogen stores (Fig. 9). This in-
dicates that food must have been much more abun-
dant in the island habitat because not only were
fewer fish starving but the healthy fish were able
to store glycogen. The healthy fish from the open
sea may have been just able to meet their daily
metabolic requirements.

The morphological data gave essentially the same
results as did the histological method. On the basis
of morphometric evidence, 70% of the first-feeding
jack mackerel (<3.5 mm SL) were starving and the
number decreased to zero for older jack mackerel
(Table 6). Although the results were similar, the mor-
phological categories used to classify the fish were
different from the histological ones. In particular,
there was no morphological category for dying fish.
For the morphometric SWDA, larvae were grouped
by feeding treatment (Table 6), and the histological
categories (Table 4) were based on the dominant lar-
val tissue conditions determined to characterize a
nutritional state. Thus the morphometric SWDA
cannot be used to estimate the number of larvae
dying per day due to starvation.

DISCUSSION

Larval Starvation and Recruitment

Both histological and morphological criteria in-
dicate that starvation is probably a major source of
larval jack mackerel mortality at the time of first-
feeding but that the survivors of this 6-d period are
much less vulnerable to starvation. Prey (mainly
young stages of copepods) are more abundant at the
nearshore islands and banks off the coast of Califor-
nia than offshore (Beers and Stewart 1967, 1970; Ar-
thur 1976, 1977; Devonald 1983), and survival of
first-feeding jack mackerel was higher in the near-
shore habitats than offshore. Thus selection of
spawning sites may have a great effect on survival
Eggs and larvae of jack mackerel are very widely
distributed; they occur from Baja California to
British Columbia and up to 400 mi off the coast of
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TaBLE 5—Histological condition of jack mackerel collected near islands and banks
off the coast of California.

QQ
& & & Daily percent
@ ¢<"\ JPA &@ & PP ——
S 3 < R 8 Starving! Dying?
Yolk sac — — — — 0
<35 mm
Number 2 6 12 20
Duration (d) 1 3 2 6
Number/d - 0.7 3 2 5.7 12 0
35-<4.0 mm
Number 1 1 12 14
Duration (d) 1 3 2 3.3
Number/d — 0.3 0.5 36 44 7 0
4.0-<45 mm
Number 0 0 0 7 7
Duration (d) 1 3 2 3.3
Number/d — - —_ 2 2 0 0
"Number dying/d + starving/d
Total
2Number dying/d
Total

TaBLE 6—Predicted condition of field-collected jack mackerel larvae determined
with the morphometric technique.

S P .
%‘bébée %\?«; a9 & > Daily percent
o A <0 Starving!

<35 mm

Number 48 66 150 264

Duration (d) 22 2 6

Number/d 24 33 25 82 70
3.5-<4.0 mm

Number 0 1 121 122

Duration (d) 2 2 33

Number/d — 0.5 36.7 37.2 13
40-<45 mm

Number o] 0 59 59

Duration (d) 2 2 3.3

Number/d — — 17.9 179 0

2Number starved/d

Total

2Unfed jack mackerel larvae die in 4 d.

California and up to 1,000 mi off Oregon and Wash-
ington (reviewed by MacCall and Stauffer 1983). In
addition, jack mackerel have a protracted spawning
season which extends from March through
September. The bank and island habitat must be a
very small fraction of the total spawning habitat;
thus despite the higher survival in inshore areas, the
offshore zone may be the most important. In addi-
tion, better feeding conditions around islands may
be offset by a greater abundance of predators.
Whether the large concentration of starving larval
jack mackerel found offshore was an isolated case
or a general condition in offshore areas is unknown.

12

Given that relative recruitment strength of jack
mackerel year classes varies greatly and is rarely
“average”’ (Fig. 17; MacCall and Stauffer 1983), the
daily mortality rate of about 45% found in this study
is not unrealistic. Considering the relatively long life-
time (ie, 30+ yr) and high fecundity of jack
mackerel, one can deduce that the overall mortality
may be very high. This study certainly indicates that
starvation at the onset of feeding may be an impor-
tant factor influencing recruitment variation in jack
mackerel.

O’Connell's (1980) study of northern anchovy is the
only other study in which starvation in the sea has
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FiGURE 16.—Comparison of the nutritional condition of young Trachurus symmetricus collected from offshore and
nearshore habitats. Daily percents taken from Tables 2 and 3.

been assessed using histological criteria. O’Connell
examined 318 northern anchovy larvae from 64 sta-
tions that extended over a large area, 20-350 km off
the coast of California. To compare the mortality of
northern anchovy with the daily rates I found for
jack mackerel, I calculated size-specific daily mor-

tality of northern anchovy by using 1) O’Connell’s
(1980) histological evaluation, 2) information on time
to irreversible starvation to determine durations
(Lasker et al. 1970; Hunter 1981; Theilacker and
Dorsey 1981), 3) information on shrinkage of ocean-
caught northern anchovy to determine size at first
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FIGURE 17—Relative recruitment strengths of jack mackerel year
classes in southern California. Virtual year-class strength is
measured by the sum of percentage contributions to seasonal land-
ings over the lifetime of the year class. The dashed line indicates
average strength (from MacCall and Stauffer 1983; Fig. 4).

feeding (Theilacker 1980a), and 4) a growth rate of
0.37 mm/d for healthy sea-caught northern anchovy
(Methot and Kramer 1979). Although the number
of first-feeding larvae was low in O’Connell’s data
(n = 23), I calculated a starvation-induced mortal-
ity rate of between 35 and 46%/d. Thus my calcula-
tions indicate that substantial numbers of northern
anchovy larvae as well as jack mackerel larvae are
dying at the time of first feeding. This loss rate for
northern anchovy is similar to estimated total mor-
tality rate at this stage, 39%/d (Lo in press; 1978
data), which suggests that starvation is the major
source of mortality at first feeding. This conclusion
for northern anchovy could not be drawn at the time
that O’Connell did his work because the data on net
shrinkage were not known. The average rates
estimated by O’Connell were much lower because he
combined larval size classes.

Attempts to assess larval starvation in the sea
using morphological criteria are more common
(Shelbourne 1957; Honjo et al. 1959; Nakai et al.
1969; reviewed by May 1974; Ehrlich et al. 1976), but
they have seldom been successful, probably because
of the biases introduced by failure to correct ade-
quately for shrinkage (see next section). Recently
Devonald (1988) used a morphometric index with
shrinkage adjustments to assess jack mackerel
feeding regimes off California. She found good
correspondence between jack mackerel condition
and prey availability and concluded that feeding con-
ditions were better near islands than in the area
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between islands. Several of her samples and my
samples were taken concurrently (San Clemente and
Tanner Bank; Table 1), and I found that 92% of the
jack mackerel from the island habitat were healthy.
Thus, my results obtained using histological criteria
confirm Devonald’s conclusion.

Other techniques used in the past to assess food
availability include RNA/DNA (Buckley 1980), food
in gut (Rojas de Mendiola 1974; Ciechomski and
Weiss 1974; Arthur 1976; Ellertsen et al. 1981), and
otoliths. Of course otolith work is critical because
estimates of growth rates are essential for assess-
ment of mortality, but it is of no value for assessing
growth at the onset of feeding (Methot 1981).

Arthur (1976) conducted the only other study on
the feeding of jack mackerel off the coast of Califor-
nia. He found, after examining the stomach contents
of 750 specimens from 65 offshore samples, that 60%
of the first-feeding jack mackerel and 10% of the
older larvae (7 mm) had empty stomachs. This obser-
vation lends additional credence to my histological
evaluation of jack mackerel collected offshore that
shows 59% of the first-feeding fish and 3% of the
older fish (>4 mm) were starving.

I believe my estimates of jack mackerel mortality
due to starvation are conservative. The assumptions
I made about the persistence of starvation and the
duration of growth were based on extensive
laboratory studies (Theilacker 1978, 1981). Because
the majority of jack mackerel were collected at sites
warmer (16.1216.6°C) than the culture temperature
(15215.5°C), the durations for growth and starvation
may be altered, but the final estimate of mortality
due to starvation is higher after the appropriate
changes to the durations are made. Furthermore, if
net retention of rohust fish is greater than reten-
tion of thin fish of the same length, starvation may
be underestimated. In addition, the selection of
unhealthy larvae by predators would also increase
the starvation estimate.

Previous evidence supporting the occurrence of
starving fish larvae in the ocean has been mainly cir-
cumstantial (reviewed by May 1974; Jones and Hall
1974; Lasker 1975). Evidence from this study and
O’Connell’'s (1980) study shows that starvation does
occur and that the young stages of jack mackerel and
northern anchovy are highly vulnerable.

Comparison of Morphological and
Histological Criteria for
Starvation Diagnosis

The incidence of starvation based on mor-
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phological criteria was essentially the same as that
based on histological criteria. Owing to the relative
ease, and low cost of measuring fish compared with
a histological examination, the morphological
analysis is an attractive approach. On the other hand,
histological analysis defines a cause and effect rela-
tion between structure and starvation whereas gross
morphological measurements provide an index of
starvation which is highly vulnerable to errors and
biases in calibration and interpretations. Because of
the importance of these measurements in recruit-
ment studies, it is appropriate to consider the merits
of and potential errors in these techniques in some
detail.

The morphometric approach relies on measure-
ments of fish to compare reared and wild animals
at the same developmental stage. Thus shrinkage ad-
justments are needed to intercalibrate laboratory
measurements and field measurements. Fish shrink
when collected in a net and preserved, and shrinkage
of the size of all body parts is dependent on the time
in the net, size of fish, and type of preservative used
(Blaxter 1971; Theilacker 1980a; Hay 1981). In this
study, tow time was controlled at 5 min and samples
were preserved within 8 min. Thus damage to the
fish and shrinkage were minimal, but the samples
were not quantitative. It is doubtful that the morpho-
metric technique will work with jack mackerel taken
in standard, quantitative collections. Quantitative net
tows are 20 min, and they include an additional
hosing down of the nets before sample preservation
(Smith and Richardson 1977). The procedure
damages the larvae, causing extensive shrinkage
which makes accurate measuring difficult. Further,
a long tow time decreases confidence in time-specific
shrinkage estimates because fish can be collected at
any time during the towing period. Increasing the
tow time also causes both the magnitude of the
shrinkage correction factor and the standard error
of its estimate to increase. For example, in this study,
standard length of jack mackerel shrank by an
average of 6.0 + 0.6% in 8 min and 19.0 + 1.0% in
20 min,

While laboratory calibration is absolutely essen-
tial for the morphometric analysis, no shrinkage
calibration is needed for the histological analysis, and
it might be possible to use the histological observa-
tions on other fishes. Diagnostic criteria for the
starving condition of jack mackerel (Theilacker
1978), northern anchovy (O’Connell 1976), and
yellowtail, Seriola gquinqueradiata, (Umida and
Ochiai 1975) were similar. In addition, important
biological information is gained while using the
histological approach whereas gross morphological

indices provide no such information. For example,
histological analysis of jack mackerel has revealed
a pattern of diel swim bladder inflation and a disrup-
tion of this rhythm, accumulation of glycogen
reserves, and brain lesions presumably produced by
UV radiation (Hunter et al. 1979). There is just no
substitute for this extensive biological information.
On the other hand, population work requires large
samples, and morphological indices are probably the
only practical means for working with very large
samples. Thus, the optimal experimental design for
population work on starvation is probably the use
of morphological criteria (calibrated for shrinkage)
combined with a smaller subsample of fish which are
graded histologically. All work requires special net
tows, preservation, procedures, and laboratory
calibration.

Caution needs to be exercised when transferring
information obtained in the laboratory to the field.
Raising larval jack mackerel] in small containers is
known to affect growth, nutritive condition, and
possibly activity (Theilacker 1980b). Additionally,
there is evidence that wild fish tend to be thinner
than their laboratory counterparts (larval herring,
Blaxter 1971; juvenile herring, Balbontin et al. 1973;
larval northern anchovy, Arthur 1976). My use of the
morphometric SWDA assumes that the morpho-
metric criteria I developed in the laboratory for lar-
val jack mackerel raised in large tanks are applicable
to ocean-caught jack mackerel.
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HYPOXIA IN LOUISIANA COASTAL WATERS DURING 1983:
IMPLICATIONS FOR FISHERIES

MAURICE L. RENAUD!

ABSTRACT

Hypoxic bottom water (€2.0 ppm dissolved oxygen) was present in shallow (9-15 m) waters south of cen-
tral Louisiana in June and July 1988. It was patchy in distribution from south of Barataria Pass to south
and west of Marsh Island. Data suggested that bottom water hypoxia did affect the abundance and distribu-
tion of shrimp and bottomfish. Offshore bottom water dissolved oxygen was significantly correlated with
1) combined catches of brown and white shrimp (r = 0.56, P < 0.002), 2) fish biomass (r = 0.56, P <
0.001), and 8) vertical density gradient (r = —0.73, P < 0.001). Several hypoxic stations were in regions
designated as potentially hypoxic through a posteriori analysis of satellite data. Mieropogonius undulatus
was the dominant fish species nearshore and offshore. Penaeus aztecus and P. setiferus were sparsely

distributed throughout the study area.

The presence of bottom water hypoxia (€2.0 ppm
dissolved oxygen) in the nearshore Gulf of Mexico
is a common, recurring, and mostly seasonal (June-
August) event. It is generally thought to be associ-
ated with temperature and salinity stratification ini-
tiated by freshwater runoff and with phytoplankton
blooms during hot, calm weather (Fotheringham and
Weissberg 1979; Bedinger et al. 1981; Comiskey and
Farmer 1981; Turner and Allen 1982a, b; Boesch
1983; Leming and Stuntz 1984). Phytoplankton
respiration and decomposition of sinking organic
matter are major oxygen consuming processes. High
oxygen demand of the organic load in freshwater
runoff (Gallaway 1981) and lack of a direct oxygen
replenishing mechanism (strong winds) in the pres-
ence of vertical stratification contribute to hypoxia
formation (Harris et al. 1976; Ragan et al. 1978;
Swanson and Sindermann 1979; Harper et al. 1981),
Christmas (1973) and Boesch (1983) discussed possi-
ble nitrate pollution in rivers and coastal hypoxia.
Boesch (1983) presented a brief history of hypoxia
in the Gulf of Mexico and evaluated its causes and
consequences. The extent to which any factor is in-
volved with hypoxia formation is unknown.
Hypoxia in the Gulf of Mexico has been most
noticeable in shallow (<20 m) Louisiana waters. It
has been reported infrequently on the Texas shelf
(Harper et al. 1981; Gallaway and Reitsema 1981).
Low oxygen levels have also been measured east of
the Mississippi River Delta inshore of barrier islands

1Southeast Fisheries Center Galveston Laboratory, National
Marine Fisheries Service, NOAA, 4700 Avenue U, Galveston, TX
77650.

Manuscript accepted January 1985.
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and in inland bays (May 1973; Christmas 1973) and
offshore of Mobile Bay, AL (Turner and Allen 1982b).
Abnormally high concentrations of moribund fish
and crustaceans near the shoreline (“jubilees”) in
Alabama have also been linked to hypoxia (May
1973).

Considerable interest in hypoxia has been renewed
by a less than average shrimp harvest in 1982 (Klima
et al. 1983) and 19832, In this paper I report the loca-
tions and extent of Louisiana coastal hypoxia in 1983
and discuss the interrelationships of fish and shrimp
abundance and distribution with environmental
parameters.

METHODS

Nearshore data were collected in a 7.3 m Aqua-
Sport at a total of 56 stations from nine transects
west of the Mississippi River Delta (long. 89°33'W
to 90°14'W) from 1 to 16 June 1983 (F'ig. 1). The
transects, perpendicular to shore, ranged from 5 to
8 km in length and 1 to 16 m in depth. The six east-
ernmost transects were sampled twice, with a sam-
pling interval of 14 d. Shrimp and bottomfish were
collected at 23 of 56 stations in 15-min tows with
a 3.0 m box trawl. Towing speed was about 3 kn.
Before each tow, water temperature, salinity, and
dissolved oxygen concentration were recorded at 1
m depth intervals with a Hydrolab 8000. Hydro-
graphic profiles were made at the remaining 33
stations.

An offshore study area extending from long.

21983 Gulf Coast Shrimp Data, NOAA, NMFS.
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90°47'W to 93°02'W was sampled with a 244 m
steel-hull commercial shrimp trawler from 30 June
to 6 July 1983 (Fig. 1). Depth varied from 4 to 20
m and distance from shore ranged from 8 to 54 km.
Shrimp and bottomfish were collected at 34 of 65
stations in 20-min tows with a 12.2 m semiballoon
trawl. The same trawl was used as a midwater
shrimp sampler above previously identified hypoxic
water. Surface and bottom measurements of water
temperature, salinity, and dissolved oxygen concen-
tration were recorded before each tow. Water
samples were collected with a Kemmerer bottle.
Salinities were measured with a refractometer.
Temperature and dissolved oxygen concentration
were measured with a YSI Model 51-B. Surface and
bottom hydrographic data were collected at the re-
maining 31 stations. The Southeast Area Monitor-
ing and Assessment Program (SEAMAP)® person-
nel collected similar data off Louisiana in June 1983.
SEAMAP dissolved oxygen data were included in
the contour analyses.

The Harvard SYMAP program (Dougenik and
Sheehan 1975), a Northwest Alaska Fisheries Center
Contour Subroutine, and the Galveston Laboratory
Generalized Mapping system were utilized to pro-
duce a map of dissolved oxygen contours off Loui-
siana. Koi# presents an indepth explanation of these
contour mapping programs. Vertical density gra-
dient of the water column, shrimp catch, and fish
catch were regressed with bottom water dissolved
oxygen concentration. A “best fit” line through the
data was determined using the least squares concept.

Surface water temperature (°C) and chlorophyll
content (mg/m3) were measured off Louisiana by
the Coastal Zone Color Scanner (CZCS) aboard the
Nimbus-7 satellite. Personnel from the Mississippi
Laboratories of the Southeast Fisheries Center,
working at the National Space Technology Labora-
tories, Mississippi, used CZCS and “ground truth”
field data to predict potentially hypoxic areas in
coastal Louisiana waters.

RESULTS AND DISCUSSION

Regions of hypoxic bottom water have been
detected along portions of the Texas-Louisiana
coastline every summer from 1972 to 1983 (Harris

3Southeast Area Monitoring and Assessment Program: a State-
Federal cooperative research effort organized to assess the distribu-
tion and abundance of shrimp and bottomfish in the Gulf of Mexico.

¢Koi, D. 1985. Generalized geographic mapping system. Un-
publ. manuscr., 47 p. Southeast Fisheries Center Galveston
Laboratory, National Marine Fisheries Service NOAA, 4700
Avenue U, Galveston, TX 77550.

et al. 1976; Ragan et al. 1978; Bedinger et al. 1981;
Harper et al. 1981; Reitsema et al. 1982; Boesch
1983). Hypoxia was noted from 16 June to 6 July
1983. It was patchy in distribution and found main-
ly in 9 to 15 m depths from south of Barataria Pass
to south and west of Marsh Island (Fig. 1).

A total of 84 fish and 11 invertebrate species were
collected offshore. The Atlantic croaker, Micropo-
gonius undulatus, and the Atlantic threadfin, Poly-
dactylus octonemus, were the dominant bottomfish
at 58% and 30% of the stations, respectively; Atlantic
bumper, Chloroscombrus chrysurus, was the com-
mon pelagic. Brown shrimp, Penaeus aztecus; white
shrimp, P. setiferus; mantis shrimp, Squilla empusa;
and broken-back shrimp, Trachypenaeus sp., were the
most common invertebrates collected, but in small
quantities. Total crustacean catch was always <5.0
kg/h.

Bottom water dissolved oxygen concentration was
significantly correlated with 1) fish biomass (r =
0.56, P < 0.001) (Fig. 2) and the number of brown
and white shrimp present (» = 0.56, P < 0.002) (Fig.
8). Shrimp and bottomfish were generally absent
from hypoxic stations. Atlantic croaker were not at
stations with hypoxic bottomwater, and shrimp
catches never exceeded 2 kg/h in the areas. Sea cat-
fish, Arisus felis; butterfish, Peprilus paru; and
Atlantiec bumper were common in trawls at hypoxic
sites. These were also the most abundant fish in mid-

4.0—
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FiGURE 2.—Offshore fish biomass in relation to bottom water
dissolved oxygen concentration.
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dissolved oxygen concentration.

water trawls above previously identified hypoxic
areas. Therefore, it was concluded that they were
captured from the upper water column as the trawl
passed through it. Four brown shrimp, three lesser
blue crabs, Callinectes similus, and one mantis
shrimp were the only crustaceans captured in five
midwater trawls. The relationship between shrimp
and bottomfish abundance and distribution indicates
that they do not pass through or over hypoxic water
masses. Actual avoidance behavior in the field has
not been documented.

Nearshore, a total of 20 fish and 5 invertebrate

FISHERY BULLETIN: VOL. 84, NO. 1

species were collected. Atlantic croaker was the
dominant species. Brown shrimp were present in low
numbers at most stations. White shrimp; blue crabs,
Callinectes sapidus; lesser blue crabs; and sea bobs,
Xiphopenaeus sp., were the only other crustaceans
collected. A high variability in fish and shrimp abun-
dance was probably due to the low fishing efficiency
of the small net at the deeper nearshore stations.
As a result, no significant correlation was present
at nearshore stations between bottom water dis-
solved oxygen concentration and fish or shrimp
abundance.

Vertical density stratification was present at both
nearshore and offshore stations. Dissolved oxygen
concentration and vertical density gradient were
negatively correlated (r = -0.73, P < 0.001) (Fig.
4). This agrees with Leming and Stuntz (1984) who
found a high correlation between bottom dissolved
oxygen content and surface to bottom density gra-
dients off Louisiana in 1982 (» = -0.74, P < 0.001).
Offshore, the mean difference between surface and
bottom dissolved oxygen was 6.4 ppm (standard er-
ror = 0.40) in hypoxic areas and 1.6 ppm (standard
error = 0.08) in nonhypoxic areas. Temperature
generally did not vary more than 2°C between the
surface and bottom regardless of the area.

During the first week of July, 92% of the hypoxic
stations were in areas predicted as potentially hypox-
ic through a posteriori analyses of remote sensing
data. Hypoxic areas were characterized by surface
water temperatures near 30°C, which agrees with
Leming and Stuntz (1984). They discussed satellite
data acquisition, its value in identifying and
forecasting hypoxic regions in the Gulf of Mexico,

FIGURE 4—Bottom water dissolved oxygen concentration in
relation to vertical density gradient of the water column. Den-
sity gradient is expressed as (bottom sigma-t minus surface
sigma-t)/depth.
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nd its implications regarding shrimp management.

The effect of hypoxia on shrimp is not completely
nderstood. It is possible that an extensive area of
ypoxic bottom water can act as a physical barrier
o juvenile shrimp migration offshore and to post-
irval migration into nursery grounds. Limited in-
lirect evidence supports this hypothesis. Gazey et
1. (1982) described a shrimp mark-release study in
Louisiana. Extensive longshore and offshore move-
nent occurred before the recapture of the shrimp
luring 1979, when hypoxia was not reported off
Louisiana (Fig. 5). In 1978, when hypoxia was wide-
pread along the Louisiana coastline (Fig. 6), shrimp
lid not move comparable distances. It was possible
hat hypoxia reduced shrimp movement into offshore
vaters.

The most extensive occurrence of hypoxic bottom
vater recorded in Louisiana coastal waters occurred
rom May 1973 to May 1974 (Flowers et al. 1975;
Ragan et al. 1978). It was widespread between
3arataria and Timbalier Passes and extended up to
30 km offshore in some regions. Ragan et al. (1978)
'eported several areas to be anoxic. The duration and
severity of this hypoxic condition may have had an
mpact on the offshore brown shrimp fishery in 1973.

Total brown shrimp catch and CPUE (catch per unit
effort) in 1973 were significantly lower (paired ¢-test,
P < 0.05) than in 1972 (fn. 2). Catch declined 36%
(2.8 million kg) and the mean CPUE was reduced
by 120 kg/vessel per d. Movement of juvenile brown
shrimp to the offshore fishery occurs from May to
August (Cook and Lindner 1970). Monthly cateh and
CPUE of brown shrimp from January through April
1973 did not differ from the same time period in
1972; however, catch and CPUE from May through
December were significantly lower (paired t-test, P
< 0.01) in 1973. Postlarval recruitment of brown
shrimp occurs from January to May (Baxter and
Renfro 1966). An interaction between hypoxia and
postlarval recruitment in 1974 might have been
responsible for the continued poor harvest of brown
shrimp that year. Catch and CPUE were still sig-
nificantly lower than in 1972 (paired t-test, P < 0.05).
1t was not until 1976 that brown shrimp catch sur-
passed the 1972 levels (Table 1). A decline in total
shrimp catch of Louisiana in 1982 may have been
related to a large region of hypoxic bottom water
reported by Stuntz et al. (1982).

Although hypoxia has not been directly linked to
declines in annual catch, its presence during critical

LOUISIANA

FIGURE 5.—Movement of tagged juvenile brown shrimp from Caillou Lake and Barataria Bay expressed as days at
large before recapture (from Gazey et al. 1982). Shrimp were released in July 1979. Hypoxia was not documented

off this coastal area in 1979.
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FIGURE 6.—Movement of tagged juvenile brown shrimp from Caillou Lake, expressed as days at large before recap-
ture (from Gazey et al. 1982). Shrimp were released in June 1978, Regions of hypoxic bottom water, noted from June
to August, are overlaid onto this map (Fotheringham and Weissberg 1979; Bedinger et al. 1981; Comiskey and Farmer
1981).

TABLE 1.—Louisiana brown shrimp catch data.

S5-yr
1972 1973 1974 1975 1976  average
Catch per unit effort Jan.-Apr. 190 216 180 196 208 198
(ka/vessel per d) May-Aug. 383 225 249 296 348 300
Sept-Dec. 376 233 328 346 268 310
Annual average 344 1223 1256 288 302 284
Catch Jan.-Apr. 0.831 1.478 0.633 0.645 1.020 0.921
(miltions of kg) May-Aug. 4.529 2.630 2.702 2.112 5.966 3.588
Sept.-Dec. 2.293 0.822 1.578 1.414 2.601 1.742
Total 7653 14930 14.913 4171 9.587 6.251
Effort Jan.-Apr. 4,379 6,870 3,509 3,288 4,903 4,590
(24-h days fished) May-Aug. 11,828 11,722 10,852 7128 17,127 11,731
Sept.-Dec. 6,361 3,528 4,805 4,083 9,715 5,698
Total 22568 22,120 19.166 14,499 31,745 22,020

1CPUE and catch data in 1973 and 1974 were significantly lower than that in 1972 (paired t-test, P < 0.05).

portions of the shrimp life cycle implicate it as a prob-
able source of variation in annual shrimp yield. Sup-
port for this viewpoint has been documented in
laboratory experiments which indicate that brown
and white shrimp detect and avoid water with low
oxygen levels.5 Brown shrimp were the least tolerant

SRenaud, M. 1985. Detection and avoidance of oxygen depleted
water by Penaeus getiferus and Penaeus aztecus. Unpubl. manuser.,
16 p. Southeast Fisheries Center Galveston Laboratory, National
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of the two species. They avoided dissolved oxygen
concentrations up to and including 2.0 ppm. White
shrimp did not avoid oxygen levels higher than 1.5
ppm. Variable behavior was exhibited by both species
at higher treatment levels. Total time (TT) spent in
water with 1.5 ppm did not differ between species,

Marine Fisheries Service, NOAA, 4700 Avenue U, Galveston, TX
77550.



RENAUD: HYPOXIA IN LOUISIANA WATERS

nor did their response time (RT), ie, time taken to
retreat into normal seawater. However, these
measurements were significantly (¢-test, P < 0.001)
shorter for brown shrimp (TT = 6.2, RT = 3.8 min)
versus white shrimp (TT = 20.0, RT = 6.2 min) when
tested at 2.0 ppm. Behavioral responses of brown and
white shrimp exposed to hypoxic water included 1)
an initial increase in activity, 2) walking or swim-
ming retreat, and 3) rapid eye movements. White
shrimp also exhibited notable abdominal flexing,
periods of exhaustion, and sometimes death. These
three latter behaviors were not observed with brown
shrimp. Dissolved oxygen levels tested are common
along Louisiana’s Gulf Coast during the summer and
early fall, Therefore it is not unreasonable to assume
that similar behavioral responses occur in nature,

Hypoxia in the New York Bight (Swanson and
Sindermann 1979) had a severe impact on the com-
mercial fisheries of sedentary species. Surf clam,
Spisula solidissima; ocean quahog, Arctica islan-
dica; and scallop, Placopectin magellanicus,
abundance was reduced by 92%, 25%, and 12%,
respectively, in the affected area. The response of
recreational fish species, summer flounder,
Paralichthys dentatus, and bluefish, Pomatomus
saltatriz, to low oxygen levels was noted by changes
in their distribution patterns during the hypoxic
event. Temperature stratification, phytoplankton
blooms, spoil deposition, and sewage treatment
outflow were alleged major contributors to hypoxia
formation in the New York Bight. It was concluded,
however, that abnormal climatological and
hydrological phenomena were responsible for this
hypoxic event. Swanson and Sindermann (1979)
stated that effective regulation of waste disposal into
riverine and oceanic environments may control or
restrict bottom water hypoxia formation.

Future research on the phenomenon of hypoxia
should be centered on its predictability; remote
sensing has potential in this area. Timely informa-
tion dissemination on the extent and location of
hypoxic areas would help fishermen to avoid areas
where low catches might be anticipated or to harvest
a crop before it dies or migrates.

ACKNOWLEDGMENTS

The author expresses his sincere appreciation to
1) the Lousiana Wildlife and Fisheries Department
for providing NMFS personnel with services at their
Grand Terre Island Marine Laboratory and at their
Field Station in Caillou Lake; 2) the Gulf States
Marine Fisheries Commission for access to the 1983
SEAMAP data; 3) David Trimm for this major con-

tribution to data collection; 4) Dennis Koi for com-
puter services and related software analyses,
especially those relevant to contour mapping; 5)
Frank Patella for acquisition and transformation of
several years of Gulf coast shrimp data; 6) Tom Lem-
ing for satellite data; and 7) Beatrice Richardson for
typing the manuscript.

LITERATURE CITED

BAXTER, K. N., AND W. C. RENFRO.

1966. Seasonal occurrence and size distribution of postlarval
brown and white shrimp near Galveston, Texas, with notes
on species identification. U.S. Fish Wildl. Serv., Fish. Bull.
66:149-158.

BEDINGER, C. A, R. E. CHILDERS, J. W. COOPER, K. T. KIMBALL,
AND A. KWOK.

1981. Pollution fate and effect studies. fr C. A. Bedinger
(editor), Ecological investigations of petroleum production
platforms in the central Gulf of Mexico, Vol. 1, Part 1, 53
p. Report to the Bureau of Land Management, New
Orleans, LA, Contract No. AS551-CT8-17.

BoEescH, D. F.

1983. Implications of oxygen depletion on the continental shelf
of the northern Gulf of Mexico. Coastal Ocean Pollut.
Assess. News 2:25-28,

CHRISTMAS, J. Y. (editor). B

1978. Cooperative Gulf of Mexico estuarine inventory and
study, Mississippi: Phase I, area description, Phase II,
hydrology, Phase II, sedimentology, Phase IV, biology. Gulf
Coast Research Laboratory, Ocean Springs, MS, 434 p.

CoMISKEY, C. E., AND T. A. FARMER (editors).

1981. Characterization of base-line oceanography for the Tex-
oma region brine disposal sites. Vol. . Final Report to U.S.
Department of Energy, Strategic Petroleum Reserve Office,
Wash., DC,, Contract No. DEAC01-774508788, 130 p.

Cook, H. L., AND M. J. LINDNER.

1970. Synopsis of biological data on the brown shrimp Penaeus
aztecus aztecus Ives, 1891. In M. N. Mistakidis (editor), Pro-
ceedings of the World Scientific Conference on the Biology
and Culture of Shrimps and Prawns, p. 1471-1497. FAQO
Fish. Rep. 57(4).

DOUGENIK, J. A, AND D. E. SHEEHAN.

1975. SYMAP User's Manual. Camera Stat of Bedford,
Cambridge, MA, 187 p.

FLOWERS, C. W, W. T. MILLER, AND J. D. GANN.

1975. Water chemistry. In J. G. Gosselink, R. H. Miller, M.
Hood, and L. M. Bahr (editors), Environmental assessment
of a Louisiana offshore port and appertinent pipeline and
storage facility. Vol. IT, App. V, Sect. 1, 86 p. Final Report
to Louisiana Offshore Oil Port, New Orleans, LA.

FOTHERINGHAM, N., AND G. H. WEISSBERG.

1979. Some causes, consequences and potential environmen-
tal impacts of oxygen depletion in the northern Gulf of Mex-
ico. Proc 11th Annu. Offshore Tech. Conf., April 30-May 3,
1979, 3611:2205-2208.

GALLAWAY, B. J.

1981. An ecosystem analysis of oil and gas development on
the Texas-Louisiana continental shelf. U.S. Fish Wildl. Serv.,
Off. Biol. Serv,, Wash., DC.,, FWS/OBS-81-27, 88 p.

GALLAWAY, B. J., AND L. A. REITSEMA.

1981. Shrimp spawning site survey. n W. B. Jackson and E.
P. Wilkens (editors), Shrimp and redfish studies; Bryan
Mound brine disposal site off Freeport, Texas 1979-1981.

25



NOAA Tech. Mema NMFS-SEFC-67, Vol. 1V, 84 p.  Available
from National Technical Information Service, Springfield, VA
22151.
Gazey, W. J., B. J. GALLAWAY, R. C. FECHHELM, L. R. MARTIN, AND
L. A. REITSEMA.

1982. Shrimp mark release and port interview sampling
survey of shrimp catch and effort with recovery of captured
tagged shrimp. In W. B. Jackson (editor). Shrimp popula-
tion studies: West Hackberry and Big Hill brine disposal sites
off southwest Louisiana and upper Texas coasts, 1980-1982,
Vol. I, 306 p. NOAA/NMFS Final Report to Department
of Energy.

HARPER, D. E,, L. D. MCKINNEY. R. R. SALZER, AND R. J. CASE.

1981. The occurrence of hypoxic bottom water off the upper
Texas coast and its effects on the benthic biota. Contrib.
Mar. Sci. 24:53-79.

Harris, A, H.. J. G. RagaNn, anp R. H. KILGEN.

1976. Oxygen depletion on coastal waters. La. State Univ.
Sea Grant Summ. Rep, Proj. Na. R/BOD-1, 161 p.

KuiMa, E. F,, K. N. BAXTER, F. J. PATELLA, AND G. A. MATTHEWS.

1983. Review of 1982 Texas closure for the shrimp fishery off
Texas and Louisiana. NOAA Tech. Memo. NMFS-SEFC-108,
22 p. Available from National Technical Information Service,
Springfield, VA 22151.

LEMING, T. D,, AND W. E. STUNTZ.

1984. Zones of coastal hypoxia revealed by satellite scanning
have implications for strategic fishing. Nature (Lond.) 310:
136-138.

26

FISHERY BULLETIN: VOL. 84, NO. 1

May. E. B.

1973. Extensive oxygen depletion in Mobile Bay, Alabama.
Limnol. Oceanogr. 18:353-366.

RAGAN, J. G, A. H. HARRIS, AND J. H. GREEN.

1978. Temperature, salinity and oxygen measurements of sur-
face and bottom waters on the continental shelf off Louisiana
during portions of 1975 and 1976. Nicholls State Univ,, Prof.
Pap. Ser. (Biol.) 3:1-29.

REITSEMA, L. A., B. J. GALLAWAY, AND G. S. LEWBEL.

1982. Shrimp spawning site survey. In W. B. Jackson (editor),
Shrimp population studies: West Hackberry and Big Hill
brine disposal sites off southwest Louisiana and upper Texas
coasts, 1980-1982, Vol. IV, 88 p. NOAA/NMFS Final Report
to Department of Energy.

Stuntz, W. E., N. SANDERS, T. D. LEMING, K. N. BAXTER, AND
R. M. BARAZOTTO.

1982, Area of hypoxic bottom water found in northern Gulf

of Mexico. Coastal Ocean. Climatol. News 4:37-38.
SWANSON, R. L., AND C. J. SINDERMANN (editors).

1979. Oxygen depletion and associated benthic mortalities in
New York Bight, 1976. NOAA Prof. Pap. No. 11, 345 p.
Rockville, MD.

TURNER, R. E., AND R. L. ALLEN.

1982a. Bottom water oxygen concentration in the Mississippi
River Delta Bight. Contrib. Mar. Sci. 25:161-172.

1982b. Plankton respiration rates in the bottom waters of the
Mississippi River Delta Bight. Contrib. Mar. Sci. 25:173-179.



INCIDENTAL MORTALITY OF
DOLPHINS IN THE EASTERN TROPICAL PACIFIC, 1959-72

N. C. H. Lo! aNp T. D. SMITH®

ABSTRACT

The estimates of the number of dolphins killed annually from the beginning of the U.S. tuna purse seine
fishery in the eastern tropical Pacific are used by the National Marine Fisheries Service in developing
management advice for the U.S. purse seine fleet. We estimated the annual number of dolphins killed
incidentally in the tuna purse seine fishery for 1959-72. Kill data were available for only a few years prior
to 1970. Because no obvious trend was shown with the existing data, kill rates were averaged over those
years and stratified by various categories: large and small vessels, sets with large catch of tuna and small
catch of tuna, sets which used backdown (a dolphin-releasing procedure), and sets which did not use
backdown. These kill rates, combined with estimated number of sets, produced the estimated annual kills.
Because data were available only for some of the years, they had to be pooled to obtain annual estimates.
As a result, the annual estimates were highly correlated. Because the total as well as the annual estimates
are of interest, it is necessary to compute the variance-covariance of the estimated annual kills. The an-
nual kill from 1959 to 1972 varied from 55,000 in 1959 to 534,000 in 1961. There were three distinct
maxima of 534,000, 460,000, and 467,000, corresponding to peaks in number of sets made on dolphins
in 1961, 1965, and 1970. The total kill from 1959 to 1972 was estimated to be about 4.8 million, with

a coefficient of variation of 17%.

The eastern tropical Pacific tuna purse seine fleet
began to develop rapidly in the late 1950’s and has
grown to over 100 U.S:-registered vessels and a
substantial number of non-U.S.registered vessels in
recent years. This fleet fishes primarily for yellow-
fin tuna, Thunnus albacares, and skipjack tuna, Kai-
suwonus pelamis. Majority of the yellowfin tuna are
taken while the tunas are schooling with dolphins
primarily of the species Stenella attenuata and S.
longirostris. Birds and dolphins are frequently used
as cues in finding the tuna. During the capture of
the tuna, some of the dolphins are killed or drown-
ed by becoming tangled in the net webbing (Perrin
1969). The number of dolphins killed has been
estimated to have been greater than one-half million
in some of the years in the 1960’s (Smith 1983). Cur-
rently, fewer animals are killed each year due to im-
provements in the fishing gear and in procedures to
release dolphins.

Estimates of the total number of dolphins killed
each year in this fishery are used as a basis for
management advice by the National Marine
Fisheries Service (NMFS). In this paper we describe
in detail the method used in Smith (1983), including

iSouthwest Fisheries Center La Jolla Laboratory, National
Marine Fisheries Service, NOAA, 8604 La Jolla Shores Drive, La
Jolla, CA 92038.

2Northeast Fisheries Center Woods Hole Laboratory, National
Marine Fisheries Service, NOAA, Woods Hole, MA 02543.
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estimation of the variances and covariances of the
annual kill estimates so that the variance of the total
kill for the period can be estimated. Additionally, we
reexamine the data used in previous estimates (Per-
rin 1970; Perrin and Zweifel 19713; Perrin et al. 1982;
Smith 1983; Smith and Lo 1983), and we present
revised estimates of the total numbers of dolphins
killed.

MATERIALS AND METHODS

The model used to estimate the total annual in-
cidental kill of dolphins (T}) in the eastern tropical
Pacific tuna purse seine fishery is

Tt = Rt Xt @

where ¢ denotes the year (1959 to 1972), R denotes
the number of dolphins killed per set, and X denotes
the number of sets made involving dolphins. The rate
of kill (R) varies between larger and smaller vessels,
and in dolphin sets where fewer and greater amounts
of yellowfin tuna are caught (Lo et al. 1982). In addi-
tion, the rate of dolphin kills is generally less if

3Perrin, W. F, and J. R. Zweifel. 1971. Porpoise mortality in
the eastern tropical tuna fishery in 1971. Unpubl. manusecr., 22 p.
Southwest Fisheries Center La Jolla Laboratory, National Marine
Fisheries Service, NOAA, 8604 La Jolla Shores Drive, La Jolla, CA
92038.
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backdown, a dolphin-release procedure, is used
(Green et al. 1971; Barham et al. 1977; Smith and
Lo 1988). To account for these factors affecting rates
of dolphin kill, Equation (1) can be reexpressed with
the rates and numbers of sets stratified by vessel
tuna carrying capacity, catch of fish, and use of back-
down procedure:

2 2 2
T, =323 2 BynXug 2)
il j=1 k=1
where t = year
1 = 1 for vessel capacity >600 tons; 2 for
vessel capacity <600 tons
j = 1 for yellowfin tuna catch =% ton; 2 for

yellowfin tuna catch <% ton
k = 1 backdown is used; 2 backdown is not
used.

Data on the number of dolphins killed during
fishing trips in the period from 1964 to 1968 are
given in Smith and Lo (1983). Similar but more ex-
tensive data (e.g., backdown information) are avail-
able in NMFS records for 1971 and 1972. Estimates
on the number of sets involving dolphins from 1959
to 1972 are given by Punsley (1983). These data
sources have certain limitations which do not allow
for the use of the complete stratification scheme in
Equation (2). Assumptions are made based on sam-
ple sizes and on apparent lack of changes in rates
over time to accommodate these limitations.

The mean numbers of dolphins killed (kill-per-set)
are shown in Table 1 for each year in which data are
available, stratified by vessel size and by catch of fish
(successful, 2% ton of yellowfin tuna; unsuccessful,
<Y ton of yellowfin tuna). The definition of suc-
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cessful set follows that of Perrin and Zweifel (fn. 3).
The vessel class stratification was based on the
vessel’s fish carrying capacity. The 1964-74 kill data
indicate that kill-per-set was different for vessels
with <600 tons carrying capacity and vessels with
>600 tons for unsuccessful sets. For successful sets
the optimal vessel class stratification was not clear;
either 400, 600, or 800 tons can be used as division
points for stratifieation. For consistency, we adopted
the same stratification used for unsuccessful sets.
(The results were similar with alternative stratifica-
tion schemes.) Other factors such as the age of the
vessel and the experience of the captain could af-
fect kill rates but were not considered in the
stratification because these factors could not be
isolated for analysis.

The mean number of dolphins killed varied
markedly over the years but without any obvious
trends (Thble 1). A two-way analysis of variance with
the data pooled over years showed statistically
significant differences in kill rates in sets made by
small and large vessels (P < 0.01) and in successful
and unsuccessful sets (P < 0.01). Thus Equation (2)
was simplified by eliminating the time stratification
for kill rates, whereas the vessel size and catch strata
were retained.

Few observations are available for sets where
backdown was not used. In successful sets, backdown
was used more than 90% of the time; thus, we have
observations on Kkill rates in only 20 sets where back-
down was not used. Thirteen of these sets were made
by large vessels and seven by small vessels, and the
mean kill rates within vessel size class are highly
variable and not significantly different. The overall
ratio of the kill rates, pooled over vessel size, when
backdown was not used and when it was used is
significantly greater than unity, and the annual

TABLE 1.—Average numbers of dolphins killed (M) in purse seine sets in the eastern tropical Pacific by
year, for small and large vessels making successful (>% ton tuna) and unsuccessful (€% ton tuna) net
sets. Standard deviation (SD), number of sets (N), and number of trips are given.

Successful sets

Unsuccessful sets

Vessels
and No. of No. of
year M sD N trips M sD N trips Data source
Small vessels (€600 tons carrying capacity)
1964 60 47 20 1 60 - 1 1 Smith and Lo (1983)
1965 26 28 35 1 3 8 11 1 Smith and Lo (1983)
1968 130 114 13 1 4 4 2 1 Smith and Lo (1983)
1971 117 180 19 3 13 10 3 2 Unpubl. NMFS
1972 57 110 103 6 4 10 16 5 Unpubl. NMFS
Total 62 108 190 12 6 13 33 10
Large vessels (->600 tons carrying capacity)
1971 41 56 16 2 — — _ 0 Unpubl. NMFS
1972 37 123 117 6 04 1.4 12 5 Unpubl. NMFS
Total 37 119 133 8 04 14 12 5

1From table 5 of Smith and Lo (1983), omitting incomplete data collected in 1966.
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ratios vary without a consistent trend over time
(Table 2).

In unsuceessful sets the use of the backdown pro-
cedure was more variable because the conditions of
the set are more diverse. For example, only a few
or no dolphins may be captured, and the net may not
be retrieved in the usual manner. Because of this
diversity and because so few observations are avail-
able, we consider one kill rate for all unsuccessful
sets.

Reexpressing Equation (2) to account for a
constant ratio of kill rates for successful sets when
backdown was used and when it was not used, and
for no difference in kill rates for unsuccessful sets,
yields

2 2 2
T, = Z Z R'iﬂcxl.ijk
izl j=1 k=l
= Z {Bunn Ry + CXigy) + Ruge Xz} 3)

Il
—

i

where C = R..;o/R..;; and the subscript . is used
when that stratifying variable is not considered. For
example, R, is the kill-per-set not stratified by
year t, and X, is the total number of sets not
stratified by use of backdown.

Estimates of the total number of sets involving
dolphins from 1959 to 1972, with approximate
variances, are given by Punsly (1983). He also gives
partial estimates of the numbers of successful and
unsuccessful sets, but does not provide estimates of
the numbers of sets by vessel size. Punsly’s data did

not indicate the use of the backdown procedure.

The coefficients of variation (CV) of Punsly’s
estimates are €<1% in all years except 1959 and 1960,
when it was 8%. The percentage of unidentified sets
in 1959-61 was higher than subsequent years because
set type was not recorded systematically
(Hammond4). We assume these estimates are in fact
constants, because in most years, and in the absence
of additional information in 1959-61, the CVs are
small compared with the CVs of the kill rates
(0.13-1.0, Table 1).

By applying the proportions of successful and un-
successful dolphin sets from Punsly’s partial
estimates to his totals, we obtained numbers of suc-
cessful and unsuccessful dolphin sets. We further
prorate these estimated numbers of successful and
unsuccessful sets to large and small vessels by
multiplying by the estimates of proportions from
NMF'S (Anonymous 1976°5) of sets made by vessels
of each size class (Table 3). The slight differences
between the totals for each year given by Punsly are
due to rounding.

The number of sets during which backdewn was
used can be estimated from the estimated total
number of sets involving dolphins (Table 3)-and the
observed proportion of successful sets in which back-
down was used (Table 2). The observed proportions
increase from 0.79 in 1964-65 to almost unity (0.96)
by 1972. The backdown procedure was reportedly

4P. S. Hammond, Sea Mammal Research Unit, British Antarctic
Survey, Cambridge, England, pers. commun. 1983.

SAnonymous. 1976. Report of the workshop on stock assess-
ment of porpoises involved in the eastern Pacific yellowfin tuna
fishery (La Jolla, July 27-31, 1976). Southwest Fish. Cent., Ad-
min. Rep. LJ-76-29, 54 p. + app.

TABLE 2.—Mean number of dolphins killed () during purse seine sets in the eastern tropical
Pacific Ocean when the backdown dolphin-release procedure was and was not used. Also
given are the ratio of numbers killed with and without backdown (C), the proportion of suc-
cossful sets where backdown was used (P), the number of sets (N), number of trips, and stan-

dard error in parentheses.

Backdown used

Yes No
No. of . No. of ;
Year Ao N trips Rn N trips ¢ P
19641 44 16 1 128 4 1 3.0 0.79
19651 48 6 1 24 2 1 0.50 '
19661,2 —_ 17 1 - 2 1 — 0.89
19681 142 11 1 92 1 1 0.65 :
19713 81 30 5 111 4 3 1.40
19723 41 193 12 169 9 6 4.10 0.96
Total 50 256 21 131 20 12 2.62 0.93
#0.80)

1From Smith and Lo (1983).

2Kill rates for 1966 omitted because incomplete data were collected.
3NMFS records.
‘SE(C) = C [CVe(R,,m) + CVQ(R-.") -2 cor(R..12. nnn)]"z: where ¢ = Rum/nun-
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TaBLE 3—Numbers of purse seine sets involving doiphins
in the eastern Pacific Ocean, from 1959 to 1972, for small
(<600 tons) and large (>600 tons) vessels, and for successful
(>4 tons tuna) and unsuccessful (<4 tons) sets, modified
from Punsly (1983).

Successful sets Unsuccessful sets

small large small large

Year Xiz1e) (Xr110) (Xi220) (Xe2e)
1959 326 (1] 265 0
1960 3,170 0 2,303 0
1961 3,888 32 3,928 0
1962 1,773 5 1,942 19
1963 2,291 10 2,092 23
1964 4,444 45 3,089 64
1965 5,346 27 2,418 29
1966 4,948 44 1,835 25
1967 3,363 2 841 3
1968 2,956 175 982 41
1969 5,365 1,401 1,402 192
1970 4,936 2,313 957 412
1971 1,871 2,602 652 409
1972 2,704 4,982 855 846

developed on one vessel in 1959-60 (Barham et al.
1977) and used by at least three vessels in 1961
(Anonymous 1962). If 79% of the sets in 1964-65
were made using this procedure, as suggested by the
very limited available data, a rather rapid increase
in usage must have occurred in 1962 and 1963. This
is possible because, if properly used, the procedure
reduces the amount of handling time of dead
dolphins, thus speeding up the fishing operation. As
an approximation, we assume that usage increased
from 0 to 0.79 linearly from 1959 to 1964-65, and
was 0.89 for 1966-71 and 0.96 for 1972.

Denoting the interpolated and extrapolated esti-
mates of the proportion of successful sets using the
backdown dolphin release procedure by P; gives

FISHERY BULLETIN: VOL. 84, NO. 1

Xun = B X
Xz = 1 - P) Xy...

Substituting these relationships into Equation (3),
with the assumption that the estimated numbers of
sets given by Punsley (1983) are constants, the
following equations result when the terms are
rearranged:

(D {BonlXin Py + €L - P)X 1] + RepXipna}

= Z {BonXurdP, + CA - P + Ruge Xino}-
“

The time series of estimated annual kill (T%) from
1959 to 1972 was obtained by pooling the available
data over years and strata, resulting in estimates that
are not statistically independent. Thus in order to
estimate the variance of the total kill of dolphins for
the period in addition to the variances it is necessary
to determine the covariances among the annual
estimates.

We denote the estimates of the total kill of dolphins
(T for each year from 1959 to 1972 by the vector
T and denote the estimates of the variances of the
elements of T' by the symmetric matrix 7. The
estimate of the kill in each year (Equation (4)) can
be expressed in matrix form as the product of a vec-
tor of the numbers of sets in each of the four com-
binations of the vessel size and fishing success
classifications (X,), and a vector of the four corre-
sponding kill rates (Q,). Each element of 7' then can
be expressed as a matrix product

T, = Xx',Q (5)

where X', = (Xy130, Xis1e. Xp12es Xezo)

Qt:l R'nl[pt(l - C') + C'] R-lllft

o = |9 - R-zu[P:(l. -0+ Q| _|Bausi]| 4ng fi=Bl-0+0C
Ql3 R.lzo R.]_Zo
Qu R-zz- R-zz-

Then the variance-covariance matrix of T' is
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V(L)
Cov(T'sg, Teo) V(T's0)
. ] .
_COV(T59, Trs) Cov(To, Tro) - .- V(Tvz)_
—V(X'ss Qs9)

Cov(X's9 @59, X's0 Qo) V(X0 Qo)

_COV(X "s0 Qs9) X7z Qr2) CoviX'gy Qoo X'72 @z2) - .. V(X'p2 sz)_
with V(T) = X", 39, X,
as the diagonal elements of X (6)
VBa11 f1) Cov(Bayys fro Beori £ 0 0
V(Bo211 f2) 0 0
where X, = At ViRor) 0 . )
V(R022')

The diagonal elements of X3 can be computed by
noting that R.m. is uncorrelated with R.;;, P, or C,
and the covariance of P, and € is zero because one
C value is used for all years in 1959-72 and P, can
be different between years.

The off-diagonal elements of Z; are

COV(TMY Tm.) = COV(X '-uQm X’QO)

®

4 4
= z z Xy Cov(Qu-i-l Qmj) X"’U

iml j=1

Expressions for each of the terms in X3 are given
in the Appendix.

RESULTS AND DISCUSSION

The estimates of the total number of dolphins
killed incidentally in the tuna purse seine fishery
from 1959 to 1972 (Table 4, from Equation (4)) vary
from a low of 55,000 in 1959 to a high of 534,000
in 1961. Three distinct maxima of 534,000, 460,000,
and 467,000 are apparent (Fig. 1), corresponding to

peaks in numbers of sets made on dolphins in 1961,
1965, and 1970 (Table 3). A total of about 4.8 million
dolphins is estimated to have been killed in the whole

period (Table 4).

The CVs of the annual estimates decline rapidly

TABLE 4.—Estimated number of dolphins
killed by year (Equation (4)), with standard
errors (SE) and coefficient of variations

V).

Year Number killed SE cv
1959 55,000 18 0.32
1960 478,000 146 031
1961 534,000 149 0.28
1962 216,000 54 0.25
1963 240,000 54 0.22
1964 390,000 77 020
1965 460,000 92 0.20
1966 374,000 58 0.15
1967 257,000 39 0.16
1968 229,000 35 0.15
1969 461,000 68 0.15
1970 467,000 70 0.15
1971 254,000 43 0.17
1972 380,000 61 0.16
1959-72 4,790,000 857 0.18
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FGURE 1—Estimated numbers of dolphins killed in the east-
ern tropical Pacific tuna purse seine fishery from 1959 to 1972.
Standard errors of the estimates shown as vertical bars. From Table
4.

from 32% in 1959 to 15% from 1966 to 1970, and
then increase only slightly in 1971 and 1972. The
covariances are large (upper triangular matrix, Table
5). They are all positives, and tend to be smaller for
pairs of estimates widely spaced in time The
covariances can be examined more easily in terms
of correlation coefficients (lower triangular matrix,
Table 5). The correlations range from 0.31 to 0.99.
The CV of the estimated total is 18%. This is
substantially higher than the corresponding value
of 6% obtained when the covariances are ignored.
Because the total is the sum of 14 numbers, an ap-
proximate 95% confidence interval, obtained by add-
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ing and subtracting two standard errors, is 3.1-6.5
million dolphins.

The variation in the estimated numbers of dolphins
killed over the period 1959-72 is due to several fac-
tors: 1) The number of sets made involving dolphins
varied from year to year depending on the number
of sets of tuna schooling in the absence of dolphins;
such tuna are apparently preferred when available,
2) The use of the backdown dolphin-release pro-
cedure increased rapidly from 1959 to 1964. How-
ever, the development of the backdown dolphin-
release procedure is not well known. The available
data reflect the tendency of captains to use the
technique once it was known. There is little infor-
mation on how rapidly the procedure became known
to other captains and no information on how rapid-
ly they learned to use it effectively. Our assumption
of a linear increase probably overestimates the use
of backdown initially, but may or may not overesti-
mate its subsequent use. 3) The proportion of suc-
cessful sets made by small vessels increased from
about 50% from 1959 to 1964, to >75% from 1965
to 1972 (Table 1). The higher dolphin kill rate for suc-
cessful sets results in an increase in estimated
dolphin kills as the proportion of successful sets in-
creased. 4) The increase in the proportion of sets
which were made by large vessels starting in 1968
results in a decrease in estimated dolphin kill rates
due to the lower dolphin kill rate of these vessels.

Several factors which may have affected the
numbers of dolphins killed in this period have not
been accounted for because of the assumptions made
by incomplete data. Chief among these assumptions
were 1) the relatively small samples are represen-
tative of the fleet as a whole, 2) the kill rates on un-
successful sets are not affected by the use of back-
down, 3) the ratio of kill-per-set in successful sets
without backdown to that with backdown is constant

TABLE 5—Covariances (upper triangular matrix, x10'%) and correlation coefficients (lower triangular matrix) for the
estimated total dolphins killed by year, from 1959 to 1972.

1959 1960 1961 1962 1963 1964

1965

1966 1967 1968 1969 1970 1971 1972

1859
1960
1961
1962
1963
1964
1865
1966
1967
1968
1869
1970
1971
1972

041 042

3.49

0.14
1.24
1.27

0.13
1.156
1.19
0.44

0.16
1.37
1.45
0.55
0.58

0.99
0.99
0.97
0.92
0.76
0.79
0.65
0.75
0.74
0.73
0.71
0.58
0.34

0.99
0.98
0.94
0.79
0.81
0.66
0.76
0.75
0.74
0.72
0.59
0.35

0.99
0.96
0.83
0.84
0.67
0.77
0.76
0.75
0.73
0.59
0.36

0.98
0.88
0.88
0.67
0.78
0.77
0.76
0.73
0.59
0.36

0.95
0.92
0.67
0.78
0.76
0.75
0.72
0.57
0.36

0.93
0.62
0.71
0.70
0.68
0.65
0.50
0.34

0.15
1.32
1.38
0.52
0.53
0.75

0.86
0.89
0.77
0.75
0.70
0.54
0.37

0.11
0.92
0.95
0.34
0.33
043
0.56

0.07
0.62
0.64
0.23
0.22
0.29
0.34
0.30

0.06
0.56
0.57
0.21
0.20
0.26
0.27
0.21
0.16

0.13
1.10
1.13
0.41
0.39
0.50
0.51
0.39
0.30
031

0.13
1.08
1.11
0.40
0.38
0.49
0.50
0.38
0.29
0.30
0.63

0.06
0.54
0.55
0.19
0.18
0.23
0.23
0.17
0.13
0.14
0.33
0.36
0.92
0.65

0.04
0.40
0.42
0.15
0.15
0.20
0.20
0.16
0.10
0.10
0.27
0.38
0.25

0.93
0.69
0.66
0.62
0.46
0.34

0.90
0.87
0.83
0.63
0.39

0.98
0.94
0.75
0.43

0.98
0.85

0.55 0.83
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for both large and small vessels for all years, and
4) the kill rate itself for sets with backdown did not
change over the years.

Although each of the unaccounted for factors could
have an effect on the estimated numbers of dolphins
killed, the magnitude of such effects is probably
smaller than the magnitude of the effects of vessel
size, set success, and use of backdown described in
this study. For example, although the kill rate data
available are few, there are some additional data
which are not available to us, but which are reported-
ly similar (Smith and Lo 1983). The last three
assumptions noted above deal with the dolphin kill
rates with and without backdown, and would tend
to both increase and decrease the estimates, if they
could be taken into account.

Our estimates of the total number of dolphins
killed (Table 4) are slightly lower than previous esti-
mates made using the same method (Smith 1979¢,
1988). The previously estimated total number of
dolphins killed from 1959 to 1972 was 5.1 million
(total of Smith’s [1983] table 4, divided by 0.96 for
other species and by 1.048 for injured animals). The
difference between the two estimates resulted from
the revision of the estimated number of sets that cap-
ture tuna associated with dolphins (Punsly 1983) and
of the numbers of dolphins killed per set (Smith and
Lo 1983).

There are alternate approaches to estimating the
numbers of dolphin killed. For example, estimates
could be made from data on the numbers of fishing
trips made (kill-per-trip), or the number of tons of
tuna caught (kill-per-ton). These approaches make
different assumptions about the fishing process (Lo
et al. 1982; Hammond and Tsai 1983), and require
data which are not as precise as are data on the total
numbers of sets. For example, fishing trips are dif-
ficult to count consistently because they may not be
completed within the calendar year and may be ex-

8Smith, T. D. (editor). 1979. Report of the Status of Porpoise
Stocks Workshop, August 27-31, 1979, Southwest Fisheries Center,
La Jolla, California. Southwest Fish. Cent., Admin. Rep. LJ-79-41,
120 p.

tended by partial unloading of the catch. There are
fewer such problems with the data for kill-per-set
estimators on the number of dolphins killed, and the
problems that exist have already been resolved
(Punsley 1983).
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APPENDIX

In Equation (7), the first and second terms on the main diagonal are
VR0 £) = VBV + B2 VIF) + FIVR.) (A1)

for 7 = 1 and 2, noting that Cov(R..; f) = 0.
The variance of £, is given by

V(F) = V@) A + V() + P V(0) (A-2)
+ (V@) + VO - 2v(P)C
- 2V(&)P2 + 2 Cov(P,, O).

This last term is assumed to be zero, as noted above. The off-diagonal element in Equation
(7) is

Cov(B. iy, fe, Roju F) =Ry ROjll V(£) (A-3)
fori#j=1and 2.

In Equation (8), based upon Equation (5)

COV(R-ill fu' R'jll fm) for i = 1:2
Cov(Qus Qn) = o Emdi=12
1#j fori =34
V(B.i20) i=7 andj = 8,4
where COV(R-iu Sur R-jll ) (A-4)

[Rgill + V(Rojll)]cov(fm fm) + fume(R°i11) i= -7
R.mR-]n COV(fm S i#J
assuming Cov(R.p1, Rujy) = 0

and Cov(fﬂ’ f 'I") = COV(P‘NY PTII-) [V(C') + é‘l] (A-s)
+ V(C').[l +pu15-m "Pu—Pm]'



THE ABUNDANCE AND DISTRIBUTION OF
THE FAMILY MACROURIDAE (PISCES: GADIFORMES)
IN THE NORFOLK CANYON AREA'

RoBERT W. MIDDLETONZ AND JOHN A. MUSICK®

ABSTRACT

The Norfolk Canyon off Virginia and the adjacent slope areas were sampled with 13.7 m otter trawls
in June 1973, November 1974, September 1975, and January 1976. Trawl depths ranged from 75 to 3,083
m, and 22 species of macrourids were captured during the study. Coryphaenoides rupestris demonstrated
seasonal movement to shallower water (ca. 750 m) during winter. Nezumia bairdii, N. aequalis, and Cory-
phaenoides carapinus exhibited a significant positive correlation between head length and depth 2 =
0.47, 0.37, and 0.35, respectively). Nezumia bairdii apparently spawns in July or August, and reaches
an age of about 11 years. New size records were established for Nezumia aequalis (64 mm head length
(HL)) and N. bairdii (66 mm HL). New depth records were established for Coelorinchus ¢. carminatus
and N. aequalis (884 and 1,109 m, respectively). The known geographic ranges for Coelorinchus carib-
beus, C. occa, Nezumia cyrano, Coryphaenoides colon, Hymenocephalus gracilis, H. italicus, Bathygadus
macrops, Macrourus berglax, and Gadomus dispar were extended to the Norfolk Canyon area.

The Macrouridae (Pisces: Gadiformes) includes some
of the most abundant archibenthic deep-sea fish
species (Marshall 1965, 1971; Marshall and Iwamoto
1978; Iwamoto and Stein 1974) and attains greatest
abundance and diversity on the continental slopes
of the world oceans (Marshall and Iwamoto 1973).
Present knowledge of the life history and ecology
of macrourids has been accrued piecemeal from
faunal lists and taxonomic works (Gunnerus 1765;
Gunther 1887; Gilbert and Hubbs 1920; Farron 1924;
Iwamoto 1970; Okamura 1970; Marshall and
Iwamoto 1973; Iwamoto and Stein 1974), or from
studies on physiology, anatomy, and life history
(Kulikova 1957; Marshall 1965; Phleger 1971; Ran-
nou 1975; Rannou and Thiriot-Quiereaux 1975;
Haedrich and Polloni 1976; McLellan 1977; Merrett
1978; Smith et al. 1979). The meager literature on
reproduction and growth of macrourids and other
deep-sea anacanthine fishes has recently been
reviewed by Gordon (1979). With the advent of in-
creasing expertise in deepwater trawling, some
macrourid species, such as Coryphaenoides rupestris
and Macrourus berglax, have become commercially

1Contribution No. 1226 from the Virginia Institute of Marine
Science.

2Virginia Institute of Marine Science, College of William and
Mary, Gloucester Point, VA 23062; present address: Minerals
Management Service, U.S, Department of the Interior, 1951 Kidwell
Drive, Vienna, VA 22180.

3Virginia Institute of Marine Science, College of William and
Mary, Gloucester Point, VA 23062

Manuseript accepted March 1985.
FISHERY BULLETIN: VOL. 84, No. 1, 1986.

important in the western North Atlantic. Experi-
mental commercial trawling was initiated by the
Soviet Union in 1962, and many studies directly
related to the commercial fishing of macrourids have
been subsequently published by Soviet workers
(Podrazhanskaya 1967, 1971; Savvatimskii 1971,
1972; Grigor'ev 1972) and to a lesser extent by Polish
researchers (Stanek 1971; Nodzinski and Zukowski
1971).

The present study examines the seasonal distribu-
tion and abundance of the macrourid species cap-
tured in the Norfolk Canyon area. In addition aspects
of age, growth, and reproduction of selected domi-
nant species are also described.

MATERIALS AND METHODS

Gear

The data presented in this paper were obtained
on four cruises to Norfolk Canyon and the adjacent
open slope to the south (Fig. 1) conducted by the RV
Columbus Iselin (June 1973) and RV James M. Gillis
(November 1974, September 1975, January 1976).
On all cruises a 13.7 m semiballoon otter trawl with
1.3 cm (stretched) mesh in the cod end liner and 5.1
cm (stretched) mesh in the wings and body was
employed. Steel “china V” doors at the end of 22.9
m bridles were used to permit spreading of the net
from a single warp (Musick et al. 1975).
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FIGURE 1.—Map of the Norfolk Canyon study area with station locations indicated.

Sampling Design

Norfolk Canyon and an adjacent open slope were
divided into five sampling strata: 75-150 m, 151-400
m, 401-1,000 m, 1,001-2,000 m, and 2,001-3,000 m.
Six stations were then randomly assigned in each
depth stratum. The duration of all tows in depths
of <2,000 m was 0.5 h (bottom time). Where the
depth exceeded 2,000 m, the tow times were ex-
tended to 1 h. Station depth was determined from
a sonic precision depth recorder when the net was
set and then every 3 min for the duration of the 0.5
h tows (every 6 min for the 1-h tows). Mean station
depth was then determined by averaging the 11
resultant values.

Data Collection and Analysis

Head lengths instead of total lengths were
measured because macrourids have slender whiplike
tails that are easily damaged during trawling. The
head length (HL) was measured to the closest
millimeter, from the tip of the snout to the posterior
edge of the opercle using Helios* dial calipers. The
fish were weighed with an Ohaus dial-a-gram scale.
Calibration showed the scale to be accurate within

4Reference to trade names does not imply endorsement by the
National Marine Fisheries Service, NOAA.
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1.0-1.5 g under all typical shipboard conditions.

The sex and gonadal conditions of freshly captured
specimens were noted. Gonadal samples for histo-
logical processing were stored in Davidson’s preser- -
vative and later mounted using standard paraffin
techniques. Sections (5 mm) were stained with
Mayer’s hematoxylin and eosin counterstain.

Saccular otoliths and a scale sample were removed
from all Nezumia basrdii and stored dry. Represen-
tative otolith samples were chosen randomly from
individuals over the entire size range of fish
captured.

The length-weight relationships for Nezumia bair-
dii, Coryphaenoides armatus, and C. rupestris were
analyzed using log transformed weights regressed
against head length (Fig. 2).

Regression analysis of head length on depth of cap-
ture was performed for each species to determine
any significant change in head length with change
in depth. Testing of the hypothesis that 8 = 0 for
the regression line ascertained whether there was
a significant change of size with changing depth. The
coefficient of determination (r2) was also calculated
to determine what proportion of the variance of head
length could be attributed to change in depth.

The a posteriori Student-Newman-Keuls analysis
of means was used as a second method for inter-
preting the size/depth relationship. This method
calculated the mean depth of capture of each head-
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length interval, combined the head lengths in subsets
whose mean depths did not differ significantly from
each other, and defined the constituents of each
subset.

Due to the large size and thickness of the macrou-
rid otoliths, standard age determination techniques
proved unsuccessful (Christensen 1964; McEachran
and Davis 1970). Therefore, a thin section was re-
moved from each otolith and, using a dissecting
microscope, the number of bands presumed to be an-
nual were counted and recorded.

Gonads of the specimens were classified into repro-
ductive stages for analysis. The criteria for these
stages were as follows:

Stage 1—Undeveloped. The gonads were immature
and no development was evident. The reproduc-
tive organs were difficult to distinguish within the
body cavity.

Stage 2—Early Immature. The reproductive organs
had enlarged slightly. The sex could be determined,
but no vascularization of the ovaries was apparent.
The organs of both sexes had a highly translucent
appearance.

Stage 3—Immature. The ovaries were enlarged and
vascularization had begun. The testes had become
discernibly “sausage shaped”. The organs of both
sexes were opaque.

Stage 4—Late Immature. The reproductive organs
of both sexes were full size. The ovaries were about
90% vascularized. The testes had become milky
white in color.

Stage 5—Mature. The reproductive organs were
developed completely. Ovaries were fully vascular-
ized and had a granular appearance.

Stage 6—Ripe. Advanced spermatogenesis or

oogenesis was evident. The oocytes were fully
developed in the females and the male testes con-
tained milky-white seminal fluid.

Stage 7—Spent. The testes and ovaries were spent.
The reproductive organs were flaccid and had
recently released sperm or eggs.

RESULTS AND DISCUSSION

Species Accounts
Coelorinchus c. carminatus (Goode 1880)

Coelorinchus c. carminatus is a relatively shallow
water macrourid reported from depths of 89-849 m
(Marshall and Iwamoto 1978). In the study area this
species was captured in depths of 210-884 m (Fig.
3). Marshall and Iwamoto (1973) reported C. ¢. car-
minatus from northern Brazil to the Grand Banks,
but absent in the Bahama Island chain. The largest
specimen captured in our study had a head length
of 70 mm, while Marshall and Iwamoto (1973)
reported specimens with 78 mm HL.

During our study, a maximum of 188 individuals
and 4 kg of C. ¢. carminatus were captured in a 0.5-h
trawl. This species also contributed as much as 34.2%
of the number and 27.8% of the biomass of benthic
fishes captured in individual samples.

Figure 4 shows the depth distribution of C. ¢. car-
minatus incremented by 2 mm size groups. A slight
increase in head length with increase of depth was
apparent. The slopes of the regression lines were
shown to be significantly different from zero. The
coefficient of determination (Table 1) also showed a
correlation between head length and depth. There
was variability among cruises, but this may be at-
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F1GURE 2.—The log (wt) versus head length regressions for Nezumia bairdii, Coryphaenoides armatus, and Coryphaenoides rupestris.
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TasLE 1.—The coefficient of determination (/) for the change in
head length with change in depth regression lines.

Cruises
Jan. June  Sept. Nov. Combined
Species 7601 7310 75-08 7404 cruises

Coelorinchus c.

carminatus 0.006 0.23 0.13 044 0.23
Nezumia

aequalis 0.45 0.15 0.62 0.14 0.37
Nezumia bairdii  0.12  0.50 0.44 0.49 0.47
Coryphaenoides

rupestris 0.04 0.19 0.08 0.11 0.02
C. carapinus 0.59 0.005 0.30 0.37 0.35
C. armatus 0.000 — 0.05 0.000 0.14

tributed to sampling artifacts and the relatively nar-
row depth range (674 m) of this species.

The analysis of variance showed a significant dif-
ference in mean depths of the head length groups
(F' = 35.9, F(table; @ = 0.01) = 1.79). The Student-
Newman-Keuls test divided the group into two

88

significantly different subsets; one 10-50 mm HL and
the other 51-70 mm HL.

Other macrourids (N. bairdii and N. aequalis) had
high biomass but low numerical abundance at the
deep end of their ranges, indicating the presence of
a few large specimens there. This was not the case
for C. ¢. carminatus (Fig. 5). The occurrence of fish
distributing by size can be obscured if the larger
members of the population traverse the entire range.
The biomass of the species would be elevated at the
shallower depths so that a consistent biomass level
is present throughout the depth range. Comparison
of Figure 4 with Figure 5 shows that although the
mean depth of capture for this species increased with
head length, the larger fish occurred over the en-
tire depth range. This pattern is important because
it shows that for some fishes the “bigger-deeper”
phenomenon described by Polloni et al. (1979) may
really be a “smaller-shallower” phenomenon. A plot
of mean fish weight against depth as used by Polloni
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F1GURE 5—The distribution of log transformed (log (x + 1)) abundance and weight of Coelorinchus ¢. carminatus at each station, plotted
against depth.

et al. (1979) may have a highly positive slope, but
these data are impossible to interpret without infor-
mation about length-frequency patterns with depth.
The temperatures at which C. ¢. carminatus were
captured varied from 4.3° to 11.3°C (Fig. 6). The
average temperature of collection was 7.6°C.

Nezumia aequalis (Gunther 1878)
Nezumia aequalis is a closely related congener of
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N. bairdis and is found primarily south of the study
area (Marshall and Iwamoto 1973). Nezumia ae-
qualis attains a head length of at least 53 mm and
has a depth distribution of 200-1,000 m. Its

FIGURE 6—The temperature range for each species, by cruise. Th
Coelorinchus
carminatus, N.b. - Nezumia bairdii, N.a. - Nezwmia aequalis, C.
- Coryphaenoides rupestris, Ce - Coryphaenoides carapinus, Ci

dot designates the modal temperature, Cec -

- Coryphaencides armatus.
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geographic range is listed as from the Faroe bank
to northern Angola in the eastern Atlantic, the
Mediterranean, and from Davis Straits to northern
Brazil in the western Atlantic (Marshall and Iwamoto
1973).

In the Norfolk Canyon area the depth of capture
of N. aequalis was from 330 to 1,109 m. The greatest
number in a trawl was 40 in November of 1974, and
the highest biomass per trawl was 300 g in Septem-
ber 1975. Nezumia aequalis comprised up to 8.9%
of a trawl catch by number and 3.1% by weight. The
analysis of variance of the mean depths of the head
length groups gave a F' value of 3.32 (F{(table; a =
0.01) = 2.11). The Student-Newman-Keuls analysis
showed only one subset, probably because of the low
sample size Examination of Figure 7 suggests head
length increased with depth, and the slope of the line
was significantly different from zero.

Although its bathymetric range was extensively
sampled, densities were low and few mature speci-
mens were captured (Fig. 8). These findings are in
contrast to the distribution and abundance of its
cogener, N. bairdii, suggesting competitive exclu-
sion. Alternately, Norfolk Canyon populations of N.
aequalis may represent expatriation from denser
populations in the Gulf of Mexico or on the Blake
Plateau.

The temperature range for N. aequalis captured
in the Norfolk Canyon area was from 4.3° to 8.0°C
(Fig. 6). The average temperature of collection was
5.3°C.

Nezumia bairdii (Goode and Bean 1877)

Nezumia bairdii is a relatively small macrourid
with a reported head length of up to 60 mm (Mar-
shall and Twamoto 1973). During our study the head
lengths varied from 12 to 66 mm with the weight
of the largest specimen being 295 g. The geographic
range of N. bairdii extends from the Straits of
Florida north to the Grand Banks (Marshall and
Iwamoto 1973). Nezumia bairdii is captured com-
monly between 90 and 183 m in the northern part
of its range and appears to undergo tropical sub-
mergence because it is found primarily between 548
and 731 m in the southern parts of its range. The
inclusive depth range is 90-2,285 m (Goode and Bean
1885; Marshall and Iwamoto 1978). One anomalous
catch at a depth of 16.5 m was recorded in Vineyard
Sound (Bigelow and Schroeder 1953), but this was
most likely a discard from a commercial fishing
vessel.

Within the study area the depth of capture ranged
from 270 to 1,644 m (Fig. 3). The largest catch in
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a half hour tow was 76 fish and the greatest biomass
per half hour tow was 5.7 kg. Nezumia bairdii com-
prised up to 30% of the demersal fish catch in
number and up to 15% of the biomass.

In the January plot (Fig. 9), the head length in-
creased slightly with depth. The regression line of
the mean depth of each head length class showed
a positive slope significantly different than zero. By
June (Fig. 9) the regression line showed a highly
significant positive slope and three distinct size
groups separated by depth were evident. The first
group included those fish <30 mm HL, the second
group was from 30 to 42 mm HL, and the third group
was >43 mm HL. The head lengths at the start of
maturity for females (27 mm) and males (32 mm) cor-
respond well with the dividing line between size
groups one and two, as defined by depth distribu-
tion. Also, N. bairdii females and males can be fully
mature at 44 and 45 mm HL, respectively (Fig. 10).
These values are close to the division between the
second and third size groups noted above. The three
size groups appear to reflect maturity stages as well
as size differences, and this may contribute to the
bathymetric differences. The first group consisted
of all immature fish that were not found in deep
water in June. The second group could be termed
the transitional group because it included fish that
were just starting to mature and those more highly
developed. Since this group included such a diverse
spectrum of maturity, it encompassed portions of the
depth ranges of both immature and mature fish. The
third group consisted of all mature fish and was not
found in water shallower than approximately 600 m
in June. In September, the larger fish had reached
their deepest limit, and immature N. bairdii were
virtually absent deeper than 1,000 m. By November
(Fig. 9), the largest fish were returning to shallower
water to complete what appears to be a seasonal
migration cycle.

Examination of histological sections of gonads
showed that the only spent N. bairdii were captured
on the September cruise, Although no ripe fish were
caught on any cruise, these spent fish suggest that
N. bairdii spawns in July or August, coincident with
the time when the mature fish are inhabiting their
deepest level.

Marshall’s (1965) hypothesis concerning reproduc-
tion of certain macrourids states that fertilization
takes place at the bottom. Subsequently the eggs,
which are buoyant, develop and hatch on their way
upward to the seasonal thermocline. The larvae then
maintain themselves just below the thermocline, in
order to take advantage of the plankton that tends
to accumulate there in the density gradient. In con-



514

3000 3 Nezumia aequalis
2800

zsoo: 76"0‘ JAN

2400
zzooE n=19
20004 t =7
|aoo:
:sooE
l400:
1200 -
1000
eooE

Hﬂbg H

QOO-J

DEPTH

200 7

3000~
2800
26004 75-08 SEPT
2400
2200: n = 46
20005 t=28
1800
1600
1400 1
1200
1000

DEPTH

= iy

71 1 v 1T LA | v 1T
[} 10 20 30 40 50 &0

HEADLENGTH (mm)

FIGURE 7—Graph of head length versus depth, by cruise for Nezumia ae-
qualis. The dot is the mean, the rectangle is the 95% confidence interval, and

3000
2000 -
2600: 73"0 JUNE
2400
2200
2000 1
1800
1600
I‘OO:
|zoo£
1000
8003 fpﬁ“béﬂ

600
]
400

80
I

DEPTH

2007

4] 10 20 30 40 30 60
3000 ]

2000:
2e00] 74-04 NOV.

2400
ggoo: n= 95
20004 1
1800
ISOO:
1400
|zoo:
1000
800-

600 ég;lﬂ@é‘bi
400
200

DEPTH

T T T T T T Y N S T v T W
o 10 20 30 40 50 60

HEADLENGTH (mm)

the lines enclose the range. n = the number of specimens and t = the number
of trawls.

AVATINOIIVI A0 NOLLNIIYISIF ANV IONVANNEY MOISNN PUB NOLATAQIN



Nezumia aequalis

FISHERY BULLETIN: VOL. §4, NO. 1

w
2 2.0
w
= ° = 73-10
) o g : 74-04
:.J 4 = 75-08
n— X a x = 76-0I
+ o °
° [aY
X e
w 1.0 ~ o o oD
o o
=) X X [AY
" ° aoxg x
s & o 0
2 [a”) X a a
po |
Z L T L] L{ T 1 T T T Ll T T T B
3.0
e [
o ° °
L] L]
a a
]
L 2.0 # | .0 a
- ) x
I 'y X
2 » O x X 0
w
o
o X o a
= -
a x
1.0 oaQ
[-]
[ay
o

T T

T T T T
100 200 300 400 500 600 700 800 900 I000

) T T

T Y T T 1
1100 1200 1300 1400 1500

DEPTH (m)

FiGURE 8—The distribution of log transformed (log (x + 1)) abundance and weight of Nezumia nequalis at each station, plotted against depth.

junction with Marshall’s hypothesis, the advantages
of the type of seasonal migration suggested by our
data are twofold. First, the migration concentrates
the reproductively mature fish in a limited area
thereby increasing the probability of a sexual en-
counter. Second, it allows additional time for develop-
ment of eggs on their rise to the upper layers, and
concurrently lessens the chance that the egg will
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travel through the thermocline and be removed from
the area by the more active surface currents
(although egg density could be such that neutral
buoyancy occurs at the thermocline). If these sug-
gestions hold true, it would be expected that the lar-
vae would benefit from the high productivity and
warmer temperatures of the surface waters and have
enhanced growth. As productivity declines in the late
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fall and the larvae become larger, they would drop
out of the water column to the bottom. Length fre-
quencies of N. basrdii (Fig. 11) suggested that

Nezumia bairdii
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recruitment of young occurred between the months
of November and January. No small N. bairdii were
captured benthically between the proposed deep-
water spawning time and the shallower January
recruitment spike.

The larger N. bairdii occurred deeper than the
small ones (Figs. 9, 12) demonstrating the “larger-
deeper” phenomenon.

The age and growth analysis of N. bairdii
presented many problems. Due to the thickness of
the sacculus otolith a thin cross section had to be
removed from each. After examination of the thin
sections, two problems became apparent. First, all
of the smaller specimens had two hyaline zones.
Because the specimens were obtained on the winter
(January; 76-01) cruise, all had hyaline zones around
the perimeter as expected. There was, in addition,
a well-defined hyaline zone in the interior of all the
otoliths obtained from the smallest fishes available
(€27 mm HL). Subsequently two hypotheses were
proposed: 1) a period of hyaline zone formation (slow
growth) occurred between June-July (spawning) and
January, and 2) young N. bairdii were not available
to our trawl until the second winter hyaline zone was
forming (age about 1.5 yr).

The first hypothesis was discarded because a
period of slow growth within the first 6 mo would
have no apparent selective advantage. It should be
noted, however, that since the larvae of N. bairdii
were probably pelagic, a change from planktonic
feeding to benthic feeding would have occurred dur-
ing that time. Such an ontogenetic change occurs in
related gadid fishes. Musick (1969) described the

Nezumia bairdil
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FIGURE 11—Head length frequency distribution for Nezumia bairdii by cruise. The number above
each cruise indicates the number of specimens.
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ontogenetic transition for Urophycis chuss and sug-
gested that the transition from pelagic to demersal
adaptations in morphology and behavior occurred
within a period of 12-24 h. This short time span
would be unlikely to be reflected in macroscopic
hyaline band formation. Therefore, the second hy-
pothesis appeared more likely, and led to the con-
clusion that the juvenile N. bairdii remained pelagic
until the second winter and then descended from the
water column to the bottom where they were
captured.

Nezumia bairdis

The second problem was that in the older fish (>4
yr) the outer bands were very difficult to define with
any degree of confidence. The percentage of
unreadable otoliths increased from about 5% in fish
<4 yr to about 50% in fish >4 yr. The mean head
length of N. bairdii with four bands was 42.7 mm,
the size at the onset of sexual maturity. Growth may
have slowed down to compensate for the energy
needed for reproduction, and produced spatially
close and obscure hyaline zones. Therefore spawn-
ing checks may have had considerable influence on
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the interpretation of the hyaline zones.

Using the length at age data, a Walford growth
transformation graph was plotted (Beverton and
Holt 1957). Instead of calculating the L_, we used
our largest specimen (66 mm HL ). The estimate of
Brody’s coefficient (K) obtained from this graph was
0.276. Using the Walford graph, the head lengths
for those presumed ages >4 yr could be iteratively
generated. This method gave a maximum age of ap-
proximately 11 yr. The von Bertalanffy growth equa-
tion for length was

L, = 66 (L — ¢™0276(T+018)),

Rannou (1976) studied the age and growth of a
congener (N. sclerorhyncus) that occupies a similar
depth range in the western Mediterranean. He
calculated a K coefficient of 0.16 and an L _, of 42.31
mm HL. Thus, although this species is smaller than
N. bairdii, it has a much slower growth rate, prob-
ably attributable to lower productivity in the western
Mediterranean compared with the slope off the mid-
Atlantic coast of the United States (Koblentz-Mishke
et al. 1970).

The length-weight regression for N. bairdii (Fig.
2) was analyzed. The solution of the line for N. bair-
dii males was log (weight) = 0.038 (head length)
+ 0.083, 2 = 0.810, and for females it was log
(weight) = 0.085 (head length) + 0.216, 2 = 0.760.

These length-weight relationships are not unlike
those summarized by Gordon (1979) for other small
macrourids (Coelorinchus coelorinchus, C. ocea, and
Nezumia aequalis).

In summary, larger N. bairdii were captured
deeper and the minimum and maximum depths of
capture off the mid-Atlantic coast were 270 m and
1,644 m. The fish seasonally migrated to deeper
water with the mature fish occurring deeper than
immature fish. The males matured at about 45 mm
HL and the females became mature at 44 mm HL.
Nezumia bairdii probably spawned pelagic eggs in
July and August and the young apparently remained
pelagic until the second winter (January), when they
first appeared in bottom trawls. The maximum age
of N. bairdii was presumed to be 11 yr. The
temperature range for N. bairdii was from 3.7° to
10.0°C, with the average temperature of capture
being 5.3°C (Fig. 6).

Coryphaenoides rupestris (Gunnerus 1765)
Coryphaenoides rupestris is a large macrourid that
reaches a total length of about 100 cm (Savvatim-

skii 1971; Nodzinski and Zukowski 1971; Marshall
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and Iwamoto 1973), and is found on both sides of
the North Atlantic. In the eastern North Atlantic
it ranges from the Trondhjem area to the Bay of
Biscay. In the western North Atlantic it is reported
to occur from Davis Strait to ca. lat. 37°N (Marshall
and Iwamoto 1973), although two specimens (81 and
100 mm HL) were captured by C. Richard Robins®
at lat. 23°29.8-32.0'N, long. 77°05.5'W. The depth
distribution of C. rupestris varies from about 180
to 2,200 m (Leim and Scott 1966) with highest abun-
dance occurring between 400 and 1,200 m (Marshall
and Iwamoto 1973).

Coryphaenoides rupestris is rarely used as a food
fish in the United States, but the German
Democratic Republic, the Soviet Union, and Poland
fish commercially for it in the western North Atlan-
tic. In 1968, the Soviets recorded a harvest of 30,000
tons of C. rupestris off Labrador, Baffin Island, and
Greenland (Nodzinksi and Zukowski 1971). The
catches of this macrourid were reported to increase
during the second half of the year as the catches of
redfish and cod decreased (Savvatimskii 1971).

Coryphaenoides rupestris was captured in the Nor-
folk Canyon area at depths of 578-1,698 m (Fig. 3).
Savvatimskii (1971) reported that C. rupestris is
known to form dense aggregations off the coast of
Labrador. In November 1974 an anomalous catch of
over 6,000 C. rupestris with a total weight >1,000
kg was obtained in a half hour tow in the Norfolk
Canyon area. A random subsample of 1,000 speci-
mens was examined and no sexually mature fish
were found. Although the head length ranged from
59 to 110 mm, the length-frequency curve was
strongly unimodal at 76 mm. The greatest number
and biomass of C. rupestris caught in “normal” half
hour tows was 128 fish comprising 89% of the in-
dividuals and 68 kg, and representing 65% of the
total catch by weight. The largest specimen captured
had a head length of 155 mm.

The head length distribution by depth and by
cruise (Fig. 13) suggested a mass movement of C.
rupestris toward deeper water during the summer
months, and a reciprocating movement to shallower
water in the winter. In January, the majority of C.
rupestris was captured between 700 and 800 m,
while in June and September there appeared to be
a movement toward deeper water. By November the
depths of capture decreased and were similar to
those of January, and the slope of the head length-
depth regression for C. rupestris was significantly

5C. Richard Robins, Rosenstiel School of Marine and Atmospheric
Science, Division of Biology and Living Resources, 4600 Ricken-
backer Causeway, Miami, FL 33149.
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different from zero. There was no apparent seasonal
size segregation evident as in Nezumia bairdii, but
the graph of numerical abundance against depth also
indicated a general seasonal movement down slope
in September (Fig. 14). Similar seasonal movements
have been shown by Savvatimskii (1971) off
Newfoundland.

Females may be mature from about 104 mm HL
and males from 71 mm HL (Fig. 15).

Podrazhanskaya (1971) supported Zarkharov and
Mokanu's (1970) theory that C. rupestris spawns in
Icelandic waters. She stated that C. rupestris spawn
near Iceland and the Irminger Current could
transport the eggs and larvae to Greenland. From
Greenland the western branch of the West Green-
land Current would transport larvae to Baffin Island
where the Labrador Current would move the fish
down to the Newfoundland banks. When the fish in
the Newfoundland area attain a size of 40-50 ¢cm total
length (TL), they start to migrate back to Iceland.
Podrazhanskaya gave the modal lengths for C.
rupestris in each area. The smallest fish (modal TL
of 45-47 em) were found on the Northern Newfound-
land bank and the largest (modal TL: of 98-100 ¢cm)
were found around Iceland. Fish from between Baf-
fin Island and West Greenland had modal lengths
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of 60-62 and 78-80 cm, respectively. Podrazhanskaya’s
(1971) modal-length data for each area in conjunc-
tion with Savvatimskii’s (1971) age and growth data
reveal that the modal-length fish off the Newfound-
land banks are about 6 yr old, off Baffin Island they
are 9-10 yr, around Greenland they are 15-16 yr, and
at Iceland they are over 20 yr. If a spawning migra-
tion occurs, it does not preclude spawning by some
members of the population not undergoing migra-
tion, thereby accounting for the small percentage of
ripening fish to be found outside of their primary
spawning area.

If Podrazhanskaya's migration theory is valid, some
interesting observations can be made. First, the C.
rupestris found on the east coast of the United
States may be derived from the larvae that failed
to metamorphose by the time they reached the New-
foundland banks and continued to drift southwest.
The predominant currents move south and west from
Newfoundland to Cape Hatteras (Worthington 1964;
Webster 1969; Gatien 1976), thereby affording a
means of transport for unmetamorphosed larvae
(Wenner and Musick 1979). Additionally, the modal
length for the 7,011 C. rupestris caught in the Nor-

Coryphaenoides rupestris
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folk Canyon area was 46 cm, exactly that which was
found for C. rupestris in the Newfoundland bank
area. However, no small C. rupestris were captured
in the Norfolk Canyon area. We found only 2 fish
with a head length <40 mm (24 cm TL) and only 10
fish with head length <50 mm (30 em TL).

The regression line for head length against log
(weight) (Fig. 2) was analyzed. The solution for C.
rupestris males was log (weight) = 0.023 (head
length) + 0.82, > = 0.898, and for females it was
log (weight) = 0.018 (head length) + 1.16, v =
0.885.

Unfortunately these length-weight data cannot be
compared directly with those summarized by Gor-
don (1979) because we measured head lengths in our
study and he gave standard lengths. We do not have
the data at present to compute the regression for
head length on standard length for this species.

Temperatures at which C. rupestris were captured
near Norfolk Canyon ranged from 3.7° to 5.7°C
(Fig. 6). The average temperature was 4.9°C.

Coryphaenoides rupestris does not follow the
“larger-fewer-deeper’’ pattern shown for N. bair-
dii in Norfolk Canyon because it migrates seasonally
(Fig. 16) and the larger specimens traverse the en-
tire bathymetric range (Fig. 13).

In summary, C. rupestris migrated seasonally to
shallower water in the fall and early winter. Catch
per unit effort increased in the fall and winter, and
a dense aggregation was found in the fall. Podra-
zhanskaya’s (1971) spawning and migration theory
appears feasible but further intensive study is need-
ed. No ripe, running, or spent fish were captured
in the Norfolk Canyon area out of 7,011 individuals
examined. There was a trend for the larger C.
rupestris to range deeper but not to the degree that
was found in N. bairdii. It appears that the distribu-
tion of C. rupestris was more closely related to
temperature than to depth, the species being found
mostly within the 4°-5°C range.

Coryphaenoides carapinus (Goode and Bean 1883)

Coryphaenoides carapinus is another small
macrourid which grows to about 390 mm TL, and
is found on the lower slope and abyss from 1,000 to
3,000 m (Haedrich and Polloni 1976). In the western
North Atlantic it has been found between Nova
Scotia and Cape Hatteras (lat 37°N) and in the
eastern Atlantie from lat. 50°N to the Equator. Cory-
phaenoides carapinus has also been reported
from the mid-Atlantic ridge (Marshall and Iwamoto
1973).

In the Norfolk Canyon area C. carapinus was cap-

tured at 1,108-2,767 m (Fig. 3). The largest number
caught in one trawl was 37 (total weight 550 g).
These were captured in September 1975 at a depth
of 1,803 m. Coryphaenoides carapinus comprised up
to 23.4% of a catch in number, but only 4.3% in
biomass. The maximum size captured was 90 mm
HL.

Coryphaenoides carapinus tended to be larger at
the lower end of its depth range (Fig. 17). The slope
of the regression line for head length with depth was
significantly different than zero. The coefficient of
determination was 0.346.

Figure 18 displays low numbers and high vari-
ability in the capture of C. carapinus in relation to
depth. The phenomenon of fewer, larger fish at the
deeper part of the bathymetric range was evident
but obscured because of the relatively small size of
C. carapinus, low numbers, and contagious
distribution.

Coryphaenoides carapinus was taken at temper-
atures of 2.5%4.2°C with the average temperature
being 3.7°C (Fig. 6). Some overlap in distribution
with depth and temperature occurred among C.
carapinus, C. ermatus, and C. rupestris. Because
C. carapinus is a small species and mostly a ben-
thic feeder (Haedrich and Polloni 1976) and C. ar-
matus and C. rupestris are large species that forage
into the water column (Podrazhanskaya 1971;
Haedrich and Henderson 1974; Smith et al. 1979),
competitive interaction is probably low.

Coryphaenoides armatus (Hector 1875)

Coryphaenoides armatus is cosmopolitan in distri-
bution, being found in all oceans except the Arctic.
It commonly is found from 2,200 to 4,700 m, with
a few specimens being captured as shallow as 282
m (Marshall and Iwamoto 1978). Larger individuals
have been shown to forage off the bottom for pelagic
prey (Haedrich and Henderson 1974; Pearcy 1975;
Smith et al. 1979). Coryphaenoides armatus attains
a size of 165 mm HL and over 870 mm TL (Iwamoto
and Stein 1974). The largest specimen captured in
Norfolk Canyon was 146 mm HL. Although C. ar-
matus is one of the deepest living macrourids, it is
rather well-known biologically because of its broad
distribution and availability to deepwater trawls
(Haedrich and Henderson 1974; Pearcy and Ambler
1974; McLellan 1977; Smith 1978).

. Coryphaenoides armatus was taken in every sue-

. cessful trawl from 2,100 m to our deepest trawl of

38,083 m in the Norfolk Canyon area and virtually
was confined to below the 3°C isotherm (Fig. 3). In
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against depth.

one trawl C. armatus comprised 92.7% of the bentho-
pelagic fish numbers and 93.4% of the biomass. In
a 1-h trawl the maximum number captured was 76
and the maximum biomass was 21.2 kg.

No increase in fish size with increased depth was
evident in the data (Fig. 19) (Table 1), and the slope
of the regression line for head length with depth was
not significantly different from zero. However, known
depth range of C. armatus was incompletely sam-
pled in this study, and further samples from greater
depth may lead to other conclusions.
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The distribution of numerical abundance and
weight with depth are shown in Figure 20. Cor-
yphaenoides armatus increased in abundance from
2,100 to 2,600 m, beyond which its abundance re-
mained constant.

The regression lines for head length against log
(weight) were analyzed (Fig. 2). The solution for
males was log (weight) = 0.017 (head length) +
0.956, 2 = 0.967, and for females it was log
(weight) = 0.016 (head length) + 1.029, 72 = 0.972.

The maturity stages of C. armatus against head
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lengths are shown in Figure 21. No mature males
were found, but the females matured at about 78 mm
HL. Coryphaenoides armatus was captured in
temperatures ranging from 2.3° to 3.3°C (Fig. 6).
The majority of individuals, however, were caught
between 2.4° and 2.9°C during the study and the
average temperature was 2.6°C.

b4

Distribution of Macrourids With
Temperature

Depth distribution has been used commonly
throughout the literature to delineate the habitat of
various fishes, including macrourids (Macpherson
1981). The temperature ranges for each species in
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the present study showed some overlap, but the
temperatures at which the population modes were
found were fairly discrete except for Nezumia ae-
qualis, Nezumia bairdii, and Coryphaenoides
rupestris.

In Figure 6 the relationship of species with
temperature is more clearly defined. The minimum
temperature of each species remained fairly constant
as did the maximum and modal temperature for
those species in which there was no indication of
seasonal migratory patterns (Coelorinchus car-
minatus, Coryphaenoides carapinus, C. armatus).
The 3.5°C minimum temperature found for C.
carapinus in June was probably not accurate since
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the deepest trawl of that cruise did not encompass
the entire range of C. carapinus. Similarly, the
minimal temperatures for C. armatus may not be
representative.

Competition Among Macrourids

Competition among macrourids in the Norfolk
Canyon region is probably minimal because the
species differ in body size and feeding strategies or,
if feeding strategies are similar, the species have dif-
ferent distributions with temperature and depth.
Close congeners such as Nezumsia bairdii and N.
aequalis might be expected to occupy similar depth



MIDDLETON and MUSICK: ABUNDANCE AND DISTRIBUTION OF MACROURIDAE

Coryphaenoides ar

] -

N

. ==

3 [==4

21 == |—:_b—-|
w o —e e reren
w0 ——
'§- W [}

5+ ==

. —==

3 —=

2 H=E—

b F==)]

04— v
a0 %0 6 7 80 9% 00 10

HEAOLENGTH

FIGURE 21—The gonadal maturity stages plotted against head
length for Coryphaenoides armatus.

and temperature ranges; however, the N. aequalis
in this area were at the northern limit of their
geographic range, occurred in small numbers, and
may have been in direct competition with N. bair-
dii. Although C. rupestris also occupied the lower
section of the two Nezumia spp. temperature and
depth regimes, direct competition was probably
low because of their dissimilarity in mouth size and
morphology and related differences in diet
(Podrazhanskaya 1971; Geistdoerfer 1975; McLellan
1977).

Abundance and Density of
the Family Macrouridae

In the study area the abundance of macrourids,
in water shallower than 2,000 m, was fairly constant
with respect to other bottom fishes. The average per-
cent of macrourids by number in each cruise was
16.6% in cruise 73-10 (June), 15.0% in 74-04
(December), 14.6% in 75-08 (September), and 18%
in 76-01 (January). The major peaks of abundance
were found between 300 and 400 m, where Coelorin-
chus ¢. carminatus was present, and around 800 m
where the complex comprised of Nezumia aequalis,

N. bairdii, and Coryphaenoides rupestris dominated
(Fig. 22). In depths of over 2,000 m the numerical
dominance of C. armatus was evident. Some of the
minor inflections can be attributed to the contagious
distributions displayed by these fishes.

The graph of macrourid biomass (Fig. 23), as per-
cent of the catch, was similar to that for numerical
abundance except for a shift in biomass from 800
m to below 1,000 m between January and June. This
was probably because of the seasonal movement of
the larger macrourid Coryphaenoides rupestris. Be-
tween about 1,400 and 2,200 m, macrourids made
up a very small portion of the biomass, although
their percent by number was comparable with lesser
depths. The dominant macrourid in this area, C.
carapinus, was small, and Antimore rostrata, a
large morid, was the most abundant member of the
benthie fish community from 1,300 to 2,500 m (Wen-
ner and Musick 1977). In depths >2,200 m the
biomass of C. armatus steeply increased with depth,
until it was the predominant member of the benthic
community.

All the macrourid species, with the exception of
C. rupestris, maintained a fairly constant numerical
distribution from cruise to cruise. There was ap-
parent variability for C. carapinus and C. armatus,
but this was due to the small number of samples
from deeper areas. Distribution of macrourids as the
percent of catch revealed a gradual replacement of
species with depth, and the predominance of C. ar-
matus in depths >2,500 m.

Macrourids made up a major numerical portion of
the benthic fish community from 300 m to the
deepest station at 3,083 m. Macrourids were also
a main component of the biomass of the commu-
nities from 300 to 3,083 m, excluding the 1,300-
2,500 m range where the morid, A. rostrata,
dominated.

Although Macrouridae is a dominant family in the
Norfolk Canyon area, the potential for a fishery is
essentially nonexistent. Coryphaenoides rupestris is
the only species which attains an appreciable size
in the mid-Atlantic area; a modal length of 46 cm
TL. However, this size is much smaller than typically
found in the North Atlantic and the density of
organisms is generally low (normally <0.86 in-
dividuals/1002). In addition, C. rupestris demon-
strates a tropical submergence, being found deeper
in lower latitudes. The depth range of this species
in the Norfolk Canyon area (578-1,698 m), combined
with smaller size and lower density of organisms, in-
dicate that a commercial fishery would not be
economically feasible.
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Comparison With Other Studies

The comparison of this study with others in the
North Atlantic lends support to Marshall and
Iwamoto's (1973) hypothesis that the greatest diver-
sity of macrourids is in the bathyal tropical regions.
The number of macrourid species declines from
tropical to boreal regions. Marshall and Iwamoto
(1973) reported 32 macrourid species from the Carib-
bean and Gulf of Mexico, but only 22 species were
captured during our study (Table 2). Bullis and
Struhsaker (1970) found that Macrouridae was one
of the dominant families on the western Caribbean
slope between 201 and 400 fathoms (368-732 m). The
deepest stratum sampled was 451-500 fathoms
(825-914 m), and macrourids (9 species) comprised
about 67% of the individuals captured within these
depths. Within the same depths in the Norfolk Can-
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yon area the dominant macrourids (4 species) con-
tributed about 31% to the total catch.

Merrett and Marshall (1981) remarked on the high
diversity (and apparent resource partitioning) of
macrourids from a tropical upwelling area off north-
west Africa and reported 26 species from there. They
found 18 species on the slope (1,600 m), including
four species of Nezumia. Bathygadine macrourids
were important off Africa but virtually absent in our
study area. Thus macrourid diversity is probably
highest on the continental slope in the tropics, par-
ticularly in areas of higher productivity. In addition,
high diversity is manifested there at several tax-
onomic levels, from the species to the subfamily.

Haedrich et al. (1975) reported the capture of 121
macrourid specimens (3 species) in 29 trawls off
Southern New England. Their trawl depths ranged
from 141 to 1,928 m. Their findings were similar to
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TABLE 2—Species captured during study, with total number and total weight.

Total Total
Total weight Total weight
Species number (9) Species number [(+)]
Coelorinchus ¢. carminatus 1,827 38,597 Coryphaenoides colon’ 1 20
Coelorinchus caribbaeus! 10 419 Coryphaenoides leptolepis 12 4,922
Coelorinchus occa' 1 2 Ventrifossa occidentalis 60 1,449
Nezumia aequalis 285 4,041 Ventrifossa macropogon 1 8
Nezumia bairdii 2,222 72,865 Hymenocephalus gracilis’ 1 1
Nezumia longebarbatus? 12 1,299 Hymenocephalus italicus' 1 12
Nezumia sclerorhyncus 1 8 Bathygadus favosus 2 —
Nezumia cyrano! 1 - Bathygadus macrops' 1 22
Coryphaenoides rupestris 7,120 1,229,304 Sphagemacrurus grenadae? 4 30
Coryphaenoides carapinus 213 4,703 Macrourus bergiax? 2 4,470
Coryphaenoides armatus 391 120,456 Gadomus dispart 1 -

1Range extension from the Gulf of Mexico-Caribbean area.
2Also reported by Haedrich and Polloni (1974).
3Range extension from Boreal Northwest Atlantic.



those in the present study within the 350-1,100 m
depth interval. Respectively, the family Macrouridae
accounted for 21% and 22.4% of the fishes captured
in these depth intervals.

Haedrich and Krefft (1978) studied the fish fauna
in the Denmark Strait and Irminger Sea. In the five
fish assemblages that they reported, macrourids
were abundant in the 2,026-2,058 m assemblage
(22.4%) and very dominant in the 763-1,503 m
(48.3%) and 493-975 m (55.4%) assemblages.
Macrourids were conspicuously absent from their
group three assemblage, although it was well within
macrourid depth and temperature range (280-776 m,
1.427.4°C). An interesting aspect of Haedrich and
Krefft's (1978) study was evident in their group two
assemblage. Coryphaenoides rupestris was the
highly dominant fish (48.83%) in this group, and the
temperature range of this group (8.925.6°C) corre-
sponded closely to the temperature range we found
for C. rupestris in the present study (3.725.7°C).

Pearcy et al. (1982) summarized data on deep-sea
benthie fishes collected over several years off Oregon
(Day and Pearcy 1968; Pearcy and Ambler 1974).
Iwamoto and Stein (1974) reported 11 species of
macrourids from the northeast Pacific and Pearcy
et al. (1982) recorded 8 of these off Oregon. A com-
parison of these data with ours shows that the
greatest contrast in the two areas is on the upper
and middle slope (500-1,000 m) where five common
species are regularly encountered in the western
Atlantic (Coelorinchus c. carminatus, Nezumia bair-
dii, C. aequalis, Coryphaenoides rupestris, and Ven-
trifossa occidentalis), but Pearcy et al. (1982) record-
ed no macrourid as common. This faunal difference
may be due to the high density off Oregon of scor-
paeniform and lycodine fishes, many of which may
fill niches on the upper slope occupied by macrourids
elsewhere, The macrourid fauna in depths >2,000 m
have many similarities to our study. Coryphaenoides
armatus becomes increasingly dominant below this
depth and often is the only species captured deeper
than 3,000 m in both areas (see also Musick and
Sulak 1979). Among other macrourid species Cory-
phaenoides leptolepis is usually second or third in
abundance at abyssal depths in both regions (Musick
and Sulak 1979).

This distribution pattern is very different from
that reported for the continental rise in the tropics
off west Africa (Merrett and Marshall 1981) where
C. armatus and other large rat tails were very rare.
Marshall and Merrett (1981) speculated that the rari-
ty of large predatory scavengers in the upwelling
area they studied might be because of the com-
petitively superior fishes of small size which were
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better adapted to use the constant abundant food
supply there. This speculation is not supported by
data from the southern Sargasso Sea and Bahamas
(Musick and Sulak unpubl. data), a tropical region
quite low in productivity, in which large rat tails, such
as C. armatus, are also very rare, The virtual absence
of C. armatus from tropical abyssal areas may be
due instead to some restriction on the life history
of the species. Musick and Sulak (1979) have sug-
gested that this species (along with some other large
species of predator/scavenger such as C. rupestris
and Antimora rostrata) may migrate to boreal areas
to spawn, The tropics may be too far removed from
such spawning areas for individuals to successfully
return.
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DIFFERENTIATION OF PRIONOTUS CAROLINUS AND
PRIONOTUS EVOLANS EGGS IN HEREFORD INLET ESTUARY,
SOUTHERN NEW JERSEY, USING IMMUNODIFFUSION

WALTER J. KEIRANS! SIDNEY S. HERMAN,2 AND R. G. MALSBERGER?

ABSTRACT

Immunochemieal techniques were used to classify the planktonic eggs of Prionotus carolinug (northern
searobin) and Prionotus evolans (striped searobin) collected from a southern New Jersey estuary. Results
of immunochemieal identifications were compared with identifications based upon the commonly used
morphological character of egg oil globule distribution. An average identification error of 22.8% was found
when results using this conventional morphological characteristic were compared with immunediffusion
results. Improved accuracy of searobin egg identification can be achieved in future ichthyoplankton studies
by using immunochemical techniques. A similar application of immunochemical identification techniques
should also better resolve classification uncertainties among other morphologically similar co-temporal

and co-spatial planktonic fish eggs.

The accuracy of ichthyoplankton analysis is often
limited by the lack of reliable, distinguishing, mor-
phological characteristics that are useful for identi-
fying fish eggs and larvae. Conventional character-
istics used to identify fish eggs include egg and oil
globule diameters; number, distribution, and pigmen-
tation of oil globules; and pigmentation patterns on
developing embryos. However, overlapping diameters
of eggs and a similar if not identical number of oil
globules with comparable pigmentation and size
among closely related species impose a relatively
high degree of uncertainty concerning the identity
of planktonic fish eggs from many areas. Increased
accuracy has been more recently achieved through
the analysis of fish eggs using biochemical, im-
munological, and ontogenetic methods. Morgan
(1975) examined electrophoretic patterns of white
perch and striped bass egg extracts and found dif-
ferentiation was possible on this basis. Orlowski et
al. (1972) differentiated cunner, Tuutogolabrus ad-
sperus, from tautog, Tautoga onitis, eggs using
monospecific antisera in microimmunodiffusion
analyses. The technique was especially useful with
early stage eggs which were morphologically iden-
tical. Ontogenetic methods allow careful study of
laboratory-reared eggs and larvae of known paren-
tage to document species-specific developmental
histories. These studies may provide new distin-
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guishing morphological features for future egg iden-
tifications. However, additional means are required
where well-documented features shared with other
species do not provide adequate differentiation of
field-collected eggs.

This paper is a report on the results obtained from
a microimmunodiffusion analysis which successful-
ly differentiated the planktonic eggs of the north-
ern searobin, Prionotus carolinus, from those of the
striped searobin, Prionotus evolans, which were col-
lected from the Hereford Inlet estuary, southern
New Jersey, between May 1973 and September 1974
(Keirans 1977). Identifications based separately upon
immunochemical and morphological evidence were
also compared to evaluate the reliability of differen-
tiations based entirely upon conventional mor-
phology. Prionotus spp. were selected in our study
first because the searobins represent a large
breeding population which appears co-temporally
and co-spatially near shore to provide an abundant
source of gravid adults. Eggs of known parentage
became readily available for preparation of ex-
perimental reagents and specimens. Secondly, this
study would expand the application of microimmuno-
diffusion analysis to species differentiation as an ex-
tension of the study of Orlowski et al. (1972), which
documented differentiation of eggs from two genera.
Finally, the identification of Prionotus spp. ova has
never been properly resolved.

Prionotus earolinus ova were described by Kuntz
and Radcliffe (1918) as highly transparent but slight-
ly yellowish spherical eggs ranging from 1.0 to 1.15
mm in diameter. The yolk sphere contained a
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variable number of 10 to 25 unequal-sized oil globules
scattered over the yolk surface which showed some
tendency toward aggregation with progressing
development. The diameter range was extended
from 0.94 mm to 1.20 mm by Bigelow and Schroeder
(1958) and Wheatland (1956), respectively. The up-
per diameter limit extension was verified by Her-
man (1968). Prionotus evolans ova have never been
positively identified. Perlmutter (1939) made a ten-
tative identification, later accepted by Marshall
(1946), from ripe ova stripped from gravid females
collected in Long Island Sound and described as
having similar appearance and diameter as northern
searobin eggs, but with oil globules clustered at one
pole rather than dispersed across the yolk sphere
surface. This singular observed morphological dif-
ference of oil globule distribution pattern has beer
used as the primary distinguishing characteristic
between ova of Prionotus carolinus and Prionotus
evolans.

MATERIALS AND METHODS

Conventional Identifications

Field-collected, buffered Formalin3-preserved
plankton samples were physically sorted for all
ichthyoplankton using forceps under a dissecting
microscope, and the criterion of oil globule distribu-
tion differences established by Perlmutter (1939) was
used to tentatively separate P. carolinus from P,
evolans eggs. The annual cycle and species composi-
tion aspects of the field-collected samples using con-
ventional means for egg and larval identifications
have been submitted elsewhere for publication.

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

Antigens and Immunizations

Antigen preparations from both species of
searobin eggs were generated using the techniques
developed by Orlowski et al. (1972) with ovarian
tissue from ripe adults and immature individuals.
The four antigen preparations presented in detail in
Table 1 were each used to elicit immune responses
in at least two New Zealand white rabbits to improve
the probability of obtaining useful antisera. Preim-
mune serum samples were obtained from each
animal to establish that no reactivity with antigen
existed prior to immunization.

The soluble protein antigens of Prionotus evolans
(PeSP) and Prionotus carolinus (PcSP) were injected
intravenously in 4.7 and 4.8 mg protein doses (stan-
dard biuret analysis), respectively, to begin the im-
munization program. Maintenance injections of 2 mg
protein followed on a weekly basis. Blood samples
were obtained by cardiac puncture 8 wk following
the first injection and the presence of precipitating
antibody was demonstrated by the standard precip-
itin ring test (Abramoff and LaVia 1970). Additional
monthly cardiac puncture samples were monitored
by quantitative double diffusion (Feinberg 1957) until
after about 12 wk; a titer of 32 was reached in all
animals receiving soluble antigens when sera were
tested with 40 ug homologous antigen.

Particulate protein antigens from macerated
ovarian tissue of northern (PcPP) and striped (PePP)
searobins were prepared in a 1:1 emulsion with
Freund's complete adjuvant (Cappell Laboratories).
PcPP (8 mg) and PePP (10 mg) protein preparations
were injected subcutaneously along several bilateral
dorsal sites on New Zealand white rabbits. Rabbits
injected with Freund’s complete adjuvant developed

TABLE 1.—Antigen characterization and nomenclature.

. " Titer
Antigen Range protein Method -
sourcg and ooncg:en?ration of Immunization route and dose. o, Gomplement
Species designation {mg/mL) determination Initiation Maintenance  diffusion fixation
Prionotus carolinus  Mature ova 8-15 Biuret Intravenous Intravenous 32
Northern searobin (PcSP) (4.7 mg) (2 mg)
Immature 15-40 Microkjeldahl Subcutaneous  intravenous 1,280
follicular (8 mg) (2 mg)
material
(PcPP)
Prionotus evolans Mature ova 8-15 Biuret Intravenous Intravenous 32
Striped searobin (PeSP) (4.8 mg) (2 mg)
Immature 15-40 Microkjeldahl Subcutaneous  Intravenous 1,280
follicular (10 mg) (2 mg)
material
(PePP)
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Arthus reactions following a single dose. Subsequent
injections were accomplished intravenously using
Millipore (0.45 um) filtrates of PcPP and PePP. Titers
were monitored utilizing the standard complement
fixation assay because of the particulate consisten-
cy of the macerated antigen preparation (Kabat and
Mayer 1961). Maximum titers of 1,280 were obtain-
ed after about 10 wk with immunizations using PcPP
or PePP.

Antiserum Specificity

Antisera elicited in response to both soluble and
particulate antigens were multicompetent and ex-
hibited cross-reactions with heterologous antigens.
The presence of common antigens between the
northern searobin and striped searobin ovarian
material preparations required the specific adsorp-
tion of antisera with these shared antigens to render
a given antiserum monospecific (Eisen 1974).
Although antisera elicited in response to particulate
protein antigens exhibited precipitation reactions in
agar with both soluble antigens and extracts of par-
ticulate antigens from the two species under con-
sideration, they were not competent in reactions with
homologous fish eggs. Therefore, since the selected
method for analysis of planktonic eggs was immuno-
diffusion, only antisera elicited in response to solu-
ble antigens were used in all analyses of unknowns.
Specific adsorption of common antigens shared by
northern and striped searobins was accomplished by
adding PeSP to antisera elicited in response to PeSP
and vice versa. Adsorption lots of 1.5 mL anti-PeSP
antisera combined with 70 uL PeSP (0.65 mg pro-
tein) were incubated at 4°C for 48 h prior to use.
This adsorption eliminated all reactivity of anti-PeSP
antisera with both PcSP and known ova of P
carolinus, without significantly reducing activity
with ova of P, evolans. This specifically adsorbed anti-
PeSP, which reacted solely with known homologous
ova of P. evolans under controlled conditions, was
used as the basis for differentiation of northern and
striped searobin eggs. Species-specific anti-PeSP
antisera capable of 100% accuracy in differentiating
known ova of both searobins was the reagent selected
for use in all immunodiffusion analyses.

Microimmunodiffusion Analysis

Unknown planktonic fish eggs were analyzed with
monospecific anti-PeSP antiserum in a micromodi-
fieation of the immunodiffusion technique (Ridgeway
et al. 1962). Microscope slides (2.5 x 8 cm) were
washed, rinsed first in distilled water and then

methanol, and wiped dry. Two milliliters of 1% No-
ble Agar (Difco) in FA-Bacto buffer (Difco), pH 7.2,
were applied across each slide on a leveling table and
allowed to harden. Slides were then placed over a
template and wells cut using a Brewer needle with
beveled inner surface (Ridgeway et al. 1962).

Agar plugs were removed from wells by aspiration.
Reagents were applied with either 1 mL syringes
(Burron) or sterile capillary pipettes, and 0.005 to
0.01 mL was required to fill each well. A typical
testing array appears in Figure 1, where corner wells
contain unadsorbed antiserum, the central well con-
tains adsorbed or monospecific antiserum, and re-
maining wells contain individual fish eggs which have
been broken using jeweler’s forceps. FA-Bacto buf-
fer was applied to each well following egg disrup-
tion, and slides were allowed to incubate in moist
chambers for 18 h at 20°C. Slides were then washed
for 24 h in FA-Bacto buffer, and stained according
to the method of Crowle (1958). Results were always
recorded at a fixed time interval following slide
preparation to insure comparability from one deter-
mination to another.

RESULTS AND DISCUSSION

A total of 732 searobin ova were recovered from
plankton samples collected in the 1973-74 period.
The combined morphological characteristics of egg
diameter, number, color, and distribution of oil
globules, and embryo pigmentation when present,
allowed the separation of searobin eggs from those
of other species with reasonably high confidence.
Preliminary classifications of Prionotus ova into
either evolans or carolinus species was based upon
differential oil globule distribution patterns reported
by Perlmutter (1939). Striped searobin, P evolans,
eggs were placed into one grouping based upon a
polar or clustered oil globule distribution, and north-
ern searobin, P. carolinus, eggs placed into a second
group having oil globules generally dispersed across
the yolk sphere.

Each tentatively classified egg was then analyzed
in the microimmunodiffusion method illustrated in
Figure 1, to establish the immunochemical reactivity
of soluble egg antigens with adsorbed and unadsorb-
ed anti-PeSP antisera. When soluble P, evolans egg
antigens were sufficiently concentrated, a classical
line of identity was observed with fusion of precipitin
bands between adsorbed and unadsorbed anti-PeSP
wells. Identification of P. carolinus eggs was based
upon reactivity with unadsorbed anti-PeSP anti-
serum and no reactivity with adsorbed anti-PeSP.
Previously established reactivity of unadsorbed anti-
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FIGURE 1—Testing array (10x). C: Prionotus carolinus ovum (1.00 mm); E: Prionotus evolans ovum (1.00
mm); A,: Anti-PeSP antiserum (adsorbed: 0.20 mL antiserum: 0.11 mg PeSP protein); Ay: Anti-PeSP antiserum
(unadsorbed). Specific adsorption of cross-reactive antibodies has occurred with PeSP, rendering anti-PeSP antiserum
(A,) incompetent to react with antigens of Prionotus carolinus ova (C), indicated by the lack of precipitin bands
about the central well adjacent to (C) egg wells. Corner wells contain multicompetent, unadsorbed anti-PeSP antisera.

PeSP with known P, carolinus eggs was considered
sufficiently definitive for its use in differentiating
P. carolinus from P. evolans ova.

TABLE 2.—Immunochemical classification of
Prionotus spp. eggs collected in plankton

g dhal samples.
The immunochemical classifications derived from ~
this a-l,r?aly?is indicated that an average 22.3% mis- Slareioe Range
classification error had been made when eggs were Date (mm) (mm) n
differentiated solely on the basis of oil globule Prionotus carolinus
distributions. An approximately equal number of 1973
both northern and striped searobin eggs had been May 116 1.021.24 M
ol northern and striped searobin eggs June 106 1.001.21 10
mistakenly identified, based upon oil globule July 1.08 1.05-1.10 3
sstributi ) ot August 1.02 0.92-1.18 312
dlstrlb.utlon pattern§. The final classification based September 0.99 090105 32
upon immunochemical data was 406 ova of P 1974
carolinus and 326 ova of P. evolans. July 0.98 0.95-1.02 13
It was confirmed that egg diameters could not August 096 092102 3
. T . . September 0.99 0.92-1.02 29
serve as a reliable characteristic for species classi- Prionotus evolans
fications by retrospectively analyzing diameters of 1973
immunochemically classified eggs according to the ‘I;Aay H)g :-gg} fg ;1;2
period of field collection. The data presented in Table Jﬂl';e 1.08 100-1.15 2
2 illustrate that no statistical difference exists in the August 1.03 0951.12 225
diameter ranges of P. carolinus and P. evolans eggs September 098 090-1.08 26
for the collection period of this study. H th o4
or the collection period of this study. However, the July 0.97 0.95-1.00 6
trend of declining egg diameters over the spawning August 1.02 1.02 1
season previously documented by other workers is September 089  082-1.02 21
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confirmed. The data also show that in 1973 and 1974,
the ratios of eggs collected in plankton samples and
identified based upon morphology and immuno-
chemical reactions for nothern and striped searobins
were 1.1:1 and 1.6:1, respectively. These ratios are
similar in magnitude to the ratio of northern and
striped searobin adults observed by Marshall (1946).
Finally, the data indicate that egg diameter and oil
globule distribution cannot serve to reliably dis-
tinguish northern from striped searobin eggs. An
immunochemical distinetion can be made that sug-
gests morphology alone is inadequate to provide a
positive identification of P. evolans eggs.

The course of future research in immunochemical
taxonomy of fish eggs should emphasize an increase
in sensitivity, as well as automation of the analysis.
At present, the utility of the immunodiffusion
method is limited by its labor-intensive nature. Ini-
tial stages of the analysis require manual sorting of
ova from plankton samples that is tedious, time-
consuming, and subject to error. Bowen et al. (1972)
initiated studies in which a moderate degree of suc-
cess was achieved in sorting fish ova from pelagic
plankton samples on sucrose density gradients.
However, estuarine plankton samples that contained
a wide range of particulate materials characterized
by different sizes, densities, and shapes, and that also
included high levels of detrital materials, disturbed
the gradients sufficiently to destroy separation
potential. Despite the recognized limitations, there
is currently no practical alternative to manual sort-
ing of plankton samples.

Immunodiffusion analysis requires that individual
fish eggs be subjected to several manual manipula-
tions, with the final determination in solid media re-
quiring the careful applications of reagents. Screen-
ing large numbers of planktonic ova with several dif-
ferent antisera becomes impractical on a large scale.
A more rapid and potentially more specific approach
to immunochemical ichthyoplankton identifications
might employ monoclonal antibodies coupled to
fluorescent indicator molecules. The antibody prod-
ucts of fused mouse lymphocytes and myeloma cells
may be screened and selected for exquisite specificity
to single antigenic determinants or epitopes using
egg antigens of known origin, preferably those
associated with the chorion surface, to procure a
reagent that would specifically label ova without re-
quiring that each egg be mechanically ruptured.
Identifications might be based upon the differential
fluorescence characteristic of a particular fluo-
rescent label associated with a selected antibody and
labelled eggs might be isolated using a fluorescence-
activated cell sorter.

The utility of immunochemical identifications with
demonstrably superior accuracy to conventional
methods has been established with both intergeneric
and interspecific differentiations. Several systems
remain which might benefit from immunochemical
differentiations, such as the complete elucidation of
several sciaenid and clupeid species which occur in
complex estuarine systems, such as the Chesapeake
Bay and Potomac River estuary. Relationships be-
tween scombrids, bothids, and pleuronectids with
more southerly distributions would serve to delineate
adult ratios, population distributions, and spawning
seasons. Finally, the capability of the immune system
to differentiate among epitopes with relatively small
structural difference (Karush 1962) might eventually
be applied to the detection of racial differences or
subpopulation distinctions among fish ova of the
same species.
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EFFECTS OF EXPOSURE AND CONFINEMENT ON
SPINY LOBSTERS, PANULIRUS ARGUS, USED AS ATTRACTANTS
IN THE FLORIDA TRAP FISHERY

Joun H. HUNT! WILLIAM G. LYONs2 AND FRaNK S. KENNEDY, JR.2

ABSTRACT

Traps in the south Florida spiny lobster fishery are baited with live sublegal-sized lobsters (shorts), many
of which are exposed for considerable periods aboard vessels before being placed in traps and returned
to the sea. Average mortality rate of lobsters exposed Y, 1, 2, and 4 hours in controlled field tests was
26.3% after 4 weeks of confinement. About 42% of observed mortality occurred within 1 week after ex-
posure, indicating exposure to be a primary cause of death. Neither air temperature during exposure
por periodic dampening with seawater had significant effects on mortality rate. Mortality among confin-
ed lobsters increased markedly in the Atlantic oceanside but not in Florida Bay during the fourth week
of confinement following exposure, probably because more natural food organisms entering traps from
nearby seagrass beds delayed starvation at the latter site. Mortality caused by baiting traps with shorts
may produce economic losses in dockside landings estimated to range from $1.5 to $9.0 million annually.

The fishery for spiny lobster, Panulirus argus, in
south Florida utilizes a method of baiting traps that
is apparently unique among fisheries worldwide.
Sublegal [<76 mm carapace length (CL)] lobsters,
locally called “shorts”, are confined in traps as living
attractants for legal-sized lobsters. Shorts have been
demonstrated to be effective attractants of other
lobsters (Yang and Obert 1978; Lyons and Kennedy
1981; Kennedy 1982). Some use of shorts as bait
in the Florida fishery occurred as early as the 1950’s
(Cope 1959), but use increased appreciably after
1965 when the minimum legal size was reduced from
1 b (about 79-80 mm CL) to 8 in (76 mm) CL,
and the fishery expanded from Atlantic oceanside
reefs and flats into Florida Bay where availability
of shorts is considerably greater (Lyons et al. 1981).
The practice was widespread but illegal during
early years of its use (Wolfferts 1974) and only
received legal sanction in 1977. Today, bonded
fishermen are allowed to possess as many as 200
shorts aboard a vessel for use as bait. Shorts are
customarily kept in wooden boxes on deck until
replaced in traps, and exposure times vary from
several minutes to 1 h or more. As many as 1 million
shorts may be confined in traps as bait during peak
portions of the harvest season (Lyons and Kennedy
1981).

1Florida Department of Natural Resources, Bureau of Marine
Research, Marathon, FL 33050.

2Florida Department of Natural Resources, Bureau of Marine
Research, St. Petersburg, FL 33701.

Manuseript accepted March 1985.

During 1979, the Florida Department of Natural
Resources initiated a study in which baiting prac-
tices in the fishery were mimicked under controlled
conditions to determine whether starvation occurred
among lobsters confined in traps for long periods.
So much mortality occurred among tested lobsters
during the first 2 wk of confinement that the study
was redirected toward causes of that mortality. Ex-
posure was strongly implicated by preliminary
results (Lyons and Kennedy 1981). Spokesmen for
the fishing industry suggested that observed mor-
tality was caused by other factors related to ex-
perimental design, prompting expansion of the pro-
gram to test those factors.

This report presents results and conclusions from
that expanded program. The relationship between
exposure and mortality is examined, including in-
fluences of season and location. Mortality rates of
lobsters held dry or periodically dampened prior to
placement in traps are also compared. Results from
this study are used in a model which estimates the
relative importance of baiting mortality to economics
of the fishery.

METHODS

Mortality rates of spiny lobsters used to bait traps
were measured in Florida Bay 8 km north of Vaca
Key and in the Atlantic Ocean 6 km south of Vaca
Key. The Florida Bay site was located in shallow
water (8 m) with a muddy sand substrate overlain
by seagrass beds. The ocean site was located in
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deeper water (~8 m) just inside the reef tract; the
bottom consisted of a mosaic of scattered seagrasses,
small patch reefs, and open areas of coarse sand.
Salinities at both sites ranged from 34%w0 to 36%w
and water temperature ranged seasonally from 17°
to 29°C.

The effect of exposure was examined at both sites.
Lobsters were held in shaded boxes for Y%, 1, 2, and
4 h and then placed in traps. Entrances were sealed,
and no lobsters were added after treatments were
established. Each treatment utilized 5 standard
wooden slat lobster traps; each trap contained 3
lobsters (total 15 lobsters/treatment) for each ex-
posure period. Control treatments (minimum ex-
posure) also consisted of 5 traps each containing 3
lobsters, but these lobsters remained in traps in
which they were originally captured and were ex-
posed only for the time required to clean, seal, and
return a trap to the water. Intent was to place
sublegal lobsters in all traps, but use of some larger
lobsters was necessary to conduct experiments.
Traps in oceanside experiments were reinforced with
wire mesh sides to reduce damage by loggerhead
turtles, Caretta caretta; traps in Florida Bay were
not reinforced with wire sides.

In Florida Bay, all lobsters exposed =1 h were
dampened every ¥z h by pouring a bucket of seawater
into the porous holding box, whereas equal numbers
of lobsters exposed 21 h in oceanside tests were
always treated with and without seawater dampen-
ing every %2 h to test the effect of dampening. Con-
trol and Y2-h treatments were the same in dampened
(wet) and undampened (dry) tests because their total
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exposure periods were less than or equal to the
period between dampenings.

After initiation, all experiments were sampled at
1-wk intervals for 4 wk by pulling each trap and
counting remaining live lobsters. The mortality
estimate is a combination of missing lobsters and
those observed to be dead. Several lines of evidence
indicate that missing lobsters died and did not
escape. Only lobsters too large to fit between trap
slats were used in experiments, and trap entrances
were boarded shut to seal the ordinary avenue of
departure. Additionally, observations made during
frequent dives at traps where lobsters died during
other experiments indicated that carcasses could be
broken up sufficiently by scavengers within 24 h
after death to wash through slats when traps were
pulled.

All original data, taken as number of living
lobsters remaining in a trap each week, were con-
verted to weekly mortality rates calculated as the
number of lobsters that died during that week divid-
ed by the initial density during that week. This
method provided the only independent, non-
cumulative estimate of mortality. All other methods
biased the data by either increasing the weight given
to deaths later in the experiment or altering mor-
tality estimates because of trap losses. Although this
method provided unbiased estimates of mortality,
data still were not normally distributed, so all testing
of treatment means used nonparametric Wilcoxon
Two Sample Tests (Sokal and Rohlf 1969) to deter-
mine where the differences of significance occurred.
Standard notations are used to designate signi-

TAaBLE 1.—Average weekly spiny lobster mortality (%) for each location, exposure period, and
wet or dry treatment. N = number of traps; X = mean; SE = standard error; W = wet; D

= dry.
Week after initial exposure .
initial __Week 1 Week2 _ Week 3 Week 4 cl‘;'g,‘;{';}t';"
Treatment N N X SE N x SE N X SE N X SE %
Florida Bay
Control 15 15 0.0 00 15 0.0 0.0 15 22 22 15 0.0 0.0 22
% h 20 20 83 53 1935 35 18 0.0 0.0 17 0.0 0.0 11.8
ih W 20 17 78 35 17 39 39 16 62 34 16 6.2 8.2 24.1
2h W 20 18 14855 18 18 18 18 1.8 1.8 18 3.7 25 221
4h W 20 20 15,0 56 19 53 29 19 53 29 18 0.0 0.0 25.6
Atlantic Reef
Control 20 28 48 28 23 14 14 23 0.0 0.0 27 74 3.2 13.6
% h 20 29 8036 24 14 14 23 43 43 27 123 48 26.0
1h W 29 29161 48 24 9.7 37 19 7.0 41 24 125 5.2 45.3
D 20 2011538 24 9.7 51 22 45 25 27 111 53 36.8
2h W 20 20138 5.1 17 39 27 15 44 3.0 20 5.0 2.7 2741
D 20 29 16.1 54 23 5.8 27 22 45 25 24 56 33 32.0
4h W 29 29126 38 23 43 32 19 88 62 22 6.1 28 31.8
D 20 2911541 21 79 45 18 18 18 23 14 14 226
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ficance at probability levels of 0.05, 0.01, and 0.001.
Weighted cumulative average mortality values

were obtained by multiplying the relative effort (%) -

in each treatment (e.g., site, exposure period > h) g

by the cumulative mortality for that treatment and £25
then summing those values. §
R

RESULTS 215
The mortality experiment was conducted four %

times between January and September 1980 in g 5
Florida Bay and six times between May 1981 and (&)

June 1982 near Atlantic reefs. Wet vs. dry tests were
conducted with each oceanside replicate. The un-
weighted average cumulative mortality calculated
from Table 1 for all lobsters exposed %, 1, 2, and
4 h, both sites combined, was 26.3% at the end of
4 wk. Average weighted cumulative mortality in
Florida Bay was 20.8%, and that near Atlantic reefs
was 31.9%. When weighted for relative effort at each
site, the overall mortality rate increased to 28.5%.

No tests were established at oceanside stations
during December, January, or February, so effects
of air and water temperatures on mortality during
exposure were tested only in Florida Bay. Of four
tests conducted there, two were established during
cool months (January, February; air 15.2°-21.0°C,
water 17.0°-17.5°C during initiation), and two were
established during warm months (May, September;
air 27.6°-33.5°C, water 29.3°-29.5°C). Mean week-
ly mortality rates of lobsters during these tests
(winter z = 4.4%; summer x = 4.6%) were not sig-
nificantly different.

Average mortality rates obtained in wet vs. dry
treatments (Table 1, Fig. 1) were not significantly i
different for any exposure or subsequent confine-
ment period. Furthermore, neither wet nor dry treat-
ments consistently caused greater mortality. 5

Because all Florida Bay lobsters were dampened
when exposed 21 h, comparisons of bay vs. ocean
mortality rates were made using wet treatments
only. All five treatments (Control, Y2, 1, 2, and 4 h)
were combined and overall mean weekly mortality
rates were compared. The average weekly mortality
rate of lobsters in bay tests (& = 4.5%) differed
significantly (Z = 2.51, P < 0.05) from that of lobsters
tested in the ocean (x = 7.6%).

Cumulative % Mortality

1w

»
o
o

1D
2D

- 4w
2w

4D

N w
4] (4]
{ ¥

Cumulative % Mortality
o

FIGURE 1.—Cumulative mortality rates (%) for exposure tests: A. 1 L L )
Florida Bay, wet only; B. Atlantic reefs, wet only; C. Wet (W) vs. 1 2 3 4
dry (D), Atlantic reefs only. C = controls; exposure periods = %,

1,2 and 4 h. Week
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Comparisons of each exposure period within a
treatment with every other exposure period within
that treatment are shown in Table 2. In the bay, mor-
tality rates experienced by controls were significant-
ly different than those of lobsters exposed 1, 2, or
4 h. Additionally, lobsters exposed % h suffered a
significantly lower mortality rate than did those ex-
posed 4 h. However, some of these differences were
not significant among lobsters exposed at the Atlan-
tic reef site. Among dampened lobsters tested there,
only the mortality rate of those exposed 1 h differed
significantly from that of controls and from that of
lobsters exposed ¥ h. Among undampened lobsters
tested at the ocean site, mean mortality rates of con-
trols differed significantly only from those exposed
1 or 2 h. Differences between controls and 1 h ex-
posures were significant in every treatment, but
mean mortality rates never differed significantly
among lobsters exposed 1, 2, or 4 h.

The mean mortality rate of all tested lobsters dur-
ing the first week following exposure was 11.2%,
which represents about 42% of all mortality; 54%
of all mortality in Florida Bay and 38% of all which
took place near Atlantic reefs occurred during the
first week (Table 1, Fig. 1). High mean weekly mor-
tality rates which occurred during week 1 decreas-
ed to much lower levels during week 2 (4.7%) and
week 3 (8.9%) in both bay and ocean (F'ig. 2). Com-
parisons of mean mortality rates incurred during
week 1 with those of weeks 2 and 3 revealed signifi-
cant differences in every instance (Table 3). During
week 4, the overall rate increased to 6.1% (Fig. 2),
but this combined value masked highly divergent
changes in rates of mortality at bay and ocean sites.

TABLE 2.—Results of Wilcoxon Two Sample Tests (Z values)
from comparisons of mean weekly mortality rates from dif-
ferent exposure periods for various treatments at Florida
Bay (Bay) and Atlantic Reef (Ocean) locations. C = con-
trols; exposure = hours.

Tests Exposure C ] 1 2 4

Bay wet C -
K 1.14 —_

1 248" 162 —
2 252 168 0.02 —

4 293** 2.17* 051 049 —
Ocean wet Cc —

Y 1.10 —

1 3.07** 2.02* —

2 187 081 117 —

4 1.93 08 1.16 0.03 —
Ocean dry C —

L] 1.10 —

1 220" 112 —

2 212* 1.03 010 —

4 117 008 1.01 092 —

* =P 005 " =P< 001 " = P< OO0

T2
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Bayside mortality rates actually decreased slightly,
whereas oceanside rates increased dramatically.
Statistical comparisons between mean mortality
rates during weeks 1 and 4 demonstrate significant
differences in the bay but not in the ocean (Table 3).
Graphic depictions of cumulative weekly mortality
rates (Fig. 1) reveal a decrease in slope after week
1 at both bay and ocean sites. These decreases in-
dicate reduced rates of mortality which persist
through the end of the experiment in the bay and
through week 3 in the ocean. However, the slope in-
creases sharply during week 4 in most oceanside
tests, indicating an additional period of high mor-
tality there

DISCUSSION

Exposure unquestionably causes mortality among
Panulirus argus used to bait traps. Increasing ex-

Week
1

- O > @

N

- 0O > m

— i

w

-4 O >»

- O > ©

Percent Mortality

FIGURE 2—Average weekly mortality rates (%) per treatment type
during weeks 1-4, all exposures combined. A = oceanside (Atlan-
tic Ocean) wet; B = bay (Florida Bay) wet; D = oceanside dry; T
= all treatments combined.
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posure periods up to 1 h resulted in corresponding
increases in mortality. Similar mortality has been
observed in the Western Australia spiny lobster
(Panulirus cygrus) fishery (Brown and Caputi 1983;
Brown et al. in press). In that fishery, undersize
lobsters are not used as bait but are often retained
aboard vessels for varying periods during the sort-
ing process. To test effects of that practice, Austral-
ian lobsters were tagged, held aboard vessels for 0,
Y4, Y2, 1, and 2 h, and then released. Recapture rates
were markedly lower in exposed groups than in con-
trols. As in our experiments, results from exposure
times >1 h were similar to those of 1 h exposures.

The greatest rate of mortality to Panulirus argus
in our tests occurred during the first week follow-
ing exposure (Fig. 2). Although physiological causes
of mortality have not been determined, several fac-
tors may be involved. Dehydration due to desicca-
tion may affect survival, but lobsters dampened at
1%, h intervals died at rates similar to those left un-
attended. One effect of exposure is to dry gills
(Anonymous 1980), which may result in respiratory
problems, Dehydration and gill damage may cause
mortality directly, but more likely are contributory
factors to physiological stress caused by buildup of
toxiec compounds in the blood. Handling stress has
been demonstrated to cause temporary acidic con-
ditions in the blood of European lobsters, Homarus
vulgaris (McMahon et al. 1978). After reimmersion
in seawater, lobsters should rehydrate fairly quick-
ly, but effects of physiological stress are likely to
linger.

Contrary to prior expectations, mortality rates of
dampened lobsters did not differ significantly from
those left unattended (dry). Dampening also failed
to enhance survival of the northern lobster, Homarus
americonus (McLeese 1965). McLeese suggested

TABLE 3—Results of Wilcoxon Two Sample Tests (Z
values) from comparisons of mean weekly (1-4) mor-
tality rates for various treatments at Florida Bay
(Bay) and Atlantic Reef (Ocean) locations.

Tests Week 1 2 3 4

Bay wet 1 —

2 286" —

3 240" 055 —

4 358" 094 148 —
Ocean wet 1 —

2 272** —

3 304" 059 —

4 066 2.08* 2.50* —
Ocean dry 1 -

2 240" —

3 333*" 102 —

4 1.31 114 213" —

*=P<005 ** = P£001; *** = P<0.001.

that a relationship existed between metabolic rate
and mortality. An increase in metabolic rate and con-
current more rapid depletion of reserves may have
offset advantages of increasing moisture by dampen-
ing during our experiments as well.

Exposure was probably the principal cause of mor-
tality among bait lobsters during our tests in Florida
Bay. However, a small but distinctly greater level of
mortality among all lobsters, including controls dur-
ing weeks 1-8 and a marked increase in mortality
during week 4 at the ocean site, suggest that other
factors in addition to exposure were responsible for
mortalities there (Figs. 1, 2). When average mortality
rates of controls (Table 1) are subtracted from overall
average mortality rates of exposed lobsters, resul-
tant values (18.6%, Florida Bay; 18.3%, Atlantic
reefs) are nearly equal and probably represent the
rates of mortality actually ascribable to exposure at
each site. Thus, effects of exposure were similar
regardless of where traps were placed.

Mortality due to other effects related to confine-
ment evidently do vary depending upon locations
where traps are placed, especially if confinement
periods are lengthy. Increased mortality rates such
as those we observed during week 4 at the Atlantic
reef site may result from starvation. Lyons and Ken-
nedy (1981) presented evidence of weight loss and
starvation among lobsters confined at densities of
3 and 5/trap in Florida Bay for 8 wk. Rate of weight
loss increased during week 4 among lobsters at den-
sities of b but did not increase rapidly until week 6
among lobsters confined at densities of 3. Those tests
were conducted in the same portion of Florida Bay
where present exposure tests were conducted, an
area characterized by muddy sand overlain by sea-
grass beds. A disparity in available food organisms
between this area and that where oceanside tests
were conducted may explain differences in mortal-
ity during week 4.

Seagrass beds in Florida Bay are lush and heavi-
ly covered with epibionts (J. H. Hunt, pers. obs.).
These epibionts serve as food for larger organisms
which in turn are appropriate food for Panulirus
argus. Snails in the genera such as Modulus, Turbo,
Astraea, and Cerithium and crabs in the genera
Mithraz and Pitho are abundant in these grass beds
and are frequently seen within or clinging to sides
of lobster traps. All of these also occur commonly
in stomach contents of P. argus in south Florida (W.
G. Lyons, pers. obs.). At the ocean site, grass beds
are sparse and patchily distributed, and fewer
organisms enter traps from the surrounding sand.
It seems reasonable to suppose that the weight loss
observed to occur among lobsters confined near lush
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grass beds (Lyons and Kennedy 1981) might occur
at accelerated rates in the relatively more sparse
ocean environment. If food is sufficiently scarce, ac-
celerated weight loss may lead to starvation and in-
creased mortality within the observed 4-wk period.

Traps in these experiments had their entrances
boarded over to prevent escape, whereas lobsters
that escape from traps used in the fishery are likely
to recover from effects of starvation. Escape rates,
though, are quite low, ranging from 0.8 to 1.8%/d
(Yang and Obert 1978; Davis and Dodrill 1980; Lyons
and Kennedy 1981).

We offer no explanation for our observation that
highest mortality rates are associated with 1-h ex-
posures nor for the persistent background mortality
among oceanside controls. Nevertheless, neither
seem to be artifacts of experimental design and, in-
stead, probably represent other yet-to-he understood
physiological reactions to stress caused by exposure,
handling, or confinement. If so, they represent other
effects of baiting with shorts and are justly included
among estimates of total fishery-induced mortality.

Economic Effects of Mortality

Baiting traps with shorts results in significant
economic loss to the fishery. Although use of shorts
is an effective means of attracting other lobsters
without requiring out-of-pocket expenses for bait,
each bait lobster that dies is one that potentially will
not enter fishery landings. In addition, repair of
broken legs, antennae, and other injuries caused by
handling may retard growth by as much as 40%
(Davis 1981), increasing the time required for a
lobster to attain legal size and extending the time
during which it may be used as bait. An injured
lobster that escapes from a trap where it was placed
will direct energy toward repair, not growth, thereby
reducing the probability that it will attain legal size
during its next molt. If the lobster does not attain
legal size, it is again vulnerable to capture and to
use as bait. Confinement itself also results in reduced
lobster growth rate (Kennedy 1982), which doubt-
lessly extends the period during which a lobster may
be vulnerable to use as bait.

The hidden costs of baiting with shorts needs to
be considered in future management efforts. The
following model, based only upon observed mortali-
ty rates, estimates that cost:

Y=AxBxCxD

where Y = seasonal mortality of shorts used as bait;
A = number of traps in the fishery;
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B = average number of shorts per trap;
C = season length (in months),
D = average monthly mortality rate.

Because the actual allocation of fishery traps
among Florida Bay and Atlantic sites is unknown
but bhelieved to be relatively equal, we selected the
unweighted average cumulative 4-wk mortality rate
to estimate monthly mortality throughout the
fishery. By using a range of values for other
variables, several estimates of the average number
of shorts that die seasonally because of fishery bait-
ing practices may be obtained (Table 4). Thus, if each
trap in the fishery is baited with only 1 short/mo and
all fishermen leave the fishery after only 4 mo, more
than 600,000 sublegal lobsters may die as a result
of their use as bait. If all traps are deployed for the
full 8 mo and each trap uses 3 shorts as bait, more
than 3.6 million shorts may die as a result of that
use. Both examples probably represent extreme
cases, and actual fishery-induced mortality probably
lies somewhere between these estimates.

The problem is really more complex. Some lobsters
that die because they were used as bait would prob-
ably fall victim to other causes, but natural mortal-
ity among lobsters of sizes appropriate for use as
bait (65-75 mm CL) may be low, particularly since
incidence of their principal predators, large ser-
ranids, has been greatly reduced in the fishery area.
Furthermore, not all traps are baited with shorts
because shorts are not readily available in some
peripheral areas of the fishery. Both of these factors
suggest that the model may overestimate fishery-
induced mortality. However, values used in the model
for numbers of shorts per trap are probably low.
Fishermen prefer to use 3-5 shorts/trap (Gulf of Mex-

TaBLE 4.—Estimates of the economic effect of baiting with
shorts in the south Florida spiny lobster fishery.

Average Seasonal

monthly No. of No. of mortality

mortality trapsin  Season  shorts/ of shorts
rate! fishery? length3 trapt as bait
0.263 573,000 4 1 602,796
0.263 573,000 4 3 1.808,338
0.263 573,000 6 1 904,194
0.263 573,000 6 3 2,712,582
0.263 573,000 8 1 1,205,592
0.263 573,000 8 3 3,616,776

1Unweighted average cumulative 4-wk mortality rate from this study.

2Number of traps in 1981 (E. J. Little, Jr., Southwest Fisheries Center
Resource Statistics Office, National Marine Fisherles Service, NOAA,
PO. Box 269, Key West, FL 33041, pers. commun. November 1982).

IThe season is 26 July-31 March, 8+ mo; some fishermen begin
removing their traps after November, and many have left the fishery
by the end of January, causing a considerable reduction in the number
of traps fished during February and March.

4Conservative estimates; fishermen try to put as many shorts as
available into traps.
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ico and South Atlantic Fishery Management Coun-
cils 1982), and it seems probable from fishermen’s
comments that virtually no shorts are intentionally
released. Similarly, the model only allows one input
of bait per month, whereas in reality additional
shorts are continually introduced, typically at 1-2 wk
intervals, to replace others lost because of death or
escape. These factors suggest that the model may
underestimate fishery-induced mortality.

Regardless of which values are applied, the model
indicates that resultant losses to the fishery are con-
siderable. Since a lobster weighs slightly <1 1b at
legal size, fishery-induced mortality may cause losses
ranging from 0.6 to 3.6 million lb. At recent ex-vessel
prices of $2.50 per pound, this represents a poten-
tial loss to the fishery of $1.5-$9.0 million annually.
In 1981, total reported commercial lobster har-
vest was 5.9 million 1b valued at $14.5 million3, so
the hidden cost of baiting with shorts is consider-
able.

This loss may be viewed as a necessary cost, albeit
large, of doing business in the fishery or as a prob-
lem that may be alleviated by alternative manage-
ment strategies. If the latter course is deemed
necessary, use of other baits and installation of
escape gaps that allow shorts to escape while retain-
ing legal lobsters in traps (Bowen 1963) are poten-
tially effective strategies to increase harvest of
legal lobsters without adversely affecting the popu-
lation.
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TYPE, QUANTITY, AND SIZE OF FOOD OF
PACIFIC SALMON (ONCORHYNCHUS) IN
THE STRAIT OF JUAN DE FUCA, BRITISH COLUMBIA

TERRY D. BEACHAM!

ABSTRACT

The volume, numbers, and size of prey of sockeye, Oncorhynchus nerka; pink, O. gorbuscha; coho, O. kisutch;
and chinook, O. tshawytscha, salmon were investigated for troll-caught salmon in the Strait of Juan de
Fuea off southwestern Vancouver Island during 1967-68. Sockeye salmon was the least piscivorous species
with only 7% of the stomach volume comprised of fish, while chinook salmon was the most piscivorous
species at 56%. Sand lance, Ammodytes hexapterus. and euphausiids were the most important fish and
invertebrate prey, respectively. As predator size increased, mean size of fish prey increased, and predators
shifted to species of larger mean size. Similar results were found for the invertebrate prey, with mean
number of prey consumed per predator increasing for the larger invertebrate species as predator size
increased. Rate of increase in mean length of fish prey was proportional to increasing predator length.
The observed increase in invertebrate size with increasing predator length was not statistically signifi-
cant. Although chinook and coho salmon had similar diets, they were caught at significantly different
water depths. Oncorhynchus species with fewer, shorter, and more widely spaced gillrakers have higher

proportions of fish in their diet than species with numerous, long, and narrow set gillrakers.

The life history of Pacific salmon is quite variable
among species, with fry of pink salmon, Oncorhyn-
chus gorbuscha, and chum salmon, O. keta, migrating
to sea soon after emergence from the gravel, while
those of sockeye salmon, O. nerka, coho salmon, O.
kisutch, and chinook salmon, O. tshawytscha, may
spend up to 2 yr in freshwater. Once in the ocean
they can migrate a considerable distance from their
natal streams and feed on a variety of organisms
(Godfrey et al. 1975; French et al. 1976; Major et al.
1978; Takagi et al. 1981). Salmon thus move through
a number of habitats during their life cycle and con-
sume a diverse array of prey.

Food preferences of salmon in the range of
habitats that they occupy have been an area of con-
tinuing investigation (Allen and Aron 1958; Prakash
1962; LeBrasseur 1966; Parker 1971; Eggers 1982).
Relative amounts of different prey types eaten in
varying environments have been examined, as well
as preferences by different sizes of predators in rela-
tion to the size and abundance of prey. Oncorhyn-
chus species differ considerably in their size, mor-
phology, and ocean distribution (Hikita 1962; Neave
et al. 1976; Takagi et al. 1981; Beacham and Mur-
ray 1983). Morphological differences and diet parti-
tioning have been reported for many fish species

1Department of Fisheries and Oceans, Fisheries Research
Branch, Pacific Biological Station, Nanaimo, British Columbia VOR
5K6, Canada.

Manuscript accepted March 1985.
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(Keast and Webb 1966; Hyatt 1979), and diet parti-
tioning may thus be expected among Oncorhynchus
species. Prey size is related to predator size (O'Brien
1979; Gibson 1980), and differential prey selection
among Oncorhynchus species may also be apparent.
Stomach contents of sockeye, pink, coho, and
chinook salmon were investigated in a research troll-
ing program conducted off southern Vancouver
Island in the Strait of Juan de Fuca during 1967-68.
The relative importance of different prey types, in-
cluding fish and invertebrates, in the diet of the four
species was studied with respect to prey size, preda-
tor size, predator morphology, and diet partitioning
in relation to salmonid habitat and morphology.

MATERIALS AND METHODS

The salmon were obtained by test trolling in the
Strait of Juan de Fuca during 19 June-11 October
1967 and 1 May-12 July 1968 (Fig. 1). Detailed
methodology of the program has been outlined by
Graham and Argue (1972). For each salmon sampled,
date, fork length (mm), round weight, and sex were
recorded. Stomachs were removed, placed in num-
bered cloth sample bags along with any food
organisms in the mouth cavity, and preserved in 10%
Formalin? solution.

2Reference to trade names does not imply endorsement by the
National Marine Fisheries Service, NOAA.
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124°00'

FICURE 1—Location of study area in Strait of Juan de Fuca off southwestern Vancouver Island.

Laboratory analysis involved sorting the contents
into the classifications outlined in Table 1 by using
a low-power binocular microscope. Numbers of
organisms in each classification were recorded, if
possible, for each individual salmon. Once individuals
were counted, displacement volumes (mL) were
determined separately for fish contents, for crusta-

cean contents, and for miscellaneous organisms. If
organisms were too digested to assign to individual
classifications but could be identified as fish or
crustaceans, their volumes were included in either
the unidentified fish volume or unidentified crusta-
cean volume classification.

Two techniques of data analysis were used.

TABLE 1.—Percentage of salmon sampled with empty stomachs and average number of prey per fish with non-empty

stomachs.
Prey type
8
n E<] © . own
— h-] R (] c
g <8 5§ 3 & ¢ 3 s
o oD B 2 [ < "] 2 =0
- £ %8 5 & § o 2 £ 2 38g
% § © 88 £ g & ® 2 g ® a3
Class N empty w» I x£® O a & oS = €< O =5
Sockeye <55 cm 22 46 - = = = 37 1832 50 03 — — 041
Sockeye >55 cm 117 41 0.2 — — 135 86 04 01 — — 04
Total 139 42 02 — — — 1219 93 11 01 — — 04
Pink <55 cm 301 26 07 — - — 97 137 10 03 — 01 03
Pink >55 cm 498 32 0.4 —_ — 01 153 131 24 01 01 01 04
Total 799 30 05 — — 01 131 133 19 02 01 01 04
Coho <40 cm 1,045 49 0.4 - — 0.2 63 12 04 13 01 02 03
Coho 40-60 cm 1,039 28 58 — 01 03 298 03 09 03 — 02 04
Coho >60 cm 130 32 05 02 — — 510 04 06 — — — 06
Total 2214 38 33 — — 02 221 07 07 06 — 02 04
Chinook <40 cm 607 39 11 - 0.1 54 01 07 04 — — 07
Chinook 40-60 cm 786 36 16 01 — 01 1563 02 02 06 — — 01
Chinook >60 cm 83 47 08 03 — — 624 — 04 01 — — —
Total 1,476 38 i4 01 — 01 136 01 04 05 — — 03

*Other than Parathemisto.
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Methodology for the first, percent occurrence of each
of the prey types, has been outlined by Hynes (1950).
All chi-square tests in the analysis for frequency of
occurrence of prey types have one degree of freedom.
The second technique involved determining percent-
age by volume of total stomach contents for fish,
crustaceans, miscellaneous organisms, and also for
the individual prey classifications. Fish, crustaceans,
and miscellaneous organisms were recorded by
volume, and thus determining percentage of total
stomach volume for each classification was direct.
For individual prey types, it was necessary to con-
vert numbers of individual organisms to volumes by
calculating the volume displaced by a single
organism of each prey type. This was done by selec-
ting individual salmon of each species with only one
fish and/or one crustacean prey type in the stomach.
The unit volumes for each prey type were then
calculated as the sum of the fish or crustacean
volumes for the selected fish divided by the number
of the prey type under consideration. If there was
only one unknown in the stomach contents with prey
of known (calculated) volumes (the number of prey
types multiplied by their unit volumes), the total
volume of known prey was subtracted from the total
fish or crustacean volume until only one unknown
prey class remained. Then the volume of the prey
class in question was obtained and its unit volume
calculated. Comparisons of prey size among the
species were analyzed by analysis of variance.

For an individual salmon with more than one fish
or one crustacean prey class in its stomach, volume
of each prey class was determined by multiplying the
number of organisms by their unit volume. This total
volume obtained was scaled proportionately so that
individual components when summed equalled the
total known fish or crustacean volume.

RESULTS

Volume and Frequency of
Food Items

For each species, over 30% of the individuals had
empty stomachs (Table 1). In comparing fish with
non-empty stomachs, sockeye salmon was the least
piscivorous, with a mean 7% fish component in the
diet (Fig. 2). In sockeye salmon <55 e¢m fork length
(FL), only 2% of the stomach volume was comprised
of fish. At 17% of total food volume, fish was a
greater dietary component of pink salmon than of
sockeye (Fig. 2). However, the fish component of the
diet of sockeye and pink salmon was considerably
less than that of coho (46%) and chinook (56%)

salmon. Fish comprised 30% of the stomach content
volume of coho <40 em FL, but almost 50% of the
stomach content volume of larger coho. Chinook
salmon was the most piscivorous of the four species,
and the 56% fish component of the diet was constant
for the three size classes of chinook salmon inves-
tigated, although the species composition of the fish
prey changed.

The relative importance of individual prey types
was investigated for the four salmon species. Sand
lance, Ammodytes hexapterus, was virtually the sole
fish component of the diet of sockeye salmon, oc-
curring in 4% of the 81 non-empty sockeye salmon
stomachs sampled (Fig. 3). Euphausiids were the
most important prey for sockeye, occurring in 58%
of non-empty stomachs and comprising 71% of the
total volume of food eaten. The hyperiid amphipod
Parathemisto comprised over 11% of the volume of
food eaten. Of the fish prey species, sand lance was
again the most important for pink salmon, occurring
in 9% of 562 non-empty stomachs and comprising
10% of total stomach contents (Fig. 4). There was
no significant difference between sockeye and pink
salmon in the frequency of occurrence of sand lance
in their diets (x2 = 2.65, P > 0.05). Fish species
other than sand lance (herring, Clupea harengus, and
rockfish, Sebastes sp.) comprised less than 1% of
stomach contents of pink salmon. As in sockeye
salmon, the dominant invertebrate prey types were
euphausiids at 62% of stomach content volume and
Parathemisto at 14%. Frequency of occurrence of
euphausiids (x2 = 1.68, P > 0.05) and Parathemisto
(x> = 8.54, P > 0.05) were similar for sockeye and
pink salmon.

Fish species were a significant food for coho and
chinook salmon. For example, sand lance occurred
in 27% of 1,364 non-empty stomachs of coho salmon,
and also comprised 27% of total stomach volume
(Fig. 5). Herring comprised <1% of the stomach con-
tent volume of coho <40 em FL, but 25% of the
volume for coho >60 cm FL. The dominant inverte-
brate prey type was euphausiids, comprising 51% of
total stomach contents, while all invertebrate prey
types combined comprised only 54%. The relative
importance of fish as a prey type was greatest in
chinook salmon, with sand lance again the dominant
prey species, occurring in 34% of 914 non-empty
stomachs, and comprising 35% of total volume of
contents (Fig. 6). Sand lance occurred in the diet of
chinook and coho salmon at similar frequencies (x2
= 0.80, P > 0.05), as did herring (x> = 0.08, P >
0.05). Herring comprised 9% of the stomach contents
for chinook salmon <40 e¢m FL, but 383% of the
stomach contents for chinook salmon >60 e¢m FL.

79



<55c¢m
1004 —

>55cm

FISHERY BULLETIN: VOL. 84, NO. 1

Total

SOCKEYE

1004 <55cm <55cm

PINK

<40cm 40-60cm

100+

STOMACH VOLUME
(o}

%

>60cm

COHO

—
=

<40cm 40-60cm

EhEhRIhl

>60cm

CHINOOK

M )
5 E3E & Eap
L gge U ggs
O EE O EC
[« -N-] O OO0
-=—o B =0
@ [ =4 1] =
= S 9
C 0O o QO
(S o2
= =

Fish

Crustaceans

Miscellaneous
Fish

Organisms
Crustaceans
Miscel laneous
Organisms

FIGURE 2.~—Percentage volumes of stomach contents of the fish. crustacean, and
miscellaneous organism component for sockeye, pink, coho, and chinook salmon sampled

in Strait of Juan de Fuca during 1967-68.

Coho ate greater numbers of fish than did chinook
salmon (Table 1), but chinook had a greater volume
of the stomach contents composed of fish (56%
chinook, 46% coho). This result suggests chinook eat
larger fish than coho (Table 2). As with coho,
euphausiids were the dominant invertebrate prey
type of chinook salmon, comprising 40% of a total
invertebrate volume of 44% of stomach contents.
However, euphausiids occurred significantly more
often in the diet of coho salmon than in chinook
salmon (x> = 4.73, P < 0.01).

Fish were a more significant dietary component
of chinook and coho salmon than of sockeye and pink
salmon. Sand lance occurred significantly more often
in the diet of chinook and coho salmon than in the
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diet of sockeye and pink salmon (x* = 1529, P <
0.01). Similar results were also found for herring (x?
= 18.1, P < 0.01), rockfish (x* = 7.2, P < 0.01), and
mixed fish species (x> = 39.0, P < 0.01). Inverte-
brate prey were more significant in the diet of
sockeye and pink salmon than in that of chinook and
coho. Euphausiids occurred more frequently in the
diet of sockeye and pink salmon (x* = 199.8, P <
0.01), as did Parathemisto (x* = 619.5, P < 0.01),
crab larvae (x> = 171.1, P < 0.01), and a.mphlpods
(x® = 9.2, P < 0.01). There was no difference in
frequency of occurrence of crabs in the diet (2 =
0.01, P > 0.05) which occurred only at low levels
or not at all, but mysiids occurred more frequently
in the diet of chinook and coho salmon than in
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FIGURE 3—Percentage frequency of oceurrence and percentage stomach volume
of prey types listed in Table 1 for sockeye salmon.

that of sockeye and pink salmon (*> = 36.0, P <
0.01).

Predator and Prey Size

The effect of predator size on the abundance and
size of prey was examined for each of the four salmon
species investigated. Numbers of individuals con-
sumed for each prey type were tallied for each
salmon examined. For the fish prey species, only
sand lance was consumed at a high enough frequency
to enable one to investigate numbers of sand lance
consumed versus predator size. For the four salmon
species, there was no consistent trend for sand lance
in this regard (Table 1). For both chinook and coho

salmon—the two primary sand lance predators—the
number of sand lance eaten was greater in the mid-
dle size group than in either the small or large size
classes. Large chinook and coho salmon switched
from sand lance to larger fish species, such as her-
ring (Figs. 5, 6). There were, however, clear trends
for some of the invertebrate prey types. The average
number of euphausiids eaten per individual predator
increased with increasing fish size (Table 1). How-
ever, the average number of Parathemisto eaten
decreased with increasing predator size. The other
prey types occurred at a low frequency (Figs. 3-6),
and thus it was not possible to determine reliable
trends.

As predator size increased, more euphausiids, but
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FIGURE 4.—Percentage frequency of occurrence and percentage stomach volume
of prey types for pink salmon.

less Parathemisto, were eaten per individual
predator. The difference in predator response to
euphausids and Parathemisto may be examined in
relation to the size of the prey. The unit volumes of
an individual euphausiid were about four times
larger than those of an individual Parathemisto
(Table 2). In each salmon species examined, as the
predators increased in size, they switched from the
smaller Parathemisto to the larger euphausiids and
also crab larvae, consuming greater numbers of the
larger prey and decreasing numbers of the smaller
prey. Chinook and coho salmon also consumed
significantly larger Parathemisto than did sockeye
and pink salmon (" = 4.9; df = 3,98; P < 0.01). For
the invertebrate prey, an increase in predator size
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resulted in greater numbers of larger prey being
consumed.

As predator size increased. there was an increase
in the size of the prey consumed (Table 2). Larger
predators consumed larger sand lance and herring.
Chinook and coho salmon consumed larger sand
lance (F' = 3.7; df = 3,618; P < 0.05) and mixed fish
species (F' = 2.9; df = 2,128; P < 0.05) than did sock-
eye and pink salmon. In coho and chinook salmon,
there was also a tendency for larger salmon to switch
prey types from the smaller sand lance to the larger
herring and rockfish. Increasing predator size pro-
duced shifts in both the type, number, and size of
the prey consumed.

Changes in size of prey and predators were in-
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FIGURE 5—Percentage frequency of occurrence and percentage stomach volume
of prey types for coho salmon.

vestigated for the two most frequently occurring fish
prey (sand lance, herring) and crustacean prey
(euphausiids, Parathemisto). Size classes for sock-
eye and pink salmon were below and above 55 cm
FL, and those for chinook and coho salmon below
and above 60 cm FL. I assume that the value of the
cube root of the volume ratio of the prey is propor-
tional to the prey length ratio, and thus changes in
prey size can be compared with changes in predator
size.

Mean size of the fish component of the prey in-
creased as predator size increased (Table 3). As the
size of pink, coho, and chinook salmon increased by
13%, 65%, and 69%, respectively, the size of the sand
lance consumed increased by 16%, 83%, and 83%,

respectively. The size of herring eaten also increased
as predator size increased, and for pink and chinook
salmon it was about equal to the increase in size of
the predator species. When the predator responses
to increase in size of both prey species are pooled,
there is a weak correlation between increasing
predator length and increasing prey length (r = 0.69,
n = 6, P > 0.05); but if the coho salmon response
to increasing herring size is deleted, the relationship
is much stronger between increasing predator and
prey size (r = 0.98, n = 5, P < 0.01).

Apparent trends of invertebrate prey size with
predator size were not statistically significant. For
sockeye and pink salmon, mean size of individuals
in the two invertebrate prey classes decreased as
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predator size increased, but not significantly (Table
3)(r = -0.24, n = 4, P > 0.05). For chinook and coho
salmon, mean size of the invertebrate prey increased
as predator size increased (r = 0.42, n = 4, P > 0.05).
However, the increase in prey size was considerably
less than the increase in predator size (Table 3).
The results of the previous analyses are sum-
marized as follows. As predator size increased, in-
dividual predators selected larger fish prey of one
species, but not a greater number of the prey. There
was also a shifting from smaller prey species (sand
lance) to larger ones (herring, rockfish). As predator
size increased, there was a tendency to shift from
smaller invertebrate prey (Parathemisto) to larger
types (euphausiids, crab larvae). Greater numbers
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of the larger prey were consumed by an individual
predator, while numbers of smaller prey consumed
declined. Although larger invertebrate prey types
were preferred as predator size increased, larger in-
dividuals of each prey class were not necessarily
selected by larger predators.

Species Comparisons

The dietary components of the four species of
salmon investigated are different, and there is more
than one possible reason for the apparent partition-
ing of diet among the salmon species. Perhaps
because the salmon occupied different depth zones,
the differences in diet are attributable simply to dif-
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TABLE 2.—Calculated mean volumes (ml) per individual for prey organisms. These values were used to convert prey numbers to prey volumes. Sample sizes

are in parentheses.
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Sockeye
<55 cm — — - — 124 (4 018 (3 017 (1) — — — -
>55 cm 3.18 (3) - -_ —_ 081 (29) 013 (8) 1.00 (29 286 (1) — —_ 0.07 (2
Total 318 (3) — — — 0.86 (33) 0.14 (11) 072 (3) 2.86 (1)
Pink
<55 ecm 3.01 (24) 90.00 (4) 26.00 (1) 450 (6) 1.17 (85) 0.27 (48) 030 (8 093 (4 1.00 (1) - -
>55 cm 475 (20) 120.00 (1) - 1.68(18) 0.98 (156) 0.57 (68) 0.57(18) 050 (4 1.17 (1) 050 (4) 030 (7
Total 3.80 (44) 96.00 (5) 26.00 (1) 2.39(24) 1.05(241) 0.21(116) 049(26) 0.72 (8) 1.09 (2) 050 (4 030 (7)
Coho
<40 cm 433 (38 3250 (2 —_ 7.36 (40) 1.27 (161) 0.46 (37) 0.35(13) 1.00 (86) 0.90(12) 0.71 (18) 0.19 (95)
40-60 cm  4.40 (289) 170.34 (24) 21.32 (9) 3.39(36) 1.33(349) 042 (20) 0.64(17) 231 (30) 1.43 (7) 0.86 (18) 0.38 (7)
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Total 5.63 (346) 173.00 (36) 20.39 (10) 16.94 (77) 1.32(558) 0.45 (59) 0.54(32) 1.34(117) 1.45(22) 0.77 (37)  0.22 (104)
Chinook
<40 cm 6.09 (106) 57.71 (5) 16.00 (1) 10.08 (14) 1.28(130) 020 (2) 055 (8) 1.29 (37) 214 (5 070 (2) 0.13 (10)
40-60 cm  9.88 (169) 51.56 (22) 37.00 (6) 6.31 (17) 1.14(190) 038 (7) 0.31 (8 2.11 (21) 2.00 (1) 1.00 (1) 4.11 (3)
>60cm  51.40 (12) 24545 (7) 30.00 (1) 1.00 (1) 1.40 (16) 055 (1) 068 (1) 220 (2 - - —
Total 10.22 (287) 92.38 (34) 33.50 (8) 7.79(32) 1.21(336) 0.36 (10) 0.44(17) 1.66 (58) 2.12 (6) 0.80 (38) 1.05 (13)
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TABLE 3—Mean lengths (cm) of saimon and mean size of prey.
Mean lengths of sockeye and pink salmon were for those in the
size classes below (L,) and above (L,) 55 cm, whereas those for
coho and chinook salmon were those below (L,) and above (L)
60 cm. The prey ratio ¥ V,/ V, is assumed to be indicative of ratios
in prey lengths between the two groups of predators. The two most
frequent fish and invertebrate prey species listed are euphausiids
(EV), Parathemisto (PA), sand lance (SL), and herring (HR).

Predator Prey
Mean length L, Prey Mean volume Vv, 3 A
Species L, L, L types V, Vo, Vi Yy,
Sockeye 50.7 6587 1.16 EU 124 081 0.65 0.87
PA 0.18 0.13 0.72 0.90
Pink 51.8 585 113 SL 3.01 4.75 158 1.16
HR 80.00 120.00 1.33 1.10
EUV 117 0.98 0.84 0.94
PA 0.27 0.17 0.62 0.86
Coho 400 658 1.65 SL 439 26.98 6.15 1.83
HR 159.73 207.50 1.30 1.09
EU 1.31 1.44 1.10 1.03
PA 45 .60 1.33 1.10
Chinook 41.2 695 1.69 SL 842 51.4 6.10 1.83
HR 52.70 24545 4.66 1.67
EU 1.20 1.40 1.17 1.05
PA 0.34 0.55 161 1.17

ferences in prey abundances by depth. The numbers
of salmon caught with non-empty stomachs were
tabulated by depth zone of capture (Table 4). Coho
salmon were most abundant in water depths of <18
m, whereas sockeye and pink salmon were most
abundant between depths of 18 and 36 m, and
chinook salmon most abundant in depths >18 m.
Coho and chinook salmon have similar diets, but are
found at significantly different depths (32 = 714.7,
P < 0.01). Thus partitioning of the diets among
salmon species is not related simply to water depth.

Morphological characters of the salmon species
were compared with their food preferences. Chinook
and coho salmon have fewer, shorter, and more wide-
ly spaced gillrakers than those of sockeye and pink
salmon (Table 5). As gillrakers are used to strain food
organisms from water passing over the gills (Lagler
et al. 1962), T expected salmon species feeding on
planktivorous prey to have more gillrakers that are
longer and more closely set than those in primarily
piscivorous salmon species. Similar arguments could
be made for tooth size (Table 5). Partitioning of the
diet among the species of salmon investigated is
clearly a reflection of morphological differences
among the species.

DISCUSSION

The calculation of unit volumes for individual prey
classes is an important component of the analysis.
Prey types were assumed to be in a similar state of
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digestion for the different size classes of each species
of salmon so that calculated unit volumes would be
comparable. Violation of this assumption may ac-
count for the inverse predator-prey size relationship
found for sockeye and pink salmon with euphausiids
and Parathemisto. The analysis of relative sizes of
the species eaten assumes that different prey types
were not more or less digested than others. This is
unlikely to be strictly true, but it was assumed that
differential digestability of the prey species did not
significantly alter their relative sizes.

Previous work on diet description of Oneorhymnchus
species has indicated that there can be considerable
variability in dietary components of a particular
species. However, some general conclusions can be
drawn. Sockeye salmon are the least piscivorous of
the northeast Pacific Oncorhynchus species (Allen
and Aron 1958; LeBrasseur 1966; Foerster 1968).
Euphausiids have been reported consistently as a
major contributor to the diet of pink salmon (Maeda
1954; Ito 1964; Takagi et al. 1981). The fish compo-
nent reported has been variable, ranging from <1%
to over 90% of stomach volume (Takagi et al. 1981).
Chinook and coho salmon tend to be the most
piscivorous (Allen and Aron 1958; Prakash 1962;
Reimers 1964; LeBrasseur 1966; Machidori 1972).
For chinook salmon, fish were reported to provide

TABLE 4—Number of salmon caught with non-empty stomachs and
depth of water (m) in Strait of Juan de Fuca, British Columbia.
Salmon were caught by troll gear. Numbers in parentheses are per-
cent of each specles caught in each depth zone.

Depth (m)  Sockeye Pink Coho Chinook
<9.1 8 (9.9 41 (7.3 385 (28.1) 20 (2.2)
9.1-183 10(12.3) 95 (16.9) 360 (26.3) 60 (6.6)
18.3-27.4 26 (32.1) 159 (28.3) 269 (19.6) 134 (14.6)
27.4-36.6 23 (28.4) 151(26.9) 211 (15.4) 267 (29.1)
36.8-45.7 7 (8.6) 65 (11.6) 86 (6.3) 119 (13.0)
45.7-54.8 7 (8.6) 50 (8.9) 58 (4.2) 316 (34.5)
Total 81 561 1,369 916

TABLE 5—Comparisons of morphometric and
meristic characters of Pacific salmon whose dietary
components were investigated in this study.

Gillraker Tooth
Spacing? * Length3 sizet

Sockeye 33.7 close 2.6 smallest
Pink 30.4 moderate 3.4 small
Coho 212 wide 2.1 moderate
Chinook 20.7  wide 20 large

From Hikita (1962).

2From Morrow (1980).

3Gillraker length as percent of postorbital-hypural length.
Giliraker length is from Hikita (1962), postorbitai-hypural
length from Beacham and Murray (1983).

4From Vladykov (1962), Hikita (1962).

Species No.
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a larger proportion of the diet of larger chinook
salmon than of smaller ones (Milne 1955; Reid 1961).
In my study, the fish component of the diet was
similar for all size classes of chinook salmon. This
may be due to differences in availability of inverte-
brate prey to the smaller chinook salmon among the
studies. For example, Ito (1964) found that squid
were the largest dietary component of chinook and
coho salmon caught in drift nets in high seas
fisheries. Variability in diets of the different species
may be due in part to prey abundance, selection hy
the predator, and possible selectivity by the sampling
gear used. Hook and line sampling may select fish
of different diets than would perhaps gill nets.
Salmon caught by trolling may have a higher com-
ponent of fish in the diet than those caught by gill
nets. In my study, fish did constitute a larger pro-
portion of the diet in larger coho salmon than in
smaller ones, as noted for chinook salmon. My study
has examined the distribution of prey types and sizes
for salmon caught from June to October only.
Although the relative proportions of fish and inverte-
brate prey could change seasonally for the salmon
species examined, the relative ranking of the species
in terms of proportion of fish in their diet should re-
main constant.

Availability of prey types can alter markedly the
proportions in a predator’s diet. Herring comprised
over 70% of the stomach contents of troll-caught
chinook and coho salmon caught off the east and
west coasts of Vancouver Island in 1957 (Prakash
1962). My study showed that during 1967-68, her-
ring comprised <20% of the stomach contents of
chinook and coho salmon in the same area. Stock
abundances of herring declined rapidly in the late
1960’s in British Columbia (Hourston 1978), in-
dicating that during a period of low herring abun-
dance, sand lance became an important dietary com-
ponent of chinook and coho salmon in this area.

Pink salmon in southern British Columbia and
Washington State show 2-yr cycles of abundance,
with returns absent in even-numbered years. This
pattern of abundance has been suggested to be a
result of predation by returning adults of the domi-
nant brood year on fry of the alternate brood year
(Ricker 1962). In my study, fish other than sand
lance, herring, or rockfish comprised <1% of the
stomach contents of pink salmon sampled in 1967.
These results suggest that predation by the domi-
nant broodline on the alternate broodline may be
neither necessary nor sufficient to account for cycles
in pink salmon abundance.

The effect of prey size on selection by planktiv-
orous fish has been examined by Werner and Hall

(1974), O'Brien et al. (1976), O'Brien (1979), Gibson
(1980), and Eggers (1982). Eggers found that
juvenile sockeye salmon prefer large nonevasive prey,
but will eat small and/or evasive prey when the
former is not available. I found that as predator size
increased, prey size increased also, both in terms of
size of individuals within a prey type, and a shifting
from smaller to larger prey types. The predators
presumably decrease the amount of time and energy
needed to ingest a given amount of food by switch-
ing from smaller to larger prey. given that the large
prey types are sufficiently abundant. Werner and
Hall (1974) attributed a preference by predators for
only a part of the prey types available as a method
for increasing foraging efficiency. These results sug-
gest that the salmon species examined do select prey
both for size and availability, presumably to increase
foraging efficiency.

Morphological differences and diet partitioning
have been previously noted for many fish species
(Keast and Webb 1966; Hyatt 1979). As outlined by
Hyatt (1979), many planktivorous feeding fish tend
to have numerous, well-developed, close-set gill-
rakers. My study indicated that the more piscivorous
chinook and coho salmon have fewer gillrakers than
the more planktivorous sockeye and pink salmon.
Lake trout, Salvelinus namaycush, populations that
are more planktivorous also have more and longer
gillrakers than less planktivorous ones (Martin and
Sandercock 1967). Oncorhynchus masou (masou or
cherry salmony), found in the western Pacific Ocean,
has fewer gillrakers than either chinook or coho
salmon (Hikita 1962) and, as an adult, feeds largely
on fish (Tanaka 1965). Chum, O. keta, salmon have
an average of 2-3 more gillrakers than chinook and
coho (Hikita 1962), and the diet of chum salmon sam-
pled in the spring and summer during 1956-63 in
the North Pacific comprised between 10 and 35%
fish (Neave et al. 1976). In the genus Oncorhymchus,
as gillraker number declines, the proportion of fish
in the diet increases. Morphological differences
among the species account for a greater partition-
ing of the diet than do differences in water depths
in which the individual species are located.

Pacific salmon are adaptable in their diet, shift-
ing their preferred prey species in relation to prey
size and abundance. It seems unlikely that salmon
abundance is affected by the abundance of any one
type of prey. For example, the decline in abundance
of British Columbia herring stocks was not followed
immediately by declines in salmon abundance.
Growth rates of salmon may be affected by changes
in diet and this could have an impact on stock popula-
tion dynamics.
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DETERMINING AGE OF

LARVAL FISH WITH THE OTOLITH INCREMENT TECHNIQUE

CYNTHIA JONES!

ABSTRACT

Aging of larval fish from otoliths rests on the assumption that increments are formed daily. Indeed, proper
validation of the relationship between increment deposition and age is fundamental to accurate age deter-
mination of field-captured fish. To evaluate the universality of daily deposition of otolith increments, the
literature was reviewed and exceptions discussed.

Laboratory studies under optimal conditions generally (17 species out of 20) show that larvae deposit
daily increments. However, in studies that examined increment deposition under suboptimal or extreme
conditions, deposition was not daily in over half of the species. Nondaily deposition caused hy extreme
eonditions (eg., total starvation, abnormal photopericd) may not invalidate the otolith increment tech-
nique if those conditions do not oceur in the field. Nondaily deposition under suboptimal conditions (eg.,
low temperature, intermittent starvation) that larvae may face in nature cause concern about this tech-
nique for aging field-captured larvae. Deposition in many species has not been examined under suboptimal
conditions, nor has the effect of suboptimal conditions been shown on the age at first increment forma-
tion. The literature shows that the technique should be validated under both optimal conditions and those

that mimic nature.

Otoliths have been used to age fish since Reibisch
(1899) first observed annular ring formation in
Pleuronectes platessa (as reported in Ricker 1975).
Assessing age by counting annular rings works well
in adults of temperate species where pronounced
seasonal changes in growth result in bands (formed
from tightly spaced growth increments deposited in
the winter) in the otolith which correspond to each
year of life. Discovery of fine increments, analogous
to annual rings, but instead formed daily, has per-
mitted the age of larval fish to be determined.

While studying temperate water species, Pannella
(1971) observed that about 860 fine increments oc-
curred between annular rings and suggested that
these were deposited daily. He used this knowledge
when reading the otoliths of adult tropical fish
(whose otoliths also had fine increments) to show pat-
terns of growth that were grouped into 14- and 28-d
cycles (Pannella 1974).

The initial application of the otolith aging tech-
nique to larval fish was done by Brothers et al. (1976).
Daily increment deposition was verified for northern
anchovy, Engraulus mordax, and California grunion,
Leuresthes tenuis, which were reared from eggs in
the laboratory. Since this initial application, the
otolith increment technique has been used widely to

1Graduate School of Oceanography, University of Rhode Island,
Kingston, R 01882-1197; present address: Department of Natural
Resources, Cornell University, Ithaca, NY 14853.
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estimate age in at least 29 species of larval fish. It
has been used in freshwater and marine species, and
applied to field-captured species, at times without
adequate validation.

The ultimate purpose in developing the otolith
aging technique for application to young fish is the
ability to accurately age field larvae and juveniles.
If the technique is to be applied directly to the field,
hased on conclusions drawn from rearing larvae in
the laboratory, then the deposition of increments
must be daily under conditions experienced in the
field during these early life stages. The applicability
of this technique relies on the assumption that 1)
either surviving larvae (or sampled larvae) are those
that grew under moderately good conditions (few lar-
vae under suboptimal conditions survive) or 2) lar-
vae can encounter suboptimal conditions, a propor-
tion of these larvae will survive, and increment
deposition is not affected by these suboptimal con-
ditions. The first assumption is difficult to evaluate
without using the hypothesis that increments are
daily. The second assumption has been tested and
the results can be summarized. The second assump-
tion is based on increment deposition being triggered
by a zeitgeber, an external factor that entrains a diel
cycle within the larvae

Validation of daily increment deposition under con-
ditions within the natural range of experience of the
larvae is fundamental to accurate estimation of age
in field-captured fish. When the estimation technique

91



used to age larvae is inaccurate, estimates of growth
and mortality, which rely on knowledge of age, will
also be inaccurate.

The purpose of this paper is to discuss the use of
the otolith increment technique to age larval fish.
The published literature is used to evaluate the
hypothesis, H,: Larval age is equal to otolith incre-
ment count (plus age at first increment deposition)
under conditions that are encountered in the field.
An additional idea can be evaluated: That time of
initial increment deposition is influenced by incuba-
tion time.

The paper will discuss the factors which affect
deposition of increments, validation studies that have
been performed, and application of the technique in
the field. Factors which are likely to affect increment
deposition in the field must be assessed by the valida-
tion procedure. In addition, the adequacy of valida-
tion that has been performed is evaluated, and
ramifications in field applications are discussed.

FACTORS AFFECTING
DEPOSITION RATES

Mechanisms that have been postulated as initiators
of differentiation of otolith microstructure are photo-
period, feeding, and temperature. Increment deposi-
tion has been tested in the literature under two
conditions: 1) tests within the natural range of
experience of the fish which could be optimal (non-
stressful) and suboptimal (stressful), and 2) abnor-
mal conditions that are wholly outside of their
experience.

Taubert and Coble (1977) stated that photoperiod
entrained a diel clock that resulted in daily forma-
tion of otolith increments. Tanaka et al. (1981) stud-
ied the formation of increments in Tilapia nilotica
using scanning electron microscopy and found that
the fast growth (incremental) zone started a few
hours after light stimulus and that the slow growth
(discontinuous) zone was formed immediately after
light stimulus. Neither change in photoperiod length
nor feeding time affected increment initiation.
Brothers and McFarland (1981), however, reported
that the discontinuous zone began near midnight.
These results are contradictory, and without further
investigations force the conclusion that the temporal
formation of inecrements is species-specific.

Abnormal photoperiods have been shown to dis-
rupt daily increment formation in Fundulus hetero-
clitus (Radtke and Dean 1982) and in Tilapia
mossambica (Taubert and Coble 1977). Constant
light, however, did not disrupt daily increment forma-
tion in Oncorhynchus tshawytscha (Neilson and Geen
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1982) or in Scophthalmus maximus (Geffen 1982).

Unlike photoperiod changes, which are regular and
gradual in nature, feeding times can occur at irre-
gular intervals and might cause deviations in daily
increment deposition. Two studies have tested the
effects of feeding within the normal range experi-
enced by fish larvae. Neilson and Geen (1982) found
that subdaily increments could be induced through
frequent discrete feedings: feeding four times a day
resulted in formation of more than one increment
in Oncorhynchus tshawytscha. Daily and subdaily in-
crements were not distinguished in counts. Tanaka
et al. (1981) found conversely that feeding time had
no effect on the initiation of increment formation
in Tilapia nilotica. Larvae were fed once a day, but
the times of feeding were changed. Perhaps multi-
ple feeding during the day results in the subdaily in-
crements that sometimes appear in otoliths. The ef-
fect of starvation (an extreme circumstance in the
field) on increment deposition has been tested in only
three species: Scophthalmus maximus (Geffen 1982),
Morone saxatilis (Jones 1984), and Oncorhynchus
nerka (Marshall and Parker 1982). Geffen raised the
turbot larvae on rotifers and Artemia until they were
10 d old. Larvae were then starved for 23 d. Jones
did not supply exogenous food from hatch onward.
Both Geffen and Jones found that starvation
disrupted increment formation. Marshall and Parker
fed their sockeye salmon larvae for the first 3 wk
of life, and then starved them for 2 wk. Marshall and
Parker found that starvation over 2 wk had no ef-
fect on increment deposition. It is possible that the
difference might reflect different age-specific sen-
sitivity to starvation, rather than species-specific
responses.

Brothers (1978) has linked temperature as a prime
factor in increment deposition. Working with tem-
perate stream populations, he has found that diel
temperature changes result in daily increment for-
mation. Brothers (1978) stated that *“six or more in-
crements per day may be formed as the result of
short term, . . .relatively minor. . .temperature fluc-
tuations” Other investigators (Radtke and Dean
1982; Geffen 1982) found that small temperature
changes had no effect on the rate of increment
deposition. Apparently, temperature response is also
species-specific.

LABORATORY STUDIES OF
INCREMENT DEPOSITION

Initial Ring Deposition

When fish are raised in the laboratory from eggs
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through the larval stages, two parameters fun-
damental to application of the increment technique
to field populations can be determined: 1) age at first
increment deposition and 2) testing of daily incre-
ment deposition under artificial conditions. Age at
initial increment deposition for 18 species of fish is
listed in Table 1. Radtke (1978) speculated that in
species having slowly developing embryos, initial
deposition occurs at, or before, hatch; in species
having rapidly developing embryos, initial increment
deposition does not occur until yolk-sac absorption
or first feeding. This hypothesis is not substantiated
in the currently published literature. Information for
nine species of laboratory-reared fish larvae (Table
2) shows no such trend for data currently reported
in the literature. Even for the same suborder, Clu-
peoidei, opposite development and initial increment
deposition patterns exist for herring (Clupea haren-
gus) and the northern anchovy.

The Case for Daily Increment Deposition

Seventeen species have shown consistent daily
deposition of inerements under what are presumed
to be good conditions for growth. The species that
have shown daily increment deposition come from
both freshwater and marine habitats and encompass
a wide variety of lifestyles. In addition, six species
held in the laboratory and sampled over known
periods of time demonstrated daily increment
deposition (Table 3). Four investigation groups
(Struhsaker and Uchiyama 1976 for Stolephorus pur-
pureus, Taubert and Coble 1977 for Lepomis macro-
chirus, Campana and Neilson 1982, Wilson and
Larkin 1980 for Oncorhynchus nerka) brought lar-
vae and juveniles into the laboratory, reared them
for a period of time, then correlated increment
counts to days of captivity. Schmidt and Fabrizio
(1980) took consecutive samples from a field popula-
tion of Micropterus salmoides, which had a short
spawning period and correlated the time between
samples to the change in mean increment count.

Lack of Daily Deposition Rates

The most controversial results obtained so far
come from studies of increment deposition in larval
Clupea harengus (Table 1). Agreement for daily in-
crement deposition has not been obtained. Studies
that observed daily deposition by Gjésaeter? and
and Gjésaeter and Piestad (1981) indicate that

2Harold Gjésaeter, Institute of Marine Research, PO. Box 1870
- 5011 Bergen, Norway, pers. commun. February 1983.

increments are deposited with roughly daily
periodicity and that initial increment deposition
begins at first feeding (4-5 d). Gjésaeter and
Diestad (1981) found that 99 increments were
formed in 97-d-old larvae. Gjésaeter, however, cau-
tioned that these results were hased on small sam-
ple sizes. Lough et al. (1982) reported on larval her-
ring reared in the laboratory that lived until age 18
d. They did confirm that increment deposition began
at yolk-sac absorption, but did not find that the in-
crements were daily. In fact, only three increments
were laid down within 18 d. Lack of confirmation
of daily deposition is easy to dismiss, since the lar-
vae did not survive past 18 d.

However, Geffen (1982) has demonstrated an inter-
action between growth rate and increment deposi-
tion rate. Only under circumstances of very fast
growth, 0.42 mm/d (a rate which is faster than
growth rates postulated for field animals) did incre-
ment deposition approach daily periodicity (0.92 in-
crements/d). It is noteworthy that the growth rates
in her study were related to container size; faster
growth occurs in bigger containers. The variance of
increment count at age is small and homogeneous
only under the fastest growth condition (Norway
Pond). The increasing variance with age in the other
conditions leads to the speculation that some of these
larvae were unknowingly starving. However, since
the slope of the regression line for the Norway Pond
condition is significantly different than 1 incre-
ment/d, this result cannot be dismissed. There would
be obvious value in repeating these experiments. Gef-
fen also found that increment formation did not
begin before yolk-sac absorption and was in agree-
ment with the other investigators on this point. The
literature (Table 1) shows only one case (Oncorhyn-
chus nerka) where independent investigators have
confirmed daily increment deposition (Wilson and
Larkin 1980; Marshall and Parker 1982).

Geffen (1982) found that increment deposition was
also a function of growth in Scophthalmus maximus
(Table 4) under various conditions of temperature
and photoperiod. Under two conditions—1) 20°C,
constant light, and 2) 24°C, 12L:12D—increments
were deposited daily. For all other conditions in-
crements were not daily. Under all conditions,
deposition rate was a function of length. Although
Geffen did not point this out, comparisons of growth
at different temperatures can also be drawn from
the data. Larvae were grown under 20°C and 24°C,
both under a 12L:12D cycle. Larvae grew faster and
deposited more increments at 24°C. Such differences
in temperature might be used to explain differences
in increment deposition except that the other case
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TaBLE 1.—Otolith increment deposition for laboratory reared larval fish of known age.

ft = first feeding. ysa =

yolk-sac absorption, ns = not stated.

Are Time of Life ’ -
increments increment history Rearing conditions
Species Source daily? initiation Validation N Stage Light Temp Feeding Salinity Other
Clupea Gjdsaeter and yes after ff correspondence be- 10 eggs-100 d natural ns plankton ns
harengus Piostad (1981) tween age and rings
Rings = 99,
Age = 97 d
Gjésaeter (1981) yes 4-5d old or ff slope = 0.95 rings/d 31 6-135 d ns ns ns ns
Geffen (1982) no 1st rings at ring deposition depends 227 eggs-100 d 18L/6D 8214°C variety seawater various con-
ysa on growth rate tainer
sizes
Lough et al. (1982) no istring45d 1st3ringsin 18d 57 eggs-18d ns 10°C plankton ns
Engraulis Brothers et al. yes after ysa correspondence be- 88 6-94 d 14LNOD ns ns ns
mordax (1976) tween age and rings
(interaction growth
and rings)
Fundulus Radtke (1978); yes from before slope = 1 ring/d 280 (temp) eggs-30d several 24°C
heteroclitus Radtke and hatch 270 (photo- regimes 30°C Artemia 30%,,
Dean (1982) period)
Gadus morhua Radtke and yes day after hatch correspondence be- =40 eggs-30 d natural 4°C plankton 18-25",, 2 tank
Waiwood (1980) tween age and rings sizes
Lepomis Taubert and Coble yes after swim up  correspondence be- 54 eggs-170 d  15L/9D 24°-27°C  plankton and
cyanellus (1977) tween age and rings Artemia
independent of
growth
Leurestas Brothers et al. yes at hatching correspondence be- 15 eggs-26 d  natural 17°-20°C  Artemia ns
tenuis (1976) tween age and rings
Menidia Barkman (1978) yes slope = 0.97 rings/d 55 eggs68d 12LH2D  19.4°- Artemia 31%,,
menidia independent of 21.6°C
growth
Morone Jones (1984) sometimes at ysa regression analysis 148 eggs97d 14LMOD  18°C Artemia 0-10% 4 L jars
saxatilis
Mugil cephalus Radtke (1984) yes 1 day after regression and 50 eggs-52 d ambient 24.0° &+ Rotifers, fish 320 + 500 L tanks
hatch correspondence 09°C chow 0.4%,, (flow
through)
Oncorhynchus Volk et al. (1984)  yes at hatch regression analysis 32(7) hatch- ambient  7.6°- Copepods 29.8- 10 L tanks
keta 190d 10.2°C and pellets  336%,
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TaBLE 1.—Continued.

Are Time of Life I .
increments  increment history Rearing conditions
Species Source daily? initiation Validation N Stage Light Temp Feeding Salinity Other
Oncorhynchus Marshall and yes at hatch but correspondence be- 2440 eggs-93d natural ambient fed 3 wk ns 200 L tanks
nerka Parker (1982) can be tween age and rings >10°C fed versus
interrupted <10°C starved
Oncorhynchus Neilson and Geen sometimes 1 or more/d regression and corre- 34 (feed- fry-90d 12L/12D 4°-12°C excess ns 28 L tanks
tshawytscha (1982) spondence between ing) 10 24D 1x/d
age and rings (temp) 24L 4x/d
12 (photo-
period)
Pagrus major  Tsuji and Aoyama yes from hatching slope = ring/d not given eggs-30d 24L 20°C 2x/d ns 1,000 L
(1982) independent of 12LA2D variety of tanks
growth food
Parophrys Laroche et al. yes 4-5d old correspondence be- 136 eggs-26 d  14L1M10D  12°-13°C  variety seawater 4 and 89 L
velulus (1982) tween age and rings tanks
Pseudopleu- Radtke and yes after ysa regression and corre- =200 eggs-3¢d 12L/12D  5°-8°C variety ns 10 L tank
ronectes Scherer (1982) spondence between
americanus age and rings
Salmo salar Geffen (1983) no depends on regressions and ANOVA 36 (temp) embryos 24D 8°, 10°, Artemia not appli- 15 cm
physiology 56 (light 12L12D and 15°C cable dishes
and 6L/6D
temp)
Sebastes spp. Radtke (1980) yes from birth correspondence be- not given notgiven 12L/12D ns ns
tween age and rings eggs - ?
Lab data not presented
Scophthalmus  Geffen (1982) no depends on regressions 72 eggs-23d 24L 20°C rotifers and  seawater 30 L tank
maximus growth 6L/6D 24°C Artemia
12L/12D
Rosenberg and yes at hatch back-calculated hatch 62 212d ambient  18.5°- fed and ns 2,000 m®
Haugen (1982) date 225°C starved tank
Tilapia Taubert and Coble yes when they data not presented =300 eggs-60d 15L/9D 24227°C trout food ns
mossambica (1977) leave mouth
Tilapia Tanaka et al. yes at hatch correspondence be- 20 (rings) eggs-28d 12LM12D  275°C ns ns 60 L tank
nilotica (1981) tween age and rings 80 (feed- 18L/6D
ing) 6L/18D
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TaBLE 2.—Relationship between incubation time. egg size, and initial increment deposition: Determing whether species with long incuba-
tion and large eggs initiate increment deposition on or before hatch, while species with short incubation and small eggs initiate increments

at first feeding or yolk sac absorption. ysa = yolk sac absorption.

Initial Egg
Temper- Incubation increment size
Species ature Source time Source deposition Source {mm) Source
Clupea harengus =10°C Blaxter (1969) =18 d Blaxter (1969) 4-5 d ysa See Table 1 0.9-1.7 Blaxter (1969)
Engraulis 11°-21°C Lasker (1964) 1-5d Lasker (1964) =5d Brothers et al. =2
mordax (1976)
Fundulus 24°-30°C Radtke (1978) 14 d Radtke (1978) Before hatch Radtke (1978) 2 Armstrong and
heteroclitus Child (1965)

Gadus morhua 4°C Radtke and 19d Radtke and 1d Radtke and 1.1-1.6 Blaxter (1969)
Waiwood Waiwood Waiwood
(1980) (1980) (1980)
Menidia menidia  19.4°- Barkman 710 d at Barkmann Before hatch Barkman 12 Barkmann and
21.6°C  (1978) 23°-25°C and Beck from (1978) Beck (1978)
(1976) regression

Morone saxatilis  18°C Jones (1984) 2d Jones (1984) 6-9 d Jones (1984)

Parophrys 20°C Laroche et al. 3-32 d Laroche et al. 4-5d Laroche et al.
vetulus (1982) (1982) (1982)

Pseudopleu- 5°-8°C  Radtke and 14 d at McPhee! 9-10d Radtke and 0.8 Smigielski and
ronectes Scherer 8°C Scherer Arnold
americanus (1982) (1982) (1972)

Tilapia nilotica 27°C Tanaka etal. 4d Tanaka et al. At hatch Tanaka et al.

(1981) (1981) (1981)
iGrace McPhee, PO. Box 210972, Auke Bay. AK 99821, per. commun. summer 1983
TaBLE 3—Otolith increment deposition for larval fish maintained in the laboratory over a known time span.
Are
Known-age increments Number
Species Source span daily? Validation of fish
Lepomis Taubert and Coble 26-176 d yes Correspondence be-
gibbosus (1977) after swim up tween age and rings
Lepomis Taubert and Coble 26-125 d yes Correspondence be-
macrochirus (1977) after swim up tween age and rings
Micropterus Schmidt and Fabrizio Between 47 and 81 yes Correlation between 98
salmoides (1980) rings change in ring
count and time
interval
Oncarhynchus  Wilson and Larkin Between 14 and 26 yes Slope = 1 ring/d 100
nerka (1980) rings
Platichthys Campana and Neilson 8-10 mo old yes Siope = 1 ring/d 13 (in situ)
stellatus (1982) 81 (temp and
light)
Stolephorus Struhsaker and yes Correspondence be- 174
purpureus Uchiyama (1976) tween rings and
days

of daily deposition (24L, 20°C) would be an anomaly
under this hypothesis.

Ten studies have investigated deposition rates
under suboptimal, extreme or varying conditions
(Table 4). These studies are important to the under-
standing of the underlying mechanisms causing in-
crement deposition. Two studies, one by Radtke and
Dean (1982) and one by Taubert and Coble (1977),
demonstrated disruption of daily increment forma-
tion under extreme or abnormal changes in photo-
period. Taubert and Coble (1977) found that in
simulated winter conditions, cold temperature and
shorter photoperiod resulted in cessation of incre-
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ment formation in Lepomis cyanellus. At and below
temperatures of 10°C, growth and increment deposi-
tion ceased. If such changes occurred gradually, as
occurs in the normal lifetime of fish, acclimation to
these temperature changes might be expected
through most of the temperature range. Within nor-
mal physiological limits (especially where some
growth continued), increment deposition would be
assumed to continue regularly. However, Marshall
and Parker (1982) also found that temperatures
below 10°C resulted in cessation of increment deposi-
tion in sockeye salmon. Hence two studies have
shown that increment deposition is not maintained
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TABLE 4.—Otolith increment deposition for known-age larval fish under experiments where various culture conditions were tested.

Conditions of growth

Species Source Light Food Temp Other Effect on increment deposition

Clupea Geffen (1982) tank size Increment deposition rate was re-

harengus 120 L, 500 L, lated to growth rate. Also, larvae
310 m® 4,440 m*  grew faster in bigger container and
deposited more rings.

Fundulus Radtke and Dean  Multiple 24°C Temperature affects growth rate, but

heteroclitus (1982) L/D con- 30°C not increment deposition. Increment
ditions deposition rate disrupted under con-
stant dark or under <24-h photo-

period.

Lepomis Taubert and Coble 15L/9D 4°-25°C Fewer hours of light and lower

cyanellus (1977) 10L14D temperature resulted in cessation of
ring deposition. At 10°C or less,
growth ceased, as did increment
formation.

Morone Jones (1984) 14LHOD  Fed, starved, 18°C Increment deposition rate was dis-

saxatilis intermittent rupted during periods of starvation.
starved, then Increments not daily in sagittae dur-
fed ing 2-3 mo under optimal conditions.

Oncorhynchus  Marshall and Fed <10°C Starvation for 10 d did not affect in-

nerka Parker (1982) Starved >10°C crement deposition. Temperatures
<10°C resulted in cessation of incre-
ment formation.

Oncorhynchus  Neilson and Geen 24D 4x/d 11°C Formation of increments was related

tshawytscha (1982) 24L 1x/d 5.2°C to feeding frequency. Temperature
12L12D affected width of increment. not
deposition rate. Photoperiod had no

effect.

Salmo salar Geffen (1983) 24D 8°C Rate of ring deposition increased
6L/6D 10°C with increased light and temperature.
12L12D 15°C

Scophthalmus  Geffen (1982) 24L Fed 20°C Daily increments formed under

maximus 6L/6D Starved 24°C 240-20°C and 12L/12D-24°C. Starva-
12L12D tion and 6L/6D interrupted increment
formation. Increment formation

related to growth rate.

Tilapia Taubert and Coble 24L Every 3 h Daily increments formed under 24-h

mossambica (1977) 241L112D Every 6 h photoperiod, not under 36-h cycle
15L/9D Intermittent nor constant light. Subdaily incre-
ments induced. No effect from

feeding cycle.

Tilapia Tanaka et al. 12L/12D 3 h before dark Formation of increment triggered by

nilotica (1981) 18L/6D 3 h after light light stimulus. Feeding time had no
6L/18D effect under 12L/12D.

below certain temperatures. In two other studies
where temperatures ranged from 24°C to 30°C
(Radtke and Dean 1982) and from 5.2°C to 11°C
(Neilson and Geen 1982), these temperatures af-
fected the growth rate and width of increments, but
did not alter the increment deposition rate.

Six studies looked at the relationship between
feeding and daily increment deposition. Jones (1984),
Geffen (1982), and Marshall and Parker (1982)
showed opposite effects of starvation on increment
deposition. Jones (1984) found that starvation of
young larvae for 2 wk resulted in deposition of only
one increment every other day. However, in addition
to lengthy starvation, the effect of short-term, in-
termittent periods of starvation was also studied and

resulted in nondaily increment formation. Geffen
(1982) found that starvation interrupted deposition
in larval turbot, while Marshall and Parker (1982)
found that starvation for 2 wk had no effect on daily
deposition in sockeye salmon. Long-term starvation
experiments test for interruption of increment
deposition under extreme conditions. To age larvae
in the field, it is important to determine the mini-
mum number of consecutive days of starvation need-
ed to affect increment deposition. Once these values
are known, it is important to determine whether field
larvae actually experience these levels of deprivation.

Three studies looked at feeding time or frequen-
cy on increment deposition. Neilson and Geen (1982)
found that feeding frequency could induce forma-
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tion of subdaily increments in Oncorhynchus
tshawytscha. Both Tanaka et al. (1981) and Taubert
and Coble (1977) found that feeding time had no ef-
fect on increment deposition in larval mouthbrooders
(Tilapia nilotica and T. mossambica).

Little agreement has been reached in these studies
concerning the effect of light, temperature. or
feeding on increment formation. The effects of
variability in temperature, food, salinity, and other
factors (extreme photoperiods would not be en-
countered) relate directly to the problems of ac-
curately aging larvae from the field. At the moment,
environmental effects appear to be species-specific.
Indeed, specific tests of the effect of suboptimal con-
ditions (which are likely to oceur in the field) on in-
crement deposition have rarely appeared in the
literature. Such analyses, conducted for more
species, might confirm the conventional wisdom that
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deviation from daily deposition rate is abnormal.
However, the questions raised by the studies re-
viewed here (Table 4) remain to be fully addressed
or dispelled.

APPLICATION IN THE FIELD

Current Applications

The ability to age larval fish precisely provides
more accurate estimates of growth. mortality, and
the ability to discern the effects of environmental
variables on the first year of life. Rapid growth in
the first months of life has commonly been thought
to be critical to survival. Evidence in support of this
hypothesis (Brothers et al. 1983) and contrary to it
(Methot 1983) exists.

The otolith increment aging technique has been

TaBLE 5—Application of the otolith increment aging technique in field grown larvae.

Based on prior

validations
(validations in Validation Sample
Species Source Table 1) source size Application
Ammodytes Scott (1973) no 71 Back-calculated growth.
dubious
Clupea Graham and Joule controversial See Table 1 for 545 Determine hatching dates and de-
harengus (1981) Geffen (1982) details lineate cohorts which are followed
found deposition through time.

Townsend and depended on 300 Determine hatching dates and as-

Graham (1981)  growth rate. sess growth rates of larval cohorts.
g!ﬁsaeter and Noted cessation of growth in winter.

Lough et al. foﬁ::lagé;g::t)ion 311 Use age to delineate growth. Fit

(1982) " Gompertz function of length-at-age
was daily. See d
ata.
Table 1 for N -

Jones (1985) details. 481 Determination of within-season
growth differences based on uncer-
tainty in otolith aging.

Engraulis Methot and yes Brothers et al. 587 Fit Gompertz function to length-at-
mordax Kramer (1979) (1976) age data to obtain growth rates. Also
mention that starvation slowed incre-

ment deposition.
Fundulus Radtke and Dean yes Radtke and Dean not Compare length-frequency histo-
heteroclitus (1982) (1982) given grams with increment-frequency his-
tograms. Show relationship between

hatching and lunar cycle.

Gadus morhua Gjdsaeter and yes Radtke and 30 Regression of age estimated from
Tilseth (1981) Waiwood (1980) morphologic development versus in-

crement counts.

Steffenson (1980) yes Radtke and 138 Back-calculated hatch date from in-

Waiwood (1980) crements. Compare these to field
observations of spawning time.
Haemulon Brothers and no, but refers to =306 Correspondence between otolith
flavolineatum  McFariand data as otolith microsiruciure and events in the life
(1981) age history. Derive '‘otolith” growth
rates.
Halichoeres Victor (1982) yes marked juveniles 10 Determine daily deposition of incre-
bivittatus ments and use to determine settling
pattern.
Lepomis Taubert and Coble yes Taubert and Coble =150 Allometric relationship between oto-
macrochirus (1977) (1977) lith length and fish length tested for
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applied to larval field populations of many species
of fish (Table 5). Most applications have been based
on laboratory validation of daily increment deposi-
tion for the individual species studied. Some have
not. Methot and Kramer (1979), based on validation
of daily increment deposition by Brothers et al.
(1976), obtained growth rates for wild populations
of Engraulis mordax by fitting a Gompertz function
to length-at-age data. Various other field applications
of the increment aging technique are listed in Table
5. Of special interest is a comparison of growth
estimates for Parophrys vetulus from modal progres-
sion of length frequencies and otolith increments
(Laroche et al. 1982). Growth based on the increment
count method was 2-3 times faster. If the increment
count method proves to be accurate, then mortality
estimates could be considerably changed.

For at least four species listed in Table 5, labora-
tory validation was not conducted. These applica-
tions assume a given age at initial deposition and
daily increment deposition thereafter. The validity

TABLE 5—Continued.

of these assumptions depends on the species and on
the sensitivity of the application to inexactness in
the age estimation. For example, controversial results
have been obtained for larval herring, Clupea
harengus. Geffen (1982) showed that growth rates
could be overestimated by as much as three times
the actual rate. However, analysis of Gulf of Maine
herring data (Jones 1985) showed that differences
in growth between larvae hatched early and late in
the season could be drawn. Until sensitivity analyses,
laboratory verification, or other evidence exists to
assure daily increment formation as a universal
phenomenon under suboptimal conditions, there will
be some doubt about the accuracy of aging field-
captured larvae.

Transition from the Laboratory
to the Field

A question that remains to be answered when
applying laboratory-derived increment deposition

Based on prior

validations
(validations in Validation Sample
Species Source Table 1) source size Application

Menidia Barkman et al. yes Barkman (1978) 105 Compare growth in lab and field.

menidia (1981) (lab)  Calculate hatching dates. Compare
growth between early and late
hatched larvae.

Morone Brothers et al. no 5 Correspondence between increment
saxatilis (1976) estimated age and spawning

season. Growth through lifetime of
juvenile.

Oncorhynchus  Wilson and Larkin  yes Wilson and Larkin 64 Relationship between fish weight
nerka (1982) (1980) and otolith size. Use daily in-

crements as time marker.

Parophrys Laroche et al. yes Laroche et al. 331 Determine growth of aged field lar-
vetulus (1982) (1982) vae and fit Gompertz and von Ber-

talanffy functions. Compare length-
frequency and otolith techniques.
Rosenberg and yes Laroche et al. 233 Growth during metamorphosis. Re-
Laroche (1982) (1982) late to age and transformation in
morphology.

Pseudopleu- Radtke and yes Radtke and 120 Comparison of length-frequency and
ronectes Scherer (1982) Scherer (1982) increment-frequency histograms for
americanus field larvae. Daily growth rate calcu-

lated. Compare growth rates over
time.

Stolephorus Struhsaker and yes Struhsaker and 213 Built growth curves based on age.
purpureus Uchiyama (1976) Uchiyama (1976) Discussion of relationship to feeding.

Preliminary study of growth rate dif-
ference between areas.

Thalossoma Victor (1982) yes Victor (1982) 68 Determine daily increment deposi-
bifasciatum  Victor (1983) marked juveniles 103 tion. Calculate pattern of settiement

based on age estimate.

28 species of  Brothers et al. no 210 Determine length of larval life prior

coral reef fish (1983) to recruitment. Examine otoliths

for marker between postlarvae to
juvenile.
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rates to field populations is the constancy of deposi-
tion rates between these environments. Most labora-
tory studies have occurred under constant tempera-
ture and salinity and under conditions of artificial
food types and densities and low light intensities
compared with the field. Often, increments from
otoliths of laboratory-grown larvae are much fainter
than those from otoliths of field-captured larvae.
Since field conditions can fluctuate to extents that
have been shown to cause increment disruption in
laboratory situations, a way to verify daily deposi-
tion in the field would be an important contribution.
A transitional step between the laboratory and the
field has been made hy Laurence et al. (1979) and
(iestad (1982). Laurence et al. (1979) raised known-
age larvae in a flow through enclosure This study
was designed to measure the growth and survival
of fish larvae exposed to varying prey concentrations
in the field. Modifications of this system could be
used to study increment deposition in know n-age lar-
vae exposed to field conditions. Qiestad (1982) pre-
sented a review of larval fish studies performed in
enclosures. Gjésaeter and (iestad (1981) reared
known-age larvae in large enclosures and determined
increment deposition rates (Table 1). Few inves-
tigators have used such enclosures for validation of
otolith increment deposition rates for field simulated
studies. Enclosures should prove particularly
valuable for validation and simulation of suboptimal
field conditions on growth and increment deposition.

Statistical Applications

Once the veracity of daily increment deposition is
established, a wide variety of statistical methods can
be used in otolith studies. Statistical methods that
have been employed in larval otolith studies have
been linear regressions to establish increment
deposition rates and curve fitting techniques to es-
tablish growth rates from length-at-age data. Linear
regression has also been applied regardless of
whether it actually fits the data. It is important. to
check for lack of fit, selection of the appropriate
model, and weighting before applying linear regres-
sion blindly. It is recommended that, when possible,
confidence intervals and standard deviations be in-
cluded in the data presentation.

Investigators are beginning to relate increment
widths, as indicators of growth, with environmen-
tal conditions (Methot and Kramer 1979; Lough et
al. 1982). When increment widths are correlated
directly with environmental factors, either no
correlations are seen (Neilson and Geen 1982) or
correlations may be spurious. Problems exist in
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measuring the physical conditions to which the lar-
vae have been exposed, especially since larvae may
move from one area to another. In addition, there
are questions concerning food availability and its
concentration and patchiness. Another consideration
in relating growth to environmental conditions is
that, as the fish grows, the width of the outer incre-
ments decreases proportionately to decreases in
length. Better results might be obtained either with
covariance analysis or by fitting a growth function
to data then using the residuals in correlation tests.
Investigations of residuals with exploratory tech-
niques such as principal component analysis or
canonical correlation might prove fertile.

Comparison of Scanning Electron and
Light Microscopy

Scanning electron microscopy (SEM) has been
used to confirm otolith structure (Dunkelberger et
al. 1980; Watabe et al. 1982) and to compare incre-
ment counts with those obtained by transmitted light
microscopy (Radtke and Waiwood 1980; Campana
and Neilson 1982; Neilson and Geen 1982; Radtke
and Dean 1982; Tsuji and Aoyama 1982; Ralston and
Miyamoto 1983). Under optimal conditions, counts
using both methods were equivalent except for lar-
val cod. Radtke and Waiwood (1980), using SEM,
determined that cod produced daily increments from
hatch onward, while Gjésaeter (1981), using a light
microscope, did not observe increment formation un-
til 4-5 d after hatch.

Most investigators did not verify deposition seen
with the light transmission microscope with SEM
studies. Confirmation with SEM is highly desirable
when increments are nondaily. However, extensive
use of the technique for field surveys is prohibited
by the additional cost and preparation time when
compared with light microscopy. In cases where
suboptimal or abnormal field conditions may result
in nondaily increment formation (Jones 1984), SEM,
used in conjunction with ancillary techniques, may
assist identification of the proportion of larvae for
which age is underestimated with light micros-
copy.

CONCLUSIONS

The report of the otolith workshop held in Bergen,
Norway (Anonymous 1982) stated that the ap-
pearance of increments in otoliths of larval fish living
in diverse habitats and representing many families,
argues strongly for the universality of this phenom-
enon. Validation that these increments are, indeed,
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deposited daily has been reported in 17 out of 20
species (Table 1) grown under optimal laboratory
conditions. However, evidence exists that daily
deposition can be interrupted under suboptimal and
abnormal conditions, or can be dependent on growth
rate (Table 6). When the effect of photoperiod is ig-
nored (changes in photoperiod are very gradual in
the field), more than 50% of the tests under subop-
timal and extreme conditions have shown nondaily
increment deposition rates. For other species, tests
under suboptimal conditions were not conducted and
the effect of these conditions on increment deposi-
tion rate is undetermined. The effect of varying con-
ditions on the age at initial increment deposition has
also not been addressed. To apply the otolith aging
technique to fish from the natural environment, the
scientist must either assume that larvae sampled
grew under optimal conditions (those exposed to
suboptimal conditions died) or verify that the species
almost always deposit daily increments under field
encountered conditions, or establish the error
bounds for the relationship between age and incre-
ment count.

Attempts to clarify the natural phenomena that
drive daily increment formation have given con-
flicting results. Photoperiod, feeding periodicity, and
temperature fluctuations have all been cited as
causing daily increment formation. When these fac-
tors are within normal ranges, it is likely, for most
larvae, that deposition is daily. However, for larvae
experiencing conditions outside tolerable ranges or
abnormal conditions, the period of formation is likely
to deviate from daily deposition. It is important to
determine whether the minimum exposure to subop-
timal conditions which result in nondaily deposition
is actually experienced by larvae in the field. These
hypotheses are amenable to further testing. More
basic research on the causation of increment deposi-
tion or more extensive testing under a variety of con-
ditions for a given species will yield more informa-
tion. In situ testing with known-age larvae in
enclosures which closely mimic field conditions could
yield valuable results. The Bergen otolith workshop
report (Anonymous 1982) has recommended that in-
crement deposition be verified for each new species,
under a variety of test conditions.

Two issues, cost effectiveness and accuracy, are im-
portant in determining whether the otolith incre-
ment technique is preferable to length-frequency
analysis. Recommendations made in the report from
the Bergen otolith workshop (Anonymous 1982) are
that “the precision of an age determination. . .be
tested against other available methods. . .by a cost
benefit analysis (ie is enough precision gained by

TaBLE 6—incidence of nondaily increment deposition for
species reared under suboptimal and extreme conditions.
Stars () indicate nondaily deposition caused by exposure to
suboptimal conditions; triangles (A) indicate nondaily deposi-
tion caused by exposure to extreme conditions; circles (O) in-
dicates no interruption of daily deposition.

Tank
Species Light Food Temp size
Clupea harengus *
Fundulus heteroclitus * A [e]
Lepomis cyanellus * *
Morone saxatilis * A
Oncorhynchus nerka o] *
O. tshawytscha e} (¢]
Salmo salar A *
Scophthalmus maximus 0,A A
Tilapia mossambica A O
T nilotica * (o]

using this method to pay the costs and effort in
preparation)”. A good example would be the results
shown in Laroche et al. (1982) when the otolith
method was compared with modal progression of
length frequencies, estimated growth rates differed
by a factor of 2-8. Benefits should also include non-
monetary considerations, such as decrease in error
which will propagate through estimates based on age
determinations (ie, growth and mortality). Sensi-
tivity analyses can be used to show situations where
more accurate estimates are necessary.

Specific recommendations for improving reliability
and replicability are discussed in the Bergen otolith
workshop report (Anonymous 1982). In addition to
these, Brotherss has suggested that other otoliths,
such as the lapillus, be used in analysis.

Aging by the otolith increment technique is a
powerful tool. Not only can population estimates of
growth and mortality be refined, but growth of in-
dividuals can be obtained. Issues such as the impor-
tance of environmental factors to survival, the pro-
portion of fast growing larvae to recruitment, and
demonstration of compensation in field larvae may
become easier to address with the availability of this
technique. However, it is equally important to make
sure that the technique is based on good scientific
technique.
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PATTERNS IN DISTRIBUTION AND ABUNDANCE OF A

NONCOEVOLVED ASSEMBLAGE OF ESTUARINE FISHES IN CALIFORNIA

PETER B. MOYLE! ROBERT A. DANIELS,2 BRUCE HERBOLD;!
AND DoNALD M. BaLrz?

ABSTRACT

The patterns of distribution and abundance of the fishes of Suisun Marsh, a portion of the Sacramento-
San Joaquin estuary in central California, were studied over a 54-month period. Total fish abundance
in the marsh exhibited strong seascnality; numbers and biomass were lowest in winter and spring and
highest in late summer. Freshwater inflow was highest in the winter and lowest in late summer, when
salinities and temperatures were highest. Twenty-one species were collected on a regular basis; the 10
most abundant were Morone saxatilis, Pogonichthys macrolepidotus, Gasterosteus aculeatus, Hysterocarpus
traski, Cottus asper, Spirinchus thaleichthys, Acanthogobius flavimanus, Catostomus occidentalis, Lep-
toeottus armatus, and Platichthys stellatus. Another 21 species oceurred in small numbers on an irregular
basis. Twenty of the 42 species had been introduced to California since 1879. Of the 21 common species,
14 were residents, 4 were winter seasonals, and 3 were spring/summer seasonals. The resident species
fell into two groups: a group of native species that were concentrated in small dead-end sloughs and a
group of native and introduced species that were most abundant in the larger sloughs. The seasonal species
were also a mixture of native and introduced species. Total fish abundance and species diversity declined
through the study period, which seemed to be related to strong year classes of some species early in
the study and the prevalance of freshwater conditions late in the study. The structure of the fish assemblage
was fairly consistent over the study period but changes are expected in the near future. The structure
of the Suisun Marsh fish assemblage was similar to that found in other river-dominated estuaries, despite

the mixture of native and introduced species.

The Sacramento-San Joaquin Estuary system is the
largest estuary on the west coast of North America.
It has been highly modified by surrounding urban,
industrial, and agricultural development and by ex-
tensive diversion and pollution of the freshwater that
flows into it (Conomos 1979). It supports a diverse
fish fauna of native and introduced species, but most
previous studies have concentrated on species impor-
tant to sport and commercial fisheries, especially
striped bass, Morone saxatilis, and, to a much lesser
extent, white sturgeon, Acipenser transmontanus;
chinook salmon, Oncorhynchus tshawytscha; Ameri-
can shad, Alosa sapidissima; and white catfish, Icta-
lurus catus (Skinner 1972; Moyle 1976). Studies of
other species have heen few (Ganssle 1966; Turner
and Kelley 1966; Baltz and Moyle 1982; Stevens and
Miller 1983; Daniels and Moyle 1983), and there have
been no community-level analyses equivalent to those
conducted on estuarine fish communities in other
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parts of the world (e.g., Dahlberg and Odum 1970;
Livingston 1976; Sheridan and Livingston 1979;
Meeter et al. 1979; Blaber and Blaber 1980; Quinn
1980; Thorman 1982). The fish assemblage of the
Sacramento-San Joaquin Estuary system is unusual
because few of its component species are likely to
have evolved together; it is composed of a mixture
of introduced and native freshwater, estuarine, and
euryhaline marine species (Table 1). The introduced
species come from a number of geographic areas,
while most of the native species have their centers
of abundance in either the rivers upstream or the
saltwater bays downstream from the estuary. There
are no really comparable estuaries on the Califor-
nia coast, although some of the much smaller and
more saline estuaries south of the Sacramento-San
Joaquin Estuary do have fish assemblages composed
in part of introduced species (Allen 1982).

‘We began in January 1979 systematic sampling
of the fishes in Suisun Marsh on a monthly basis.
Suisun Marsh was chosen as a study site because of
its central location on the estuary, its proximity to
the University of California, Davis campus, and the
availability of earlier data from sporadic sampling
by the California Department of Fish and Game. The
data indicated that the fish fauna was typical of the
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TaBLE 1.—Fishes collected in Suisun Marsh, Solono County, CA, in decreasing order of

numerical abundance in our trawls.

follows: A = anadromous, E = estuarine, F =

The principal environment of each species is coded as

freshwater, M = marine.

Species Numbers Origin
Striped bass, Morone saxatilis 24,154 E. North America (E)
Splittail, Pogonichthys macrolepidotus 11,250 Native (E)
Threespine stickleback, Gasterosteus aculeatus 9,956 Native (F-E)
Tule perch, Hysterocarpus traski 7,693 Native (F-E)
Prickly sculpin, Cottus asper 4,639 Native (F-E)
Yellowfin goby, Acanthogobius flavimanus 1,786 Japan (E-M)
Sacramento sucker, Catostomus occidentalis 1,703 Native (F)
Common carp, Cyprinus carpio 1.573 Asia (F)
Threadfin shad, Dorosoma petenense 1.088 E. North America (E)
Staghorn sculpin, Leptocottus armatus 985 Native (M)
Starry flounder, Platichthys stellatus 849 Native (M)
Longfin smelt, Spirinchus thaleichthys 650 Native (E)
Delta smelt, Hypomesus transpacificus 450 Native (E)

American shad, Alosa spadissima

Sacramento squawfish, Ptychocheilus grandis
Chinook salmon, Oncorhynchus tshawytscha

Hitch, Lavinia exilicauda

Inland silverside, Menidia beryilina
Goldfish, Carassius auratus
Northern anchovy, Engraulis mordax

Sacramento blackfish, Orthodon microlepidotus

Pacific herring, Clupea harengeus
White catfish, /ctalurus catus

Bluegill, Lepomis macrochirus
Mosquitofish, Gambusia affinis

Black crappie, Pomoxis nigromaculatus
Bigscale logperch, Percina macrolepida
White sturgeon, Acipenser transmontanus
Fathead minnow, Pimephales promelas
Brown bullhead, Ictalurus nebulosus
Rainwater killifish, Lucania parva

Green sunfish, Lepomis cyanellus
Pacific sanddab, Citharichthys sordidus
Pacific lamprey, Lampetra tridentata
Surf smelt, Hypomesus pretiosus
Channel catfish, /ctalurus punctatus
Black bullhead, /ctalurus melas

Shiner perch, Cymatogaster aggregata
Golden shiner, Notemigonus crysoleucus
Warmouth, Lepomis gulosus

Rainbow trout, Salmo gairdneri
Longjaw mudsucker, Gillichthys mirabilis

218 E. North America (A}
140 Native (F)
96 Native (A)
56 Native (F)
50 E. North America (F-E)
45 Asia (F)
34 Native (M)
25 Native (F)
24 Native (M)
23 E. North America (F)
16 E. North America (F)
15 E. North America (F)
14 E. North America (F)
10 Texas (F)
10 Native (E)
E. North America (F)
E. North America (F)
E. North America (E)
E. North America (F)
Native (M)
Native (A)
Native (M)
E. North America (F)
E. North America (F)
Native (M)
E. North America (F)
E. North America (F)
Native (A)
Native (M)

=L =2 WWOWWHh 2O

freshwater dominated portions of the estuary. The
marsh is also of considerable interest because it is
the largest brackish-water marsh in California. It is
managed primarily as a wintering area for migratory
waterfowl, but its importance as a nursery area for
striped bass, salmon, and other fishes is being in-
creasingly recognized (Baracco 1980). The purpose
of this paper is to analyze the distribution and abun-
dance of the fishes of the marsh in relation to each
other, major environmental factors, and major
crustacean species, during a 54-mo period.

STUDY AREA

Suisun Marsh is a large (ca 34,000 ha) tidal marsh
located just downstream of the confluence of the
Sacramento and San Joaquin rivers (Fig. 1). About
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11,000 ha of the marsh consist of sloughs that are
influenced by tidal action. The remainder consists
of diked wetlands managed to attract wintering
waterfow] (Baracco 1980) and for pasturage. The
sloughs are shallow (most are <2 m deep) and may
fluctuate in depth as much as 1 m during extreme
tides. Salinities have ranged from 0 to nearly 17 ppt
in recent years, with the highest salinities occurring
in late summer of drought years and the lowest
salinities oceurring annually in winter and spring
when river outflows are highest (Baracco 1980).
Because increased upstream diversion of water is
threatening water quality in the marsh, major
modifications to the water distribution system within
the marsh are being made to ensure that salinites
do not become too high for production of the plants
that attract waterfowl.
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FIGURE 1.—Locations of sample sites (*) in Suisun Marsh, Sacramento-San Joaquin Estuary, CA.

During this study, two major habitat types were
sampled: 1) small dead-end sloughs that were 7-10
m wide and 1-2m deep and  2) Suisun Slough, which
connected all the dead-end sloughs and was 100-150
m wide and 2-4 m deep. A third habitat, Montezuma
Slough, was also sampled, but the data were not used
here because our methods did not sample it ade-
quately. This slough is deep (3-4 m), wide, and
riverlike; it is the marsh’s main source of freshwater.

METHODS

Sampling was conducted monthly at seven loca-
tions throughout the marsh (Fig. 1), from January
1979 through June 1983, with the exception of
December 1979 and October 1980. Four of the loca-
tions were in dead-end sloughs (Peytonia, Boynton,
Mallard, and Goodyear), one was a small slough open
at both ends (Cutoff), and two were in Suisun Slough.
Sampling was conducted biweekly from January
1980 through June 1981, but the samples for each

month were lumped together for analysis, as the
samples within months were comparable. All samples
were taken during the day, as 24-h studies conducted
in April 1979 and 1980 did not exhibit any signifi-
cant differences between day and night samples.
The principal means of sampling was a four-seam
otter trawl with a 1 x 2.5 m opening, a length of
5.3 m, and mesh sizes that tapered down to 6 mm
stretch in the bag. At each location, the trawl was
towed for either 5 min (small sloughs) or 10 min
(Suisun Slough) at about 4 km/h. The longer periods
were necessary in large sloughs because of the small
catches that prevailed there. Each location was sam-
pled at least twice on each date, This method of
sampling was biased because large fishes probably
avoided the trawl, and fishes that favor the emergent
vegetation were undersampled, as were fishes in the
upper part of the water column (Kjelson and Colby
1977). However, these problems were minimized by
the narrowness and shallowness of most of the
sampling sites; in any case such biases were consis-
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tent across the course of this study, so that com-
parisons should be unaffected. In addition, two loca-
tions on the marsh were sampled with a 10 x 1 m,
6 mm mesh, seine, on an irregular basis. An effort
was made to seine every month but it was often not
possible, as the sites were difficult to seine at ex-
treme high or low tides.

Fishes from each trawl were placed in washtubs
of water to minimize mortality and then identified,
measured to the nearest millimeter (standard
length), and returned to the water as quickly as
possible. If more than 100 fish of any one size class
of a species were captured, only the first 100 were
measured; the rest were counted. Early in the study,
samples of all fishes were weighed (wet weight, in
gram), and a length/weight relationship developed
for each species. This was later used to estimate the
biomass of fish in each trawl. The shrimps Crangon
Jranciscorum and Palaemon macrodactylus in each
trawl were also counted. For the oppossum shrimp,
Neomysis mercedis, an index of abundance was used,
based on a 1-to-5 scale, where “1" represented <3
individuals; “2", 3-50 shrimp; “3", 50-200, “4%,
200-500, and “5”, >500. The index was necessary
because most N. mercedis probably passed through
the net due to their small size (3-5 mm). Neverthe-
less, they were present seasonally in most hauls, at
times in enormous numbers.

At each location, salinity and temperature were
taken with a YSI S-CT meter and transparency was
measured with a Secchi disk. Tidal height was deter-
mined from a tide table. An index of monthly fresh-
water outflow from the combined Sacramento and
San Joaquin Rivers at Chipps Island was obtained
from the California Department of Water Resources
(unpubl. data).

For analysis, all the data were summarized by site
and month. A Spearman rank correlation analysis
using data ranked by month (N = 52) was used for
the initial analysis because many of the variables did
not conform to a normal distribution. Because no
single transformation could be applied to all the
variables, nonparametric statistics were used as the
most conservative method. We used 13 variables for
the analysis (Table 2). In addition, rank abundance
(by numbers) by month for the following species
categories was used: 1) total striped bass, 2) year-
ling and older striped bass, 3) young-of-year striped
hass, 4)total splittail, 5) yearling and older split-
tail, 6) young-of-year splittail, 7) total tule perch,
8) tule perch adults, 9) tule perch young-of-
year, 10) total prickly sculpin, 11) yearling and older
prickly sculpin, 12) prickly sculpin young-of-
year, 13) carp, 14) longfin smelt, 15) delta

108

FISHERY BULLETIN: VOL. 84, NO. 1

smelt, 16) staghorn sculpin, 17) starry
flounder, 18) threadfin shad, 19) Sacramento
sucker, 20) yellowfin goby, and 21) threespine
stickleback. Because only minor differences were
found among the correlations associated with adult
and juvenile striped bass, tule perch, splittail, and
prickly sculpin, only the results for the totals for
these species will be presented.

Analyses were also run using the data from each
trawl separately. Species were analyzed using both
numbers and grams. Because these data were all of
species abundances, a log-normal transformation
was used to normalize them. The results were similar
in most respects to the analyses using ranks so are
not presented here. However, because we were uncer-
tain as to the validity of using ranked data for prin-
cipal components analysis (PCA), we based our
discussion on cautious inspection of the correlation
matrix as generated. A principal components
analysis was run using the correlation matrix (Dix-
on and Brown 1977) of 1, numbers of fish per trawl
(N = 1,238), to produce groups of species that
presumably were responding to the environment in
the same general ways.

TaBLE 2.—Environmental variables used in the correlation analyses.

Variable Units Notes
Month series 1-54 January 1979 to June 1983
Water year 1-5 Begins in October of each
year

Salinity ppt
Temperature °C
Secchi depth cm
Neomysis mercedis 1-5 index

abundance
Mean monthly 0-11 index California Department of

outflow Water Resources
Crangon

franciscorum No./trawl
Palaemon

macrodacytius No./trawl
Fish species No./trawi
Total fish numbers No./trawl
Total fish biomass Biomass/  Wet weight

trawl
Species diversity Index Shannon-Weiner (H)
RESULTS

Environmental Variables

Salinity and temperature were negatively corre-
lated with river outflows (Table 3, Fig. 2). Salinity
had a strong (P < 0.01) positive correlation only with
Secchi depth. River outflows generally peaked in
February, March, or April, as the result of run-off
from melting snow in the Sierra Nevada. Lowest



MOYLE ET AL.. NONCOEVOLVED ASSEMBLAGE OF ESTUARINE FISHES

TaBLE 3—Spearman rank correlation coefficients between fish species ranked by month by numbers and other variables
ranked by month. Underlined values are significant at P > 0.05.

g e
2 =z £ - 3 & 5
Q ] g’, —g' x = g @ ‘3 2
£ c 1 O ] 3
T 5 & E € s § § ¢ € § <
E 2 5 £ E ¢ % 3 2 ® E % ¢
3 & & 8 2 &8 & 3 & 8 E & @&
Month series -042 -0.72 -0.51 -0.38 -0.53 -0.58 0.16 -0.10 -0.29 -0.09 -0.26 -0.15 -0.21
Temperature 054 028 008 021 049 049 041 -033 -041 -0.28 -0.55 -0.03 0.01
Salinity 062 024 053 0.14 043 038 -0.36 -0.14 018 017 024 0.13 -0.06
Secchi depth 0.09 -0.09 0.29 -0.18 —0.08 -0.04 -0.54 -0.09 033 031 052 0.06 -0.28
Outflow -0.74 -0.36 -0.49 —0.27 -0.62 -0.44 006 004 007 -0.12 0.16 -0.06 0.14
Neomysis
mercedis -042 -0.02 -0.24 0.09 -0.45 -0.05 028 023 007 -0.25 -0.10 0.07 0.08
Crangon
franciscorum 0.27 -0.01 0.05 006 046 -0.18 -0.03 -0.10 0.01 -0.59 -0.15 0.29 -0.23
Palaemon
macrodactylus 043 -0.10 0.06 -0.10 0.34 020 0.16 -0.18 -0.30 -0.21 -0.32 0.14 0.23
No./trawl 067 064 072 053 046 045 007 021 016 -0.07 0.06 -0.18 -0.10
gltrawi 039 071 053 057 0.39 0.81 -006 -0.13 004 -024 0.13 0.04 0.04
Species/trawl 042 074 048 056 060 052 024 010 021 015 0.00 021 043
Diversity (H') -010 045 023 045 028 035 031 021 026 009 012 036 043

flows occurred from August through October. Sali-
nity, temperature, and Secchi depth were generally
lowest (0-1 ppt, 8°-11°C, and 17-18 cm, respective-
ly) when outflows were highest, and highest (4-9 ppt,
19223°C, and 25-40 em, respectively when outflows
were lowest. There is, however, considerable year-
to-year variation in these cycles. When outflows were
comparatively low (1979, 1981), salinities, temper-
atures, and turbidities peaked at higher levels than
they did in high outflow years. Because 1982 and
1983 were exceptionally wet years, virtual freshwater
conditions prevailed throughout both years.

Invertebrates

Neomysis mercedis became very abundant in the
marsh from April to June, but the population de-
clined rapidly through the summer, reaching a low
in October (Fig. 2). This pattern fits with previous
studies of this species, which showed that its popula-
tions generally followed the mixing zone up and
down the estuary and were reduced at temperatures
higher then 22°C and salinities >7 ppt (Orsi and
Knutson 1979). In this study, N. mercedis abundance
showed a significant positive correlation with out-
flows and significant negative correlations with tem-
perature, salinity, and turbidity (Table 4). It also
showed a significant negative correlation (Table 3)
with two of its major predators in the marsh, striped
bass and yellowfin goby (Herbold 1985%).

Palaemon maerodactylus and Crangon franeis-
corum also showed seasonal patterns of abundance
(Sigfreid 1980), but the patterns were much less
marked than those of N. mercedis. Palaemon macro-
dactylus were most abundant during July through
October and least abundant during January and
February, while C. franciscorum were most abundant
in November and December and least abundant in
January through March. Palaemon macrodactylus
abundance therefore showed strong positive corre-
lation with temperature and salinity and a negative
correlation with outflows. Crangon franciscorum
abundance was also negatively correlated with
outflows, but had a positive correlation only with
salinity.

Fishes

A total of 42 species, represented by about 67,000
individuals, were collected in the 1,238 trawl hauls
made during the study. The four measures of overall
fish abundance and diversity showed negative cor-
relations with month series and with years, in-
dicating a general decline through the study period
(Table 4, Fig. 3). Numbers, biomass, and number of
species had positive correlations with temperature
and/or salinity and negative correlations with out-

sHerbold, B. 1985. Resource partitioning within a non-co-
evolved assemblage of fishes. Unpubl. Ph.D. Thesis, Univ. Califor-
nia, Davis.
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FIGURE 2—Trends in abiotic factors and Neomysis mercedis abun- 13
dance within Suisun Marsh. Temperature is in °C. Average outflow >
in 10,000 cubic feet per second of the Sacramento River was £ 2
calculated by the California Department of Water Resources. Salini-
ty is given in parts per thousand. Neomysis mercedis abundance
rankings are described in text. 1
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flow, indicating that catches were highest in late sum-  species, native white sturgeon and introduced

mer and lowest in early spring. However, when the =~ American shad, probably also belonged in this
patterns of occurrence of the 12 most abundant  category, as they were caught at all times of the year
species were examined, three groups appeared: resi-  but too infrequently to draw any firm conclusions.
dent species, winter seasonals, and spring/fsummer  Splittail, striped bass, tule perch, Sacramento sucker,
seasonals. carp, and yellowfin goby had similar patterns of

The “resident species” included the native split- abundance (Figs. 4, 5) and were correlated (P < 0.05)
tail, tule perch, Sacramento sucker, prickly sculpin, with each other and with total biomass, numbers,
and threespine stickleback as well as the introduced  and species (Tables 3, 4). All six species usually
striped bass, carp, and yellowfin goby. Two additional =~ became more abundant in our catches as the sum-
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TABLE 4—Spearman rank correlation among species ranked by month (lower matrix) by numbers and among environmental and other
variables ranked by month (upper matrix). Underlined values are significant at P > 0.05.

1 2 3 4 5 6 7 8 9 10 1 12
13. Striped bass -0.15 -0.54 -0.10 043 0.14 -0.04 -0.04 -0.51 -0.79 -0.80 —0.64 1. Month series
14, Splittail 0.50 027 0.19 -0.62 -0.29 0.19 044 033 030 0.37 005 2. Temperature
15. Tule perch 044 0.38 0.46 -0.78 —0.55 042 032 048 0.37 039 0.07 3. Salinity
16. Sacramento sucker 0.19  0.51 0.54 -0.13 -043 0.04 -0.24 0.01 0.01 -0.11 -0.19 4. Secchi depth
17. Yellowfin goby 068 058 032 022 0.51 -0.52 -0.41 -0.58 —0.34 —0.51 -0.06 5. Outflow
18. Carp 046 053 038 046 035 -0.56 -0.32 —0.14 -0.03 -0.10 0.16 6. Neomysis
19. Prickly sculpin -0.14 0.13 -0.13 0.34 006 0.1 0.34 009 -0.19 025 0.01 7.Crangon
20. Stickleback -041 -0.09 0.05 0.07 -022 -0.17 0.09 0.12 0.04 0.15 -0.05 8. Palaemon
21. Delta smelt -0.11 008 0.21 0.03 -0.05 —0.15 -0.15 0.40 055 0.56 -0.08 9. Numbers/

trawl

22, Longfin smelt -0.07 -0.01 -0.09 -0.12 0.21 -0.38 —-0.15 -0.04 0.43 0.69 0.51 10. Gramsiftrawl
23. Threadfin shad -0.17 -0.02 038 0.00-024 —0.11 -0.47 042 036 o021 0.74 11. Species/trawl
24. Staghorn sculpin -0.24 -0.13 -0.05 0.06 ~0.06 —0.02 020 0.18 0.17 030 0.01 12. Diversity (H')
25. Starry flounder -009 030 003 030 018 -0.14 025 022 0.10 037 0.00 007

13 14 15 16 17 18 19 20 21 22 23 24

mer progressed although the two introduced species,
striped bass and yellowfin goby, tended to peak later
than the other species. Consequently, they all showed
significant (P < 0.05) negative correlations with
outflow. All except Sacramento sucker and tule perch
had significant positive correlations with salinity and
temperature. There was a general decline in fish
abundance throughout the 5-yr period. This was
reflected in that four of the six species showed a
positive correlation with species diversity, and all had
a negative correlation with month series.

Prickly sculpin seemed to peak in abundance
earlier in the year than the first six species (Fig. 4)
but the pattern was obscured by the considerable
year-to-year variation in abundance of young-of-year
fish. Adults were resident in the marsh but appeared
in the trawls on an irregular basis because of their
tendency to hide under logs and other objects (Moyle
MEAN NUMBER OF FISH PER TRAWL 1976). Overall, prickly sculpin had negative corre-
lations with salinity and Secchi depth, but positive
correlations with temperature, N. mercedis abun-
dance, and species diversity (Table 3). Threespine
stickleback abundance had a negative correlation
only with temperature, presumably because their
reproductive behavior obscured our ability to catch
them. They were most abundant in the trawls in
February through May, and the catch consisted
primarily of gravid females and schools of young-
of-year fish. The males were apparently defending
their nesting territories in emergent vegetation. By
late summer sticklebacks were rare in the trawls but
could be taken in seine hauls made through weedy
areas.

FIGURE 3—Trends in mean numbers and grams of fish per trawl. The “winter seasonals” were three plankton-
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FIGURE 4.—Capture rates of native resident species within Suisun Marsh. Mean catch per effort is deseribed as percent of the total catch
for each species.

feeding species, delta smelt (native), longfin smelt
(native), and threadfin shad (introduced). All three
species tended to be most abundant in November
through January, although the pattern was not
always consistent (F'ig. 6). Threadfin shad were the
most erratic of the three species in abundance; they
were especially abundant in the summer of 1981.
Longfin smelt were largely absent from our samples
in 1979 and 1981. Delta smelt abundance was
positively correlated (P < 0.05) with that of the other
two species, although the correlation between long-
fin smelt and threadfin shad was not significant. All
three species had negative correlations with tem-
perature, and positive correlations with Secchi
depth.

The “spring/summer seasonals” were staghorn
sculpin and starry flounder, both euryhaline marine
species that were represented mainly by young-of-
year. Their patterns of abundance were not consis-
tent (Fig. 6) and the peaks occurred anytime from
March through September. Consequently, staghorn
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sculpin did not show any significant correlations with
the environmental variables, although starry
flounder did show negative correlation with Secchi
depth. Both species had a positive correlation with
species diversity, presumably because they were rare
in our samples during the last 2 years when the
marsh was dominated by freshwater.

In addition to the 12 species that appeared regular-
ly in our trawls, there were a number of other species
of potential importance to the fish community that
were either not sampled adequately by the trawl or
were absent because of the effects of the 1976-77
drought. Five species that were not sampled ade-
quately were inland silverside, chinook salmon,
Sacramento squawfish, mosquitofish, and rainwater
killifish. The silversides were abundant year around
in the shallow, sandy or weedy areas found in some
sloughs. Silversides appeared in seine hauls in 20 of
the 22 mo in which seining was done; they were
generally the most abundant fish in these hauls.
Juvenile chinook salmon and squawfish were com-
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mon in the marsh in February, March, and April
(times of high outflows) and were taken mainly in
seines. The tendency of the salmon to remain close
to the banks and vegetation and to get sucked into

YELLOWFIN GOBY
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FIGURE 5—Capture rates of introduced species within Suisun
Marsh. Mean catch per effort is described as percent of the total
cateh for each species.

diversions of marsh water consequently has led to
the screening of one major diversion in the marsh.
Squawfish were abundant in the Sacramento River
and juveniles are known to disperse widely during
high flows (Smith 1982). Mosquitofish and rainwater
killifish were present in ponds adjacent to the
sloughs, along with silversides and sticklebacks; mos-
quitofish were planted in some areas for mosquito
control.

Principal Components’ Analysis

The PCA using the numbers per trawl matrix
resulted in four components that explained 47% of
the variance in the matrix (Table 5). The first com-
ponent loaded most heavily on tule perch, Sacra-
mento sucker, and splittail, native resident species
most abundant in dead-end sloughs, and to a lesser
extent on carp and threadfin shad, introduced
species common in such sloughs. The second com-
ponent loaded heavily on striped bass, yellowfin goby,
and carp, three introduced species resident through-
out the marsh but most frequently captured in the
main sloughs; all reached peaks of abundance in late
summer. The third component loaded most heavily
on prickly and staghorn sculpins, two benthic species
that peaked in abundance during the summer
months but were relatively scarce during the last 2

TaBLE 5—Loadings (rotated) of major fish species on four com-
ponents produced by a principal components analysis of numbers
of fish per trawl (7 = 1,238). Values over 0.500 are underiined.

Compo- Compo- Compo- Compo-

nent nent nent nent
1 2 3 4
Splittail adults 0.487 0.300 -0.024 -0.149
Splittail juveniles 0.549 0.100 0.318 0.149
Striped bass adults 0.058 0.701 0.078 -0.073

Striped bass juveniles 0.183 0.631 -0.157 0.046
Longfin smelt -0.124 0.029 -0.032 0.747

Delta smelt 0.022 -0.061 -0.027 0734
Threadfin shad 0447 -0286 -0.121 0.319
Common carp 0.403 0.403 0.166 -0.084
Yellowfin goby -0.011 0660 0023 0.016
Tule perch adults 0.827 0.049 0.085 -0.102
Tule perch juveniles 0.833 -0.036 -0.045 -0.017
Sculpin adults 0.254 -0.038 0.377 -0.263
Sculpin juveniles 0.090 0.043 0.780 -0.077
Starry flounder 0.117 0256  0.107 -0.030
Staghorn sculpin 0.043 0047 0.727 0.118

Sacramento sucker 0.637 0.197 0.341 0.102
Threespine stickleback 0.039 -0.296 0.486 -0.147

Eigenvalue 2.826 1.874 1.829 1.391

Cumulative proportion
of variance explained 0.200 0.304 0.396 0.472
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years of the study. A similar pattern was shown by DISCUSSION

threespine stickleback, which also had a relatively

large positive loading on this component. The fourth During the 5-yr study period, the fish assemblage
component loaded heavily on delta and longfin smelt, of Suisun Marsh had the following character-
and to a lesser extent on threadfin shad. This is the istics:

winter seasonal group identified in the previous

analysis. 1. There was a strong seasonal pattern of total fish
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abundance with numbers and biomass lowest in
winter and spring and highest in late summer. Fishes
were least abundant when river outflows were
highest and most abundant when salinities and tem-
peratures were highest.

2. There was an overall decline in fish abundance
and species diversity through the study period.

3. Of the 21 species that occurred in the marsh on
a regular basis, 14 were residents, 4 were winter
seasonals, and 3 were spring/summer seasonals.
Another 21 species occurred sporadically, in small
numbers. These were mainly marine and freshwater
species that presumably could become established
in the marsh if environmental conditions changed
significantly.

4. The abundant resident species fell into two
groups, one made up of native species that concen-
trated in the small dead-end sloughs and the other
a mixture of introduced and native species that were
widely distributed in the marsh, but most abundant
in the larger sloughs.

5. The structure of the fish assemblage (ie, the
pattern of distribution and abundance) was fairly
consistent over the 54-mo period.

The seasonal pattern of fish abundance was due
to a number of factors, most importantly 1) varia-
tion in sampling efficiency, 2) influxes of young-of-
year fish, 8) favorable environmental conditions for
most fish species in late summer, and 4) abundance
of Neomysis mercedis. When outflows were high,
water levels in the marsh were high and showed lit-
tle tidal fluctuation. Therefore trawling was less ef-
ficient because there was more water and more
flooded vegetation available as cover for fish. How-
ever, even under these conditions most of the sam-
pling areas were rarely more than 2 m deep, so our
trawl covered at least half the water column, and
large catches were common, especially early in the
study. Therefore, variation in sampling efficiency
may have exaggerated the peaks and valleys of the
catch curves (Figs. 4, 5) but was unlikely to obscure
the general trends in abundance. Probably the most
important contributor to the seasonal patterns was
the increase in young-of-year striped bass, splittail,
prickly sculpin, and tule perch, in June through
August. These species (and others, to a lesser extent)
became vulnerable to our trawl at 30-40 mm SL, and
catches of several hundred individuals in a 5-min tow
were made on occasion. The rapid growth of these
species during summer (Daniels and Moyle 1983;
Herbold and Moyle, unpubl. data) indicated that en-
vironmental conditions, including warm tempera-
tures and moderate salinities, were favorable for

them and for other euryhaline species (e.g., staghorn
sculpin, starry flounder). These same conditions also
favored N. mercedis, a small shrimp that is an im-
portant food item in summer diets of most of the
fishes (Herbold fn. 4). It is possible that the summer
peak in fish abundance may be due also in part to
fishes moving in to take advantage of an abundant
food resource. The decline in N. mercedis abundance
in late summer may be related in part to fish preda-
tion, although it is presumably related mainly to
their seasonal movements within the entire estuary
(Orsi and Knutson 1979).

The overall decline in fish abundance over the
study period seemed to be due to two factors: varia-
tion in reproductive success of major species and the
fact that 1982 and 1983 were years of unusually high
precipitation and runoff, so freshwater conditions
prevailed throughout the summer months of both
years. Splittail showed an unusually strong year class
in 1978, which dominated the 1979, and, to a lesser
extent, 1980 samples (Daniels and Moyle 1983).
Catches of splittail in 1979 were typically 2-5 times
greater than in subsequent years. Striped bass, tule
perch, and carp also showed peaks of abundance in
1979 and had low abundances in 1982-83, with one
or two peaks of abundance in between. Except for
carp, the peaks were largely due to influxes of young-
of-year fish. The reason for the abundance of the
1978 year class of fish was presumably related to
1978 being a year of high, but not excessive, outflows.
Increased reproductive success during high outflow
years has been documented for striped bass (Stevens
1977), splittail (Daniels and Moyle 1983), American
shad, chinook salmon, and longfin smelt (Stevens and
Miller 19883). However, under extreme outflow con-
ditions (such as existed in 1982 and 1983), young-
of-year fish are apparently carried downstream to
areas below the marsh (San Francisco and San Pablo
Bay) where chances of survival may be less (Stevens
1977).

Drought also contributed to the variation in the
fish fauna. During 1976 and 1977, severe drought
reduced freshwater inflows to the marsh, resulting
in sustained high salinities. Freshwater fishes de-
clined dramatically during the drought period (Herr-
gesell et al. 1981) and the fishery for catfish (main-
ly white catfish and black bullhead) was greatly
reduced (Baracco 1980). The catfish populations did
not recover during the study period, but the regular
appearance of young-of-year white catfish in our
trawls in late 1983 indicated a recovery may be in
progress. Other freshwater fishes found in the marsh
(Table 1) showed no signs of increasing. Most were
represented in our samples by <10 individuals that
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had presumably been washed into the marsh from
freshwater habitats upstream. However, black crap-
pie and perhaps other centrarchids contributed to
the local fishery prior to the drought, mainly in the
upper ends of the larger sloughs, so a recovery can
be expected.

Despite the decline in freshwater fishes during the
drought, there was no corresponding major increase
in the abundance of euryhaline marine species
characteristic of nearby San Francisco Bay (Herr-
gesell et al. 1981). Marine species (such as northern
anchovy, Pacific herring, and shiner perch) general-
ly appeared in our samples in late summer when
salinities were highest, in parts of the marsh closest
to Suisun Bay.

Considering the annual and long-term variations
in fish abundances and the fact that the fish assem-
blage is made up of a mixture of native and intro-
duced species, the consistency of the assemblage
structure during the study is surprising. Coevolution
has obviously little role in an assemblage in which
the most abundant species (striped bhass) entered in
1879 and other abundant species entered in the
1960’s (yellowfin goby) and 1970's (inland silversides)
(Moyle 1976). The apparent consistency in structure
seemed to be the result of 1) two introduced species,
striped bass and carp, that were consistently abun-
dant in the marsh, 2) the group of native resident
fishes that was persistent in deadend sloughs, and
3) the native fishes that moved in and out of the
marsh on a seasonal hasis.

This does not mean that the structure observed
during this study will persist indefinitely. A number
of changes in the fish fauna may already be occur-
ring. For example, the presence of young-of-year
white catfish in 1983 and 1984 may signify a shift
of the assemblage towards catfishes and centrar-
chids, such as existed before the 1976-77 drought.
Striped bass are presently in a long-term decline in
abundance, a trend which seems to be continuing
(Kelley et al. 1982). Past history indicates that new
introductions of fishes into the system are likely:
specifically, the white bass, Morone chrysops, has
recently become established in part of the San Joa-
quin drainage and may become a major new predator
in the Sacramento-San Joaquin Estuary if planned
eradication attempts fail (California Department of
Fish and Game unpubl. data). Furthermore, addi-
tional diversions of freshwater from the estuary are
planned (Herrgesell et al. 1981), and major modifica-
tions to the marsh channels are planned or under-
way (Baracco 1980), so the environment, especially
in the dead-end sloughs, may change significantly.
It is difficult to predict what the combined effects
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of all these changes will be on the present fish
assemblage, but extinctions of both native and intro-
duced species in the estuary have occurred in the
past (Moyle 1976) and could occur again in the future.

The structure of the fish assemblage of Suisun
Marsh is similar in may respects to the structure of
the fish assemblages of other large estuaries (e.g.,
Markle 1976; Meeter et al. 1979), despite the impor-
tance of recently introduced species and the stabi-
lizing influence humanity has had on the pattern and
amount of freshwater inflow (Kahrl 1978). In most
such estuaries, as in the Sacramento-San Joaquin,
the assemblages are dominated by juvenile fishes,
and most species have substantial populations out-
side the estuary. As in Suisun Marsh, the fish assem-
blages of such estuaries are made up of a relatively
small number of the species available in nearby
marine and freshwater environments. Presumably,
the species composition of an estuarine assemblage
is determined in large part by the ability of the
species to tolerate the particular set of environmen-
tal conditions that exist there. Since these conditions
may change with short-term climatological changes,
the fish assemblages may change as well (Meeter et
al. 1979; Marais 1982). Thus coevolution is given lit-
tle chance to operate in estuarine systems in general.
In this context, it is not surprising that the fish
assemblage of the Suisun Marsh behaves ecologically
in a way similar to fish assemblages in most other
estuarine systems. Because resource partitioning is
commonly observed among estuarine fishes (Sheri-
dan and Livingston 1979; Whitfield 1980), competi-
tion may be an important process in determining the
structure of estuarine fish assemblages (Thorman
1982), a hypothesis we are currently investigating
in the Suisun Marsh.
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THE ROLE OF ESTUARINE AND OFFSHORE NURSERY AREAS FOR

YOUNG ENGLISH SOLE, PAROPHRYS VETULUS GIRARD,
OF OREGON

E. E. KRYGIER! AND W. G. PEARCY*

ABSTRACT

Our trawling studies confirm that age group 0 English sole are commen in shallow waters along the open
coast as well as in estuaries of Oregon. Both areas appear to be important nursery areas for this species.
Metamorphosing English sole were recruited to Yaquina Bay over many months hetween November and
June during the 5 years studied. Seascnal trends in abundance of these transforming fish were rather
similar to both Yaquina Bay and open coastal stations. Transforming individuals, however, were found
earlier in the fall and later in the spring and summer along the open coast than in Yaquina Bay.
Based on catch curves, the densities (no. m~?) of juvenile English sole were much higher in Yaquina
Bay than along the open coast. Transforming sole (20-25 mm) were an exception. They were sometimes
most abundant at the open coast location. Increasing densities of 20-40 mm length fish in the Yaquina
Bay catches were accompanied by decreased catches of this size group at the open coast site. This sug-
gests immigration of a broad size range of both transforming and fully transformed individuals into Yaquina

Bay.

English sole, Parophrys vetulus Girard 1854, is a ma-
jor component of the catches in the northeastern
Pacific trawl fishery, usually ranking second only to
Dover sole, Microstomus pacificus, in annual land-
ings off Oregon (Barss 19763; Demory et al. 19764).
It ranges from Baja California to Unimak Island in
western Alaska, with commercial quantities at
depths of 128 m or less (Hart 1973). Tagging studies
have revealed a series of relatively discrete stocks
of English sole off California, Oregon, Washington,
and British Columbia (Ketchen 1956; Forrester 1969;
Jow 1969; Pattie 1969; Barss 1976 fn. 3).
Spawning of English sole is protracted, usually ex-
tending from September through April, and is often
variable in seasonal intensity within and among
spawning seasons (Budd 1940; Ketchen 1956; Harry
1959; Jow 1969; Laroche and Richardson 1979).
Much of this variability among years may be related
to upwelling and bottom temperatures (Kruse and
Tyler 1983). Spawning concentrations of adult
English sole were found in the fall off the central
Oregon coast at depths of 70-110 m (Hewitt 1980).

'College of Oceanography, Oregon State University, Corvallis,
OR: present address: Alaska Trollers Association, 130 Seward
Street, Juneau, AK 99801.

2College of Oceanography, Oregon State University, Corvallis, OR
97731,

3Barss, W. H. 1976. The Englishsole. Oreg. Dep. Fish Wildl.,
Inf. Rep. 76-1, 7 p.

sDemory, R. L., M. J. Hosie, N. Ten Eyck, and B. O. Forsberg.
1976. Marine resource surveys on the continental shelf off Oregon,
1971-74. Oreg. Dep. Fish Wildl., 49 p.

Manuseript accepted March 1985.
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English sole are fecund, producing 327,600-
2,100,000 eggs, depending on the size of female (Ket-
chen 1947; Harry 1959). Eggs are pelagic and hatch
in about 4% d at 10°C (Alderdice and Forrester
1968). Larvae are often abundant during late winter
and early spring in coastal waters of Oregon (Rich-
ardson and Pearcy 1977; Mundy 1984). Larval abun-
dance may fluctuate greatly among years, possibly
due to annual differences in ocean conditions
(Laroche and Richardson 1979; Mundy 1984). The
pelagic phase lasts 8-10 wk (Ketchen 1956; Laroche
et al. 1982), and most individuals complete metamor-
phosis and acquire the morphology of benthic pleu-
ronectids at 20 mm SL and 120 d of age (Ahlstrom
and Moser 1975; Rosenberg and Laroche 1982).

While early larval stages are rarely found in estu-
aries (Misitano 1970; Pearcy and Myers 1974), trans-
forming larvae and early juvenile stages of English
sole are common in estuaries (Westrheim 1955;
Smith and Nitsos 1969; Olsen and Pratt 1973; Pearcy
and Myers 1974; Misitano 1976; Toole 1980; Bayer
1981) and shallow protected bays (Ketchen 1956;
Kendall 1966; Van Cleve and El-Sayed 1969). Young
English sole are known to utilize 13 estuaries along
the Oregon coast and were absent in only 3 small
estuaries surveyed along the southern Oregon coast.®
Villadolid (1927, as cited by Misitano 1970) captured

SReport of estuary surveys, July-August 1972. Fish Comm. Oreg.
Intern. Rep. GS-73-1, 14 p.
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0-age English sole in San Francisco Bay but not off
the coast.

Based on the incidence of a parasitic infection, ap-
parently acquired only in estuaries, and the absence
of 0-age English sole in Demory’s (1971) surveys off
the northern Oregon-southern Washington coast,
Olsen and Pratt (1973) concluded that estuaries are
likely the exclusive nursery for English sole on the
Oregon coast. Laroche and Holton (1979), however,
captured 0-age English sole in shallow waters along
the open Oregon coast, indicating that estuaries may
not be the only nursery area for English sole off
Oregon.

The main objective of our study is to evaluate the
relative importance of estuarine and open coastal
nursery grounds for young English sole off Oregon.

METHODS AND MATERIALS

Bottom trawl collections provided most of the in-
formation on the distribution and abundance of
juvenile English sole. Collections were made in Ya-
quina Bay and along the open coast outside the bay.
These were supplemented with extensive trawl col-
lections farther to the north and south along the
open coast and collections in other estuaries.

Fish were collected using a 1.52 m wide, 56 ¢cm
high beam trawl (see Krygier and Horton 1975) from
the RV Paiute and from a 7.3 m dory. Additional col-
lections with a 2.72 m beam trawl (Carey and Heya-
moto 1972) were made on the RV Cayuse. To retain
small, settling fish, fine-mesh (1.5-3.5 mm stretch)
liners were used in the trawls. The 1.52 and 2.72 m
beam trawls were fitted with a 1.0 or 2.0 m circum-
ference wheel, respectively, and a revolution counter
to estimate the area sampled (Carey and Heyamoto
1972; Krygier and Horton 1975). Tows were made
at 0.7-1.0 m s-!. Tow duration was normally 5-10
min on the bottom in estuaries and 10-20 min along
the coast, usually at a 4:1 scope. Most tows were dur-
ing daylight hours.

Collections for juvenile English sole were made in
five different study areas (Fig. 1, Table 1):

ESTUARINE

1) Yaquina Bay: 1.52 beam trawl collections were
made in lower Yaquina Bay from January 1970
through February 1972 by Krygier and Johnson (un-
publ. data) and Krygier and Horton (1975) and sup-
plemented by collections in 1977-79. Additionally, we
used collections made by Myers (1980) with a 100
m beach seine (11.0 mm stretch mesh in the inner
wing and bunt (Sims and Johnsen 1974)).

2) Other estuaries: The 1.52 m beam trawl was
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towed from a 7.3 m dory in four estuaries north and
south of Yaquina Bay (Tillamook and Siletz Bays,
107.5 and 35.2 km to the north of Yaquina Bay and
Alsea Bay and Umpqua River estuary, 21.3 and 105.6
km to the south). Each estuary was divided into
seven equal-area portions from which we planned to
take three random trawl collections (2 of the 21
trawls in the Umpqua River estuary were not com-
pleted).

COASTAL

3) Moolack Beach: 1.52 m beam trawl collections
were made on a monthly or bimonthly basis in
shallow (3-31 m depth) nearshore waters in a 1.0
km? area just north of Yaquina Head during 1977,
1978, and 1979. Moolack Beach is semiprotected by
headlands to the north and south and offshore by
a reef that rises from 15 m to 6 m.

4) Grid stations: Collections were taken with a
2.72 m beam trawl, approximately monthly, during
1978 at 1.9, 5.6, and 9.8 km (1, 3, and 5 nmi) offshore
along lat. 44°41.6'N, 44°36.6'N, and 44°31.6'N. Thir-
teen collections were also made in this area with the
1.52 m beam trawl.

TaBLE 1.—Summary of collections used in this study.

Net No. Dates (sampling
Area type trawls frequency)
Yaquina Bay 11.52 m 178 16 Jan. 70-25 Jan. 71
(weekly or biweekly);
17 Feb. 71-25 Feb. 72
(bimonthly)
2152 m 26 26 Apr-28 June 77 (bi-
monthly)
2952 m 96 1 Dec. 77-14 Sept. 79
(monthly to bimonthly)
272 m 8 16 Nov. 77, 1 Feb. 78,
27 Nov. 78
beach 196 12 July 77-11 Nov. 78
seine (various: daily,
biweekly, weekly,
bimonthly)
Moolack 1.52 m 16 28 Apr. 77-23 June 77
(bimonthly)
152 m 76 11 Jan. 78-24 Sept. 79
(bimonthly of monthly)
Grid 152 m 13 21 Apr. 77-27 June 77,
15 June 78-28 Sept.
78
272 m 106 17 Nov. 77-25 Oct. 78
(monthly)
North-South 1.52 m 40 2 June 77-13 June 77,
15 June 78-21 July 78
272 m 83 15 May 78, 27 June 78,
25 Oct. 78
Estuaries 1.52 m 82 8-12 May 78, 21 trawls

each in Tillamook,
Siletz and Alsea; 19
trawls in Umpqua

Net liners 35 mm and cod end liner ot 1.5 mm stretch mesh, 1870-72.
2Net liners 3.2 mm stretch mesh, 1977-79.



KRYGIER and PEARCY: NURSERY AREAS FOR YOUNG ENGLISH SOLE

124°
10'

] ;o
/ t

! |

1 |

A [

K /

{ i

[} ]

\ !

‘. |

Y f
1' l. ®

I-5 /I-3 1
e I e
f 1

! |
44° ! i
40' / ;
I

1

1

{

!

{
m-5 IO-3. @-2
° o @ !
’ \ Il
age| Lo
30' ‘l )
g 1
= (3
Q ey E
e N
] 1
\ t
] ]
-
L 1

46°

—as5°

44°

FIGURE 1.—Lacation of sampling stations in the North-South coastal survey (right) and at Moclack Beach. the grid stations I, II, II1
and within Yaquina Bay (left). In Yaquina Bay the numbers 1-4 indicate locations of stations for sampling in 1970-72, the solid dots loca-

tions in 1977-79. and the arrows indicate seine stations in 1977.

5) North-south coastal survey: 1.52 m heam trawl
collections were made from 111 km to the north (lat.
45°37.5'N) and 111 km to the south (lat. 45°36'N)
of Yaquina Bay at 9.8 km intervals (Fig. 1) at depths
of 9-18 m in June 1977 and May-October 1978.

Most samples were preserved in 5% Formalin® and
seawater. In the laboratory, fish were identified,
sorted, and standard length (SL) measured to the

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

nearest millimeter. Nearly all English sole captured
in Yaquina Bay were 150 mm SL or less and included
0- and I-age fish (Rosenberg 1982). We call these
fishes “juveniles” in this paper.

RESULTS

Variability of Catches

The variability of the number of juvenile English
sole caught per m? in repeated trawls within the
same area was low. Coefficients of dispersion (s*/%)
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were usually <0.1, indicating uniform distributions
within the small areas (10-100 m?) and short inter-
vals of time (1-2 h) sampled. Variability was higher
and coefficients of dispersion sometimes differed sig-
nificantly (chi-square, <0.05) from a random (Pois-
son) distribution among different sampling depths
at the same date (s*/x = 0.36-1.65) and among dif-
ferent sampling dates within a single depth at Moo-
lack Beach (s?x = 1.2-2.31). Coefficients of disper-
sion did not significantly differ from randomness
either among the grid stations for the same sam-
pling dates (s*x = 0.87-1.82) or among different
sampling dates at the same station (0.94-1.97). In
general, at the scale of sampling we used, juvenile
English sole had even, nonpatchy distributions.

Gear Comparisons

To compare the relative efficiencies of the 1.52 m
beam trawl from the Paiute and the 2.72 m beam
trawl from the Cayuse, 14 pairs of trials were made
at the same time, while the vessels trawled on par-
allel courses within 30 m of each other. No signifi-
cant differences (P > 0.05; Mann-Whitney “U” tests,
Tate and Clelland 1957) were found in the catch/m?®
of juvenile English sole <150 mm for any paired
traw] comparison.

No significant differences were found in length-
frequency distributions of P. vetulus captured in 10
of the 14 comparisons [Kolmogorov-Smirnov (K-S)
test, Tate and Clelland 1957]. In the four pairs of
tows that were significantly different (October 1978)
the 2.72 m trawl caught more small (~20 mm SL)
English sole per m* than the 1.52 m trawl, while
both trawls caught similar proportions in the 46-100
mm size range.

Comparisons were made between the sizes of
English sole in beach seine samples and midchan-
nel trawl samples in Yaquina Bay on six different
dates. Differences were significant (K-S test; P <
0.05) for all comparisons because the heam trawl
caught a much broader size range of fish, including
individuals >40 mm which were rare or absent in the
beach seine catches.

Trends in Catches and
Sizes of Fish

Significant (H-test, P < 0.05) differences in
catches/m? at different depths at Moolack Beach
and the grid stations show that in general the abun-
dance of juvenile English sole in offshore waters was
greatest in shallow water and decreased with in-
creasing depth. Average catches/10°m> (11 stan-
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dard deviation) of English sole <150 mm were 16
(£20), 61 (+14), 43 (+75), and 10 (+12) at the 9, 9-17,
12-18, and 18-31 m stations off Moolack Beach, com-
pared with only 3 (£3) and 2 (+3) at the 40 and 64
m I-3 and I-5 grid stations at about the same latitude.

Newly transformed, benthic English sole (<24 mm)
were found at all depths sampled in the Moolack
Beach area, but the highest proportion of these
recently metamorphosed fish was found at depths
<18 m. Within the depth zones sampled the propor-
tion of small English sole <80 mm decreased with
depth and fish >150 mm were only captured at
depths deeper than 18 m (Fig. 2).

Juvenile English sole €150 mm were found along
the entire 222 km coast sampled (Fig. 3). They were
usually moderately abundant (0.01 m?) between
Siletz Bay and Alsea Bay, and near the Umpqua
River and Tillamook Bay. Average catches, however,
were higher off Moolack Beach than any other area,
averaging 0.21 juvenile English sole/m2, an order of
magnitude greater than most other offshore areas
or the grid stations. Moolack Beach was apparently
a region of the open coast with exceptionally high
densities of English sole.

Juvenile English sole were generally most abun-
dant at the shallowest depths in these collections,
corroborating more intense sampling off Moolack
Beach and at the grid stations (Fig. 3). Average
catches at depths of 18 m and 36 m decreased about
an order of magnitude between May (0.026/m?*; SD
0.049) and October (0.003/m2; SD 0.003).

Variations in Abundance of
Settling Fish

In our samples, metamorphosis or transformation,
as indicated by migration of the left eye and by body
pigmentation, occurred between 14-26 mm. Most fish
had completed metamorphosis by 23 mm. In Yaquina
Bay, the metamorphosing individuals first appeared
in November of 1971 and 1978 (the 1972 and 1979
year classes) and in January of 1971 and 1978 (1971
and 1978 year classes) (Fig. 4). (In this paper we
designate year classes by the year that most juveniles
settled to the bottom; eg., products of spawning dur-
ing the fall 1978-winter 1979 are called the 1979 year
class.) Metamorphosing fish were present in Yaquina
Bay until June (1970, 1978, 1979) or July (1971), but
none was found after July during the four summer
periods sampled.

Maximum densities of these metamorphosing fish
were observed between March and May in 1970,
1971, and 1978, but between November and January
in 1978-79. Densities were variable. Low densities
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occurred during March 1970, January and February
1971, 1972, and April-May 1979, suggesting sea-
sonal variation in spawning activity of adults (see
Kruse and Tyler 1983), mortality of planktonic
stages, or movement of young into or out of the
estuary.

Seasonal trends in catches of transforming
English sole in Yaquina Bay and at Moolack Beach
for 1978 and 1979 shows that fish £20 mm were
found 1-2 mo earlier at Moolack Beach than in Ya-
quina Bay during both years (Fig. 4). Moreover,

no. m=

tinued at Moolack Beach from 18 to 50 d after
settling fish were no longer found within the estuary.
Tb our surprise, similar densities of settling fish were
caught in both areas. Seasonal trends were some-
times similar, suggesting a common source of lar-
vae and similar processes affecting variations in
recruitment of metamorphosing fish at both the
open-coast and estuarine areas.

The catches/m? of age groups 0 and I English
sole (20-150 mm) are plotted as catch curves for each
5 mm size group (Fig. 5) where

o _ Z of the number of individuals in each 5 mm size group

recruitment of the 1978 and 1979 year classes con-

total area sampled in m?® during sampling periods

in which year class occurred

Trends in the abundance of English sole were often
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FIGURE 5.—Abundances of young English sole year classes as a function of length. (A) 1969-72, (B) 1977,

similar for the four year classes sampled between
1969 and 1972 in Yaquina Bay (Fig. 5A). Abundances
of recently recruited individuals 20-45 mm in length
were similar among the 1970, 1971, and 1972 year
classes. The 1969, 1970, and 1971 year classes also
increased in numbers/m® between 75 and 90 mm
before declining to low catches at larger sizes. Abun-
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dances of small fish of the 1969 year class are low
because this year class was only sampled in 1970,
when most fish were >75 mm.

Catches/m? of the 1977 and 1978 year classes in
Yaquina Bay were generally larger than the 1969,
1970, 1971, 1972, and 1979 year classes (Fig. 5A,
B, C). The 1977 cohort differed from other year
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classes by having a large peak of abundance for 30-70
mm individuals, and the 1978 year class had much
higher abundance of large (100-140 mm) individuals
than other year classes.

Obviously the trends shown by these catch curves
cannot be explained by mortality alone. Immigration
of young benthic English sole into our sampling area

of Yaquina Bay is suggested by the increased catches
of 75-100 mm individuals of the 1970 and 1971 year
classes and increased catches of 20 to 40-45 mm in-
dividuals of the 1978 and 1979 year classes.
Beam trawls catches at Moolack Beach for the
1977, 1978, and 1979 year classes and beach seine
catches in Yaquina Bay for part of the 1977 year class
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and the 1978 year class indicate that the abundance
of newly recruited, settling fish (<24 mm) of the 1977
and 1978 year classes was higher at Moolack Beach
than in Yaquina Bay (Fig. 5B, C). These high catches
at Moolack Beach were followed by a steep decline
in catches to the 41-44 mm size class. English sole
larger than 30 mm were consistently less abundant
at Moolack Beach than in Yaquina Bay. Densities in-
creased in Yaquina Bay concurrent with the steep
decline of 20-44 mm individuals at Moolack Beach.
These trends suggest immigration of young fish from
the shallow waters of the open coast to Yaquina Bay
over a range of sizes, from 20 to 40 mm.

Two peaks occurred in the beach seine catches of
the 1978 year class: at 20-25 and 40-45 mm. The first
peak coincides with the sizes that decreased marked-
ly in abundance at Moolack Beach. The second peak
coincides with low abundance of 40-45 mm fish at
Moolack, and with a decrease in catches of these
sizes of fish at the trawl stations in Yaquina Bay.
These trends of trawl-caught fish suggest that im-
migration from Moolack Beach first occurred to the
shallow waters of the bay and then to the deeper
trawl stations. The peak in the catches of 40-45 mm
fish at seine stations may be caused by immigration
into these shallower waters of metamorphosed in-
dividuals from either the offshore areas or deep
areas of Yaquina Bay.

Abundances and Sizes in
Five Estuaries

Age-0 English sole were present in all five estu-
aries sampled with trawls during May and June
1978. The mean abundance of young English sole,
which ranged from 0.7/m? in Tillamook Bay to
0.02/m? in the Umpqua estuary, generally de-
creased from the northern to the southern estuaries
(Table 2). The exception was Yaquina Bay. It was
latitudinally the middle estuary, yet abundance of
English sole there ranked above that in Siletz Bay.
No consistent relationship was ohserved between
mean abundances and the area of estuaries, river
flows, tidal prisms, or flushing times using the data
of Choi (1975) or Starr (1979)".

A broad size range of fish was caught in Tillamook,
Siletz, and Alsea Bays, while we caught few in-
dividuals larger than 36 mm in the Umpqua River
estuary (Table 3). In Yaquina Bay, a higher propor-
tion of large individuals (>65 mm) was found than
in the other estuaries. A much broader range of sizes

7Starr, R. M. 1979, Natural resources of Siletz esturary. Oreg.
Dep. Fish Wildl, Estuary Inventory Rep. 2(4)1-44.

128

FISHERY BULLETIN: VOL. 84, NO. 1

TABLE 2.—Mean abundance and standard deviation of O-age
English sole in five estuaries north and south of Yaquina Bay and
along the open coast between 9 and 37 m, April-June 1978.

No. of SD
Location Date: 1978 hauls  No/m?*  (s)
Estuary
Tillamook Bay 8 May 21 0.715 0.916
Siletz Bay 9 May 21 0.184 0.206
Yaquina Bay 10 April; 6 0.332 0.251
12 July
Alsea Bay 10 May 21 0.059 0.075
Umpqua River 12 May 19 0.016 0.037
estuary
Ocean Off
Tillamook Bay 15 May; 12 0.005 0.013
17 June
Siletz Bay 16 May; 9 0.019 0.020
29 June
Alsea Bay 22, 29 June
Umpqgua River 28 June 3 0.001 0.001
estuary
North of 16, 23 May; 14 0.006 0.011
Newport 29 June
South of 18 June 9 0.003 0.004
Newport

was captured in these estuaries than in open coastal
areas on the dates sampled.

Growth

Despite prolonged recruitment of young English
sole in Yaquina Bay (Fig. 4) distinct length modes
were usually present for each sampling date. Growth
rates in Yaquina Bay, estimated by following the pro-
gression of length modes of cohorts over time, were
generally greatest (0.46-0.49 mm/d) during the late
spring to early fall, while growth rates in winter were
lower (0.26-0.32 mm/d) (Table 4). The growth rate
from January to July 1970 was 0.47 mm/d, similar
to the spring-fall estimates. Growth rates were
estimated only for the spring-fall period off Moolack
Beach. These were similar to those for Yaquina Bay
fish but more variable, ranging from 0.28 to 0.42
mm/d.

DISCUSSION

Larvae of English sole are abundant in coastal
waters off Oregon, ranking first among the flatfishes
in some years (Richardson 1977¢; Richardson and
Pearcy 1977; Mundy 1984). Young larvae (<10 mm)
of English sole are rare in estuaries of the Oregon-
California coast as evidenced by plankton samples

SRichardson, 8. L.  1977. Larval fishes in Ocean waters off Ya-
quina Bay, Oregon: Abundance, distribution and seasonality,
January 1971 to August 1972. Qreg,. State Univ. Sea Grant Publ.
ORESU-T-77-003.
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of only 6 larvae in 393 tows in Yaquina Bay (Pearcy
and Myers 1974), 22 larvae in 84 tows in the lower
Columbia River (Misitano 1977), and 4 larvae in 89
tows from Humboldt Bay (Eldridge 1970; Misitano
1970, 1976). However, young larvae are common in
offshore collections (Porter 1964; Pearcy and Myers
1974: Laroche and Richardson 1979), and transform-
ing larvae (19-22 mm) are frequent in collections
from Humboldt Bay and the Columbia River estuary
(Eldridge 1970; Misitano 1970, 1976). Thus young
P, vetulus that enter estuarine nurseries do so as
large transforming larvae or after completion of
metamorphosis.

Our data confirm the above findings. We found
that settlement of metamorphosing English sole to
the bottom was common both in the Yaquina Bay

estuary and at Moolack Beach along the open coast.
Transforming individuals along the coast were
caught in largest numbers/m? at depths of 16 m or
less, but they were also captured at the deepest sta-
tions sampled (Fig. 2). Since small larvae were rare
in Yaquina Bay (Pearcy and Myers 1974), these
trends suggest movement into the bay of transform-
ing larval stages. Boehlert and Mundy (in prep.)® have
subsequently confirmed that small juveniles as well
as transforming larvae of English sole recruit to Ya-
quina Bay.

Although densities of transforming larvae were
sometimes higher at Moolack Beach than in Yaquina
Bay, densities of juvenile fish >80 mm were usually
over an order of magnitude higher in Yaquina Bay
than at Moolack Beach, indicating either immigra-

TABLE 3—Length distribution of English sole caught in the five estuaries, Moolack Beach and grid stations, 10 April-12 June 1978.

Standard lengths {(mm)

No. of
Location fish 1420 21-25 26-30 31-35 36-40 41-45 46-50 51-55 56-60 61-65 66-70 71-75 76-80 81-85 86-90
8:v:78
Tillamook 2979 904 1,619 296 48 19 23 26 31 13 4 4 2
9:V:78
Siletz Bay 673 242 256 72 36 13 13 21 14 5 1
10:V:78
Alsea Bay 306 41 98 49 25 20 15 19 27 9 1 1 1
12:V:78
Umpqua River estuary 54 30 12 5 4 1 1 1
10:1V:78
Yaquina Bay 163 46 16 1 6 11 11 1 23 18 11 6 2 1
12:Vi:78
Yaquina Bay 156 2 6 9 9 18 6 6 12 17 23 18 16 8 3 3
10:1V:78
Moolack Beach 221 209 9 3
12:VI:78
Moolack Beach 24 5 12 5 1 1
23:v:78
Offshore grid 47 42 5

TaBLE 4—Growth of juvenile English sole esti-
mated from modal progression of size-fre-
quency histograms from catches in Yaquina Bay
and Moolack Beach, 1970-79.

mm/d
Area and date (slope) IS

Yaquina Bay

Jan. 1970-July 1970 0.46 0.98

Dec. 1971-Feb. 1972 0.26 0.92

Jan. 1972-Feb. 1972 0.32 0.91

Jan. 1978-Apr. 1978 0.31 0.91

Apr. 1970-Oct. 1970 0.46 0.96

May 1971-Oct. 1971 0.47 0.98

Mar. 1979-Sept. 1979 0.49 0.96
Moolack Beach

Aug. 1978-Oct. 1978 0.41 0.98

May 1978-Oct. 1978 0.28 0.93

Apr. 1979-Sept. 1979 0.38 0.96

May 1979-Aug. 1979 0.42 0.99

June 1979-Sept. 1979 0.36 1.00

tion into the bay from the open coast during or after
metamorphosis, or dispersal or higher mortality
rates of young along the open coast than in the estu-
ary. Increasing densities in Yaquina Bay, concurrent
with decreasing densities at Moolack Beach, suggest
immigration into the bay over an extended range of
sizes from 25 to 40 mm.

The mechanisms for such movements are not fully
understood, but vertical movement of young fish off
the bottom during periods of flood tide has been
shown to effect transport into estuaries in several

Boehlert, G. W., and B. C. Mundy. Recruitment dynamies of the
English sole, Parophrys vetulus, to a west coast estuary. Unpubl.
manuscr., 16 p.  Southwest Fisheries Center Honolulu Laboratory,
National Marine Fisheries Service, NOAA. PO. Box 3830, Hono-
lulu, HI 96812.
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flatfish species. Cruetzberg et al. (1978) suggested
that immigration of plaice, Pleuronectes platessa, lar-
vae is based on such a “selective tidal transport;” and
that starvation induces the swimming behavior re-
sulting in transport by currents. De Veen (1978) con-
cluded that juvenile sole (Solea solea) use tidal trans-
port to enter the Wadden Sea in the spring. Meta-
morphosing larvae of the stone flounder, Kareius
bicoloratus, also immigrate into estuarine nurseries
with tidal currents; they were most abundant in
plankton net collections during flood tides at night
in an estuary of Sendai Bay, Japan (Tsurata 1978).
Misitano (1976) captured metamorphosing English
sole in a 1 m midwater trawl, especially after dark,
in Humboldt Bay. Boehlert and Mundy (fn. 9) found
that transforming English sole larvae were usually
most abundant during flood tides at night in the
moored plankton net that was nearest the hottom
in the lower portion of the Yaquina Bay estuary and
that recruitment to the bay was correlated with on-
shore Ekman transport.

Our estimates of growth from modal progressions
length-frequency histograms [averaging 0.40 mm/d
(s = 0.10) for Yaquina Bay and 0.37 mm/d (s = 0.06)
for Moolack Beach] were considerably higher than
Rosenberg’s (1982) estimates even for the same years
(Table 4). Rosenberg studied growth of 0-age English
sole using fortnightly otolith rings as an aging tech-
nique. He calculated that fish, 140-480 d of age, col-
lected during 1978 and 1979 in Yaquina Bay and at
Moolack Beach grew about (.28 mm SL/d. Estimates
of growth rates of juvenile English sole from length
data by Westrheim (1955) in Yaquina Bay, as well as
by Smith and Nitsos (1969) in Monterey Bay, and Van
Cleve and El-Sayed (1969) and Kendall (1966) in
Puget Sound were more similar to our estimates
than those of Rosenberg (1982, table 2). The differ-
ences in apparent growth rates between length fre-
quency and otolith measurements are difficult to ex-
plain. Avoidance of nets by larger sole (e.g., Kuipers
1975), emigration of larger fish out of the sampling
area in the late summer, and prolonged immigration
of small fish into the estuary, are likely. Any of these
would result in an underestimates of growth by the
length-frequency method (see Rosenberg 1982 for
opposite explanations). Differential mortality of
small fish (Rosenberg 1982) or methodological diffi-
culties in analyzing otolith growth increments may
also help explain the differences.

Our study confirms the observations of Laroche
and Holton (1979) that small 0-age English sole are
not found exclusively in estuaries along the Oregon
coast, and that average sizes of English sole increase
with depth at Moolack Beach. Laroche and Holton
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(1979) suggested that even low density or localized
utilization of the extensive unprotected offshore
areas along the coast could be an important factor
in determining the English sole production off Ore-
gon. To evaluate this possibility, we determined total
areas within the range of our sample depths in the
lower reaches of the five estuaries and multiplied
these areas by the average catch/m® of 0-age
English sole (<90 mm) to obtain an estimate of total
number of young English sole in each estuary. The
average catch was also determined from 47 collec-
tions between 9 and 36 m where we found highest
catches of 0-age fish, along 448 km of the open coast
from our May-June catches (Table 2). The average
catch/m*® of 0-age sole in the five estuaries usually
was many times that along the open coast. But be-
cause of the large differences in areas, the estimate
for total abundance of 0-age sole during the May-
June period on the open coast was about 643 x
103, considerably higher than the estimate for the
five estuaries, 140 x 105. Most of the fish caught
during this period, however, were transforming or
recently metamorphosed juveniles that could have
entered estuaries later in the year. This may in part
explain the 17-fold decrease in average abundance
of small sole along the open coast between 16-23 May
(r = 0.039, n = 18, s = 0.11) and 28-29 June (x =
0.002, n = 29, s = 0.004) in the vicinity of Tillamook
and Siletz Bays. Our estimate of total abundance
along the coast in June is 70 x 10%, about half the
estimate for the five estuaries about a month and
one-half earlier. Because of our small sample sizes,
lack of sampling in some estuaries and open coast
areas, and temporal differences (and associated mor-
tality) among samples, these estimates must be con-
sidered crude. Nevertheless, they suggest that shal-
low waters of the open coast are important initial
settling areas for English sole and that both estu-
aries and the open coast are nursery grounds for
fully transformed 0-age sole

We need data on the growth and survival from
estuarine and open coastal areas to evaluate their
importance as nursery grounds and to assess their
relative contributions to the commercially harvested
and spawning population. Olsen and Pratt (1973)
used parasites as indicators of English sole nursery
grounds. The incidence of Echinorhynchus lageni-
Jormis, an acanthocephalan that they considered was
acquired only in estuaries, averaged 29.9% in 0-age
English sole <117 mm SL captured in Yaquina Bay
and 28.5% in 0-age fish collected offshore at depths
of 10-80 m near the entrance of Yaquina Bay dur-
ing November and December, a period after most
0-age fish had emigrated from the bay. They con-
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cluded from these similar incidences of infection that
there was no sizable influx of 0-age English sole to
their offshore study area other than from estuarine
nursery grounds. Their results imply that any 0-age
fish that reside along the open coast during the
spring and summer have much higher mortality
rates than estuarine residents and do not contribute
significantly to the offshore population of 0-age fish.

Growth rates of 0-age English sole from Moolack
Beach and Yaquina Bay, however, do not support this
hypothesis. They appear to be similar (Rosenberg
1982; Table 4). Our catch curves (Fig. 5C, D) also pro-
vide no evidence for grossly higher mortality rates
at Moolack Beach. The total declines in abundances
per m* are fairly similar for English sole 50-100
mm), presumably a size range that occurs after immi-
gration into the estuary hut before emigration of
larger sizes out of the estuary in the fall.

The fact that 0-age English sole immigrate from
offshore into estuaries where they are found in high
concentrations suggests that this behavior is adap-
tive. Standing stocks and productivity of small ben-
thic food organisms are undoubtedly higher in estu-
aries than along the open coast, but because of the
higher concentrations of young flounder in Yaquina
Bay than Moolack Beach (Fig. 5), competition for
food probably results in similar growth rates in these
two habitats. The rapid decreases in the estuarine
densities of 0-age English sole during the fall and
winter months are evidence of emigration out of
estuaries to offshore areas. In Yaquina Bay, we found
a decrease in density of 0-age fish in the late fall as
well as a decrease in average size at this time. Fre-
quently age-0 (20-55 mm) and age-I (75-115 mm) fish
were both present in the winter, with the age-I fish
disappearing entirely from catches in the spring.
Westrheim (1955) and Olsen and Pratt (1973) also
found decreases in catch per effort and average sizes
of young English sole that indicated definite emi-
gration from Yaquina Bay after October. Forsberg
et al. (1975)!° reported emigration of English sole
from Tillamook Bay in early fall with few individuals
remaining in November.

According to Bayer (1981), small English sole were
common at intertidal stations in Yaquina Bay most
of the year, but they were absent during November
and were less common during other fall months.
Toole (1980) also found that English sole disappeared
from intertidal areas in early fall at an average size
of 68 mm SL and subsequently resided in subtidal

1WForsberg, B. Q., J. A. Johnson, and S. M. Klug. 1975. Identi-
fication and notes on food habits of fish and shellfish in Tillamook
Bay, Oreg. Fish Comm. Oreg. Contract Rep., 85 p.

channels until they were about 120 mm SL in Hum-
boldt Bay. He associated these different distributions
with changes in feeding habits, and possibly with a
reduction in intraspecific competition among small
and large 0-age English sole. Indeed, emigration out
of bays and estuaries in the fall may be related to
limitations in the carrying capacity for high densities
and standing stocks of young English sole.

We conclude that estuarine and offshore nursery
grounds combine to significantly increase the sur-
vival and total population size of 0-age fish. Utiliza-
tion of these two diverse habitats may also improve
the chances for good survival of young fish from at
least one habitat even when adverse conditions af-
fect the other.
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ORGANIC AND TRACE METAL LEVELS IN
OCEAN QUAHOG, ARCTICA ISLANDICA LINNE,
FROM THE NORTHWESTERN ATLANTIC

FRANK W. STEIMLE?} PAUL D. BOEHM,® VINCENT S. ZDANOWICZ,!
AND RALPH A. BRUNO!

ABSTRACT

Chemical contamination of biological resources is an important problem for resource managers. This study
reports on hody burden levels of several contaminants of concern: polychlorinated biphenyls (PCB), poly-
nuclear aromatic hydrocarbons (PAH) of both petroleum and combustion sources, total petroleum hydrocar-
hons, and seven trace metals (Ag, Cd, Cr, Cu, Ni, Pb, and Zn) in a resource species, the ocean quahog,
collected between Virginia and Nova Scotia. Organic and trace metal contaminants were detected, at low
levels, in all samples examined, with highest levels being generally found in samples from the inner New
York Bight and Rhode Island Sound. The highest PCB and PAH values were 27 and 55 ppb, respectively;
Ag. Cd, and Cr values were generally <5 pg/g dry weight: Cu, Ni, and Ph generally <15 ug/g dry weight
with a few exceptions; and Zn ranged from 50 to 153 ug/g dry weight.

The ocean quahog, Arctica islandica Linné, is a
large, bivalve molluse found on both sides of the
North Atlantic. In the northwestern Atlantic, it oc-
curs from just north of Cape Hatteras, NC, to New-
foundland, Nova Scotia, being most abundant on the
middle to outer continental shelf at depths between
about 30 and 150 m (Merrill et al. 1969). The species
is edible and some commercial harvesting has oc-
curred since 1943 in the Rhode Island area; however,
intensive fishing for this species did not begin until
the 1970s when surf clam, Spisula solidissima (Dill-
wyn), stocks, an inshore species, were drastically
reduced by overfishing (Ropes 1979).

Aretica islandico generally inhabit silty sand sedi-
ments of the middle to outer continental shelf that
are less influenced by waves and strong currents
than shallower areas. Areas of silty sand are thought
to be at least partially depositional in nature, ie., fine
organie-rich particles tend to accumulate. It is gen-
erally agreed that many chemical pollutants, intro-
duced to the marine environment via impacted estu-
aries and coastal areas, ocean dumping, and atmo-
spheric sources, often are bound to and associated
with fine organic and inorganic particle aggregates,
both in the water column and at the sediment sur-
face. These aggregates ultimately can accumulate
in these natural depositional areas as the results of
some recent studies show that contaminants ap-
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parently are accumulating in silty areas relatively
remote from most possible sources, eg., organic con-
taminants found south of Cape Cod, MA, in the mid-
dle to outer continental shelf (Boehm 1983a). Some
authors have also reported a trend of increasing sedi-
ment trace metal levels with depth on the Middle
Atlantic shelf (Harris et al. 1977), but the specific
sources of these contaminants are still unknown.
Because A. islandica is a common, sedentary, long-
lived (Thompson et al. 1980) inhabitant of these sil-
ty sands that frequently contain higher levels of con-
taminants than coarser sands, the species may be
particularly susceptible to contamination. Wenzloff
et al. (1979) reported “greater average concentration
of silver, arsenic, cadmium, copper, and zinc
.. .in ocean quahogs than in surf clams” for the Mid-
dle Atlantic. Surf clams are generally found in
shallower, medium sand areas. Thus, A. islandica
may be a good offshore “indicator” species to moni-
tor for trends in marine chemical pollution. Although
some studies on contaminant body burdens of A.
islandica have been reported (ERCO 19783; Sick
1978, 1981; Wenzloff et al. 1979; Reynolds 1979;
Payne et al. 1982), these studies have been limited
generally to a particular restricted area, have not
examined both types of contaminants or only a few
components of each contaminant class, or have ex-
amined only certain tissues, not whole body levels.
The present study provides body burden data over

3ERCO (Energy Resources Company). 1978. New England
OCS Environmental Benchmark. Draft Final Rep. Vol. II, to US.
Dep. Inter., Bur. Land Manage, Miner. Manage. Serv,, 628 p.

133



a wide range of this species’ occurrence in the north-
western Atlantic and includes information on or-
ganic, ie, polychlorinated biphenyls (PCB), polynu-
clear aromatic hydrocarbons (PAH) from combustion
and petroleum sources, and bulk levels of the petro-
leum hydrocarbon (PHC) class, and seven trace metal
contaminants. The study includes the first known
set of PCB data for this species.

MATERIALS AND METHODS

Ocean quahog samples were obtained at random
stations from wide areas on the continental shelf of
the northwestern Atlantic (Fig. 1). These were col-
lected from annual, summer hydraulic dredge shell-
fish surveys of NOAA's Northeast Fisheries Center
from 1981 and 1982. At most stations, 10-12
medium-sized clams were selected, as available. Half
of the collection was prepared for organic analysis
by wrapping them in aluminum foil that had been
prewashed with spectral grade acetone followed by
dichloromethane; the remaining half for trace metals
were placed in polyethylene plastic bags. All were
quickly frozen at ~20°C. In certain areas where
there were not sufficient samples at a particular sta-
tion to provide material for both organics and trace
metal analyses, samples were collected at a nearby
station, with similar environmental characteristics,
to complete the collection for the area. These paired
station samples were not intermixed.

Chemical Analysis - Organics

In the laboratory, the thawed whole meats of each
of the five or six individual clams in each station sam-
ple were removed from the shells, pooled, and homo-
genized in a high-speed blender. A 100 g (wet weight)
aliquot was removed from the homogenate and pro-
cessed according to the extraction, fractionation, and
analytical methodology described by Warner (1976),
as modified by Boehm et al. (1982). After aqueous
caustic (0.5N KOH) digestion of the tissue for 12 h,
the digestate was back-extracted three times with
hexane. The hexane extract was concentrated by ro-
tary evaporation, then fractionated on a 6% deacti-
vated alumina/activated silica gel column. The first
eluting fraction from the alumina/silica column (f;)
contained the saturated PHC; the second fraction
(f;) contained the PCB and PAH. Quantitation pro-
cedures closely followed those by Boehm (1983b).
PHC factors were quantified using the internal
standard method whereby all peaks are quantified
relative to androstane in the f; fraction and 0-ter-
phenyl in the £, fraction.
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PCBs were quantified relative to the internal
standard tetrazene (2, 3, 5, 6 tetrachloronitroben-
zene). The average relative response factors of two
or three isomers in each of the di-, tri, tetra- penta-,
hexa-, hepta- and octachlorobiphenyls groups were
applied to the sum of the peaks in each grouping.
Thus, PCBs were quantified by isomer group rather
than according to the Aroclort-type quantification
(Duinker et al. 1980, 1983; Boehm 1983b). PHCs
were determined by the total of f; and f, fractions,
as analyzed by high resolution (fused silica capillary)
gas chromatography with flame ionization detection
(GCYFID). A Hewlett Packard model 5840A gas
chromatograph was used for all GC? deter-
minations. A 30 m fused silica SE-30 (0.25 mm id.;
J and W Scientific) column was used to analyze the
saturated hydrocarbon (f) fraction. A 30 m SE-52
fused silica column was used to analyze the aroma-
tic/olefinic (f,) fraction by GC¥FID and the same
fraction by gas chromatograph/mass spectrometer
(GC/MS) (see below). The £, fractions were analyzed
by GC¥ECD (electron capture detection) to obtain
the PCB concentrations. PCBs were analyzed on a
30 m SE-52 fused silica column. The f, fraction was
also analyzed by a Finnegan MAT model 4530
computer-assisted GC/MS system for PAH deter-
minations. GC/MS conditions were as follows: ioniza-
tion voltage, 70 ev: electron multiplier voltage 2,000
volts; scan conditions 45-450 amu at 400 amu/s.

Chemical Analysis - Trace Metals

Whole clams, 5 or 6 per station, were thawed, and
the whole body removed from the shells. Each indivi-
dual clam was weighed in Pyrex beakers and dried
for 16-20 h at 105°C. Twenty mL of 70% trace metal
grade nitric acid were added to each beaker, which
was covered with a Pyrex watch glass and heated
(70° -75°C) on a ceramic hot plate until dry. After
cooling to room temperature, another 20 mL of con-
centrated nitric acid were added and the dissolution
continued. After 3 or 4 repeated acid additions and
evaporations, 10 mL of 30% hydrogen peroxide were
added, the solutions evaporated to near dryness and
removed from the heat. When cooled, samples were
filtered through Whatman #4 filter paper and
brought to a final volume of 25 mL in a Pyrex glass-
stoppered graduated cylinder by adding 5% (w/v) ni-
tric acid. Analysis was performed on a Perkin Elmer
model 5000 atomic absorption (A A) spectrophotom-
eter employing an air-acetylene flame and conven-

iReference to trade names does not imply endorsement by the
National Marine Fisheries Service, NOAA.
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FIGURE 1.—Station locations’ collections of Aretica islandica. Stations 367, 335 and 349 are on the Scotian Shelf at the following coor-
dinates: Station 367 (lat. 43°44'N, long. 61°08'W), Station 835 (43°25'N, 61°42'W) and Station 349 (43°21'N, 61°23'W).

tional AA techniques. Reagent blanks were carried RESULTS
through the same procedure. All reagents used were
of trace metal analytical grade. Deionized water was The analytical results for organic contaminants are

of 18 megohm purity. The National Bureau of Stan- presented in Tables 1 (PHC and PCB) and 2 (PAH).
dards (NBS) SRM 1566, freeze-dried oyster homog- PHC values are given as total saturated and aromatic
enate, was used as the tissue standard. Recoveries hydrocarbons as determined by GC> PCB values
were at least 80% of this standard in all cases. are given as total tri,, tetra-, penta-, hexa-, and hepta-
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TasLE 1.—PHC (petroleum hydrocarbon) and PCB (polychlorinated biphenyl)
levels in northwestern Atlantic Arctica islandica.

PCB (nglg wet weight)

Area PHC (ugig wet weight)
station  Saturated Aromatic Total

Cl, C, C Cl Cl, Total

Inshore New York Bight
0.2

22 1.3 1.5
26 6.0 0.9 6.9
27 0.4 0.8 1.2
28 0.2 0.9 1.1
32 3.2 4.1 73
47 <0.1 0.2 0.2
59 3.1 15 46
Offshore NJ-VA
77 1.7 0.7 24
107 0.2 0.8 1.0
168 0.2 1.1 1.3
173 04 0.5 0.9
174 1.0 0.3 1.3
224 1.7 0.2 1.9
Inshore S. New England
237 0.1 0.8 0.9
246 1.2 0.4 1.6
244 2.2 1.3 3.5
261 20 04 2.4
239 29 1.1 4.0
240 28 0.9 37
241 23 1.6 3.9
242 1.9 1.8 3.7
Georges Bank
379 0.8 1.1 1.9
Scotian Shelf
367 0.6 0.2 0.8
335 11 0.1 1.2
349 4.5 0.6 5.1

48 5.1 16 44 02 161
04 03 02 05 01 15
72 28 16 18 <0.1 134
67 42 26 65 01 202
54 51 41 107 07 268
11 04 01 03 — 1.9
34 36 30 57 05 164

56 12 29 23 03 122
80 17 08 28 02 133
23 13 10 35 05 85
44 45 13 34 — 140
26 08 04 15 <01 55
23 15 05 05 <01 49

1.0 06 <01 <01 — 1.7
20 28 22 15 — 8.5
49 95 23 38 — 204

34 35 2t 31 <01 121
14 21 16 19 <01 7.0
22 26 27 35 <01 11.0
41 66 62 63 02 232
29 46 59 65 02 201

07 12 09 10 <01 38
08 05 04 03 03 22

09 04 05 23 01 42
08 09 04 01 — 22

chlorobiphenyls (Clz-Cly), as well as total PCB. PAH
values are presented as individual compounds (e.g.,
napthalene) or as homologous series (ZN). Table 3
lists the mean trace metal concentrations and stan-
dard deviations; data are presented on a dry weight
basis to simplify comparisons with other studies.

DISCUSSION

PCB levels observed in this survey ranged from
2 to 30 ng/g (ppb) wet weight (Table 1). These values
are in general agreement with other data reported
for PCB levels in other coastal bivalves (Giam et al.
1976; Goldberg 1978; Gadbois 1982), but are lower
than those (to 400 ppb) reported for estuarine spe-
cies (Goldberg 1978; MacLeod et al. 1981; O’Connor
et al. 1982; ERCO 1983). However, we have found
little data on PCB levels in offshore molluses nor any
other data on PCB levels in A. islandica for compari-
son. None of the A. islandica levels approach the cur-
rent 2 ppm (= 2,000 ppb) U.S. Food and Drug Ad-
ministration (FDA) “seafood action limit” for human
consumption.

In spite of the wide geographical range sampled,
PCB levels were relatively uniform with only an
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order of magnitude difference between the high and
low values. Clearly the Georges Bank (station 379)
and remote Nova Scotia (stations 367, 335, 349)
ocean quahogs were minimally contaminated, with
their levels (2-5 ppb) reflecting the global PCB trans-
port phenomena. The ocean quahogs in the near-
shore New York Bight, Rhode Island Sound, and
Buzzards Bay were more contaminated, with values
up to 25 ppb. It is not surprising as previous biogeo-
chemical studies in the western North Atlantic have
clearly shown that several major urban pollutant
sources influence the nearshore environment. For
example, inputs of PCBs are specifically known to
occur in the New York Bight, from esturine fluxes
and via direct ocean dumping (Boehm 1983b) and
in Buzzards Bay, MA, from industrial inputs to the
New Bedford Harbor region (Weaver 1982). Some-
what surprising were the elevated levels at some sta-
tions on the outer New Jersey shelf (12-16 ppb) and
in the Hudson Canyon area (20 ppb). Offshore trans-
port of PCB material towards these stations via
riverine fluxes followed by southerly transport along
the New Jersey shore and down-canyon transport
of ocean-dumped material are possible modes of
transport to these stations (Boehm 1983b).
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TaBLE 2.—PAH (polynuclear aromatic hydrocarbon) levels in northwestern Atlantic
Arctica islandica (ng/g wet weight).

Area
and
staton N 3N P 3P 3DBT 3F 3202 3228 3252 B(a)P ZPAH PPI'
Inshore New York Bight
22 nd nd 40119 20 12 55 11 <1 <1 23 40
26 nd nd 11 11 nd nd 11 nd nd nd 33 0
27 10 45 21 91 27 12 27 1 <1 nd 22 654
28 9.1 120 13 52 <1 nd 18 nd nd nd 20 72
32 nd nd 39124 nd nd 111 141 173 6.0 55 7
47 43 51 29 29 nd nd 31 30 40 20 18 28
59 10 53 10 115 <1 nd 15 <1 nd nd 20 77
Offshore NJ-VA
77 <1 37 33 92 <1 10 24 <1 nd nd 18 65
107 <1 67 25100 25 35 15 <1 <1 nd 26 77
168 nd nd 18 18 nd nd 24 nd nd nd 42 0O
173 13 59 18 62 13 20 23 <1 nd nd 19 72
174 <1 40 1.0 50 <1 nd 40 10 1.0 nd 16 56
224 14 61 20 78 21 15 13 <1 <1 <1 21 74
Mud Patch
237 <1 <1 28 5.0 <1 nd 57 37 54 25 19 31
246 nd 119 22115 10 13 33 nd nd nd 29 81
Inshore S. New England
244 nd nd nd nd 2.4 nd 1.7 <1 <1 <1 6.1 39
261 nd nd 36 92 <1 <i 33 nd nd nd 15 51
239 nd nd 16 19 nd nd 29 <1 12 <1 70 4
240 <1 33 18 56 <1 <1 28 <1 <«1 <1 16 51
241 nd nd nd 50 nd nd 40 10 10 1 12 42
242 nd nd <1 <1 nd nd 15 nd nd nd 25 40
Georges Bank
379 nd nd <1 <1 nd nd <1 nd nd nd <1 0
Scotian Shelf
367 10 10 15 15 nd nd 11 nd nd nd 36 28
35 nd nd nd nd nd nd nd nd nd nd nd 0
349 43 51 29 29 nd nd 31 30 40 20 18 28
Wet weight concentrations = dry weight concentration = 7.
N = naphthalene.
IN = total naphthalenes (C,-C,).
P = phenanthrene.
ZP = total phenanthrenes (C,-C,).

3DBT = total dibenzothiophenes (C-C,).
3F = total fluorenes (C,-C,).
3202 = fluoranthene + pyrene.

X228 = benzanthracene + chrysene.

3252 = benzofluoranthenes + benzopyrenes.
B(a)P = benzo(a)pyrene.

nd = not detected (<1 ng/g wet weight).
PPl = percent petroleum index =

3N + 3DBT + (ZP-P) + 3F

ZPAH
ZPAH =3N + 2P + 3DBT + 3F + 2202 + 3252 + 3228

1From Boehm (1983a).

Trends in the PHC and PAH data reveal large-scale
homogeneity in the concentrations observed. PAH
levels ranged from nondetectable to 55 ppb, the high-
est values occurring at the station 32 samples from
the New York Bight, where the highest PCB level
(27 ppb) was also observed. Although our sampling
on Georges Bank consisted of only one station,
results were similar to those of a more extensive
study by Payne et al. (1982), the only other study
of A. islandica we could locate that includes PHC
data. If the entire Northeast region is considered a
sample set, then the PAH values were 16.7 + 12.0.
However, the composition of the PAH which com-

prises the total PAH number varied considerably,
ranging from 0 to 81% “petroleum” PAH (Table 2).
The percent petroleum index (PPI), developed by
Boehm (1983a, b), estimates the relative contribu-
tions of uncombusted fossil fuels, eg., petroleum, and
from combustion sources to the total PAH assem-
blage. This indice, presented in Table 2, is based on
the relative abundance of petroleum constituents,
such as naphthalene, flourenes, dibenzothiophenes,
and alkylated phenanthrenes, to the total PAH mix.
The differences in PPI values for the various samples
cannot, at this time, be ascribed to specific trans-
port or selective uptake factors. However, a knowl-
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TABLE 3—Arctica islandica trace metal body burdens (mean and standard deviation, ug/g-dry weight)
in areas of the northwest Atlantic; N = number of individual clams examined at each site. Results of
analysis of SRM 1566 are also included; 5-8 NBS (National Bureau of Standards) samples were ex-
amined for each metal (nd = nondetectable).

Area
and
station N

Ag Cd Cr Cu Ni Pb Zn
X £#SD X +SD X 8D X 8D X X £SD

Georges Bank

379 6 079 0.25 1.36 0.33 3.07 1.38 10.30 222 346 1.17 4.08 207 61.8 114
Nantucket

245 5 0.96 009 2.75 0.66 298 0.83 7.25 141 954 381 502 2.21 883 21.3
S. New Engiand

237 ©6 2.65 2.08 3.22 065 272 0.65 12.76 3.30 27.19 8.18 ©6.90 1.87 1539 87.6

181 6 1.14 0.95 3.49 1.39 224 0.23 11.70 2.97 21.84 7.22 11.03 4.48 124.7 30.8

244 6 056 0.14 1.36 047 2.19 1.02 649 329 447 1.75 2.99 1.33 84.1 25.7
Rhode Island Sound

238 6 079 0.25 1.36 0.33 3.07 1.38 10.30 2.22 346 1.17 4.08 207 618 114

240 6 1.76 065 1.39 0.48 4.02 1.26 11.47 292 6.28 1.61 6.71 251 874 128

241 6 159 093 0.96 0.14 3.96 2.23 1247 3.80 583 242 461 1.71 126.3 554
Block Island Sound

261 6 153 1.82 1.94 068 4.56 0.33 10.22 1.55 11.64 3.28 10.17 2.48 101.9 326
S. Long island

189 6 0.74 060 2.48 0.63 1.88 059 878 0.94 1873 4.75 3.30 0.80 128.4 35.2

23 6 1.18 0.53 2.17 0.67 1.09 0.19 10.31 3.27 17.28 6.07 3.41 1.12 120.2 19.6

26 6 0.84 045 143 0.56 5.47 1.22 1578 583 9.87 2.73 8.66 3.25 117.6 35.7

29 6 5.25 1.64 1.06 0.29 4.78 3.35 13.65 3.20 8.93 5.06 9.67 4.11 100.7 49.9
New Jersey Shelf

32 6 052 026 067 0.35 2.38 020 8.16 5.38 4.47 290 346 224 50.2 22.0

47 65 053 0.36 1.20 0.42 1.46 0.83 8.37 249 9.87 509 3.11 0.87 84.1 31.8

59 3 0.44 0.15 0.23 0.05 0.90 0.09 6.01 1.37 6.01 1.68 1.64 0.28 622 18.8

174 6 1.50 091 2.19 0.93 187 065 4.08 082 7.79 270 4.16 1.60 50.8 6.0

224 6 046 0.13 3.06 0.91 1.78 043 563 1.02 1491 6.92 560 223 919 33.9
Delmarva Shelf

107 6 0.39 025 1.87 0.62 244 090 4.16 1.02 1027 252 4.80 2.77 58.9 14.2

173 5 0.44 030 2.34 1.54 162 048 4.46 1.76 11.14 494 435 232 614 26.2

171 6 0.51 012 1.66 0.56 1.71 0.44 525 1.57 1091 3.21 355 1.09 75.8 31.8

167 6 052 029 159 048 1.98 056 7.04 436 9.45 420 354 1.21 76.2 434

168 5 222 1.36 3.08 1.03 2.38 068 5.19 1.79 13.74 5.34 6.51 257 74.6 14.8

123 6 240 168 253 0.58 3.34 1.01 4.98 1.16 14.183 3.95 591 1.58 77.9 20.6

165 5 054 036 2.09 068 236 0.78 6.44 239 1148 478 4.35 221 74.4 285
NBS SRM 1566

— 8 0.71 0.24 286 0.19 1.07 052 4950 400 172035 nd — 772.0 53.0

edge of a baseline PPI value can be important for
discerning the source of any change in contaminant
levels in benthic animals.

In a similar manner, the PCB value has been
separated, by virtue of the use of capillary GC, into
isometric groupings (Table 1). Again, there were dif-
ferences in PCB composition between samples. For
example, samples from stations 22, 28, 32, and 244
were largely comprised of tri,, tetra- and hexachloro
PCB isomers, while those from stations 107 and 27
contained significantly greater quantities of the tri-
chlorobiphenyls. Aroclor 1016 and 1242 contain pro-
portionately more of the Cl; to Cl; isomers while
Aroclor 1254 contains a greater abundance of Cl,
to Cl; isomers. In the future, it may be possible to
ascribe the differences in the PCB composition in
animals to possible sources through capillary
GC/ECD measurements.

Highest trace metal concentrations in A. islandica
varied from metal to metal (Table 3); however, high-
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est mean Ag, Cr, Cu, and Pb concentrations were
found in New York Bight (stations 26 and 29), while
Ni and Zn were highest in the “Mud Patch” (stations
181 and 237) with the highest Cd values off Dela-
ware (Table 3). Lowest concentrations, overall, were
observed at midshelf stations off New Jersey and
Maryland (with the exception of stations 167, 168,
and 123 that could have been influenced by dump-
ing at a nearby dumpsite) and station 379, on
Georges Bank. Comparison of these data with those
of Wenzloff et al. (1979), who analyzed metals in
ocean quahogs from the New York Bight to an area
off Chesapeake Bay, was attempted for temporal
trends. Unfortunately, the Wenzloff et al. (1979) data
were obtained from only foot muscle composites of
5 or 6 quahogs at each station, reported as means
of all composites per half degree of latitude; hence,
a direct comparison was not possible The geogra-
phic pattern, a decrease in metal concentrations with
latitude believed present in the Middle Atlantic Bight
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by Wenzloff et al. (1979), was not apparent from the
present data or from the studies summarized in Table
4, Results of other studies involving whole body anal-
ysis (Table 4) suggest that Cd, Ni, and Zn could also
be high on Georges Bank; otherwise, the values pre-
sented do not support any consistent latitudinal
trends.

Results indicate, however, on a local level, elevated
trace metal levels were also usually associated with
known areas of inputs, eg., waste dumpsites or ad-
jacent to heavily industrialized coastal areas, such
as the New York Bight apex (station 29), or natural
depositional areas where trace metals from unknown
sources are apparently accumulating, e.g., the “Mud
Patch” (stations 181, 237).

The uptake and accumulation of trace metals by
marine organisms are known to be affected by a
number of variables. These variables include season,
age, size, temperature, and interactive effects of
several metals (Phillips 1977), and can be sources of
some of the variability shown hetween the results
of studies in the same area. Methodology is another
source of variability between the results of each
study, especially when intercalibrated results with
standards are not available. It is interesting to note
that an expected close correlation between trace
metal levels in the sediment and in A. islandica
tissues was not evident in at least one study (Rey-
nolds 1979), suggesting that the water and food or

other suspended material could be the primary
source of contaminants to this filter-feeding species.
In conclusion, a set of measurements of several
organic and seven trace metal contaminant levels in
the commerecially valuable ocean quahog have been
obtained from a wide range of northwestern Atlan-
tic locations. This set can be used as a base to moni-
tor long-term changes in the assimilated levels and
distributions of these compounds in this species and
the risk to its health of future use as food. The levels
found were well below the FDA seafood action limit,
but elevated values were associated with impacted
coastal habitats and possibly waste dumpsites.
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TABLE 4.—Comparison of mean trace metals levels (g g~ dry wt.) in Arctica islan-
dica of the northwest Atlantic.

Area and reference Ag Cd Cr Cu NI Pb 2Zn Tissue type
Georges Bank-Nantucket
Sick (1978) 0.1 11 09 3.5 124 0.35 252 Whole body
Erco (1978) 51 39 7.6 21.0 1.00 260 Whole body
Payne et al. (1982) 45 1.7 54 27.0 3.50 150 Whole body
Present study - stn. 379 08 14 3.1 103 35 441 62 Whole body
Block Island Sound
Steimle et al. (1976) 1.8 31 18.0 18.0 183 Whole body
Rogerson and Galloway
(1979)1 14 8.1 23 11.8 10.2 138 Whole body
Present study - stn. 261 1.9 4.6 10 11.6 10.2 102 Whole body
Southern Long Island
Guarimo et al. (1979) 30 56 17.4 279 141 122 ?
Present study - stn. 189 25 1.9 88 18.7 33 128 Whole body
New York Bight
Wenzloff et al. (1979)! 15.8 3.5 <7.5 43.2 <5.0 9.8 107 Foot muscle
Sick (1981) 07 7.9 6.3 “muscle”
Present study - stn. 23,
26, 29, 32, 47 1.7 1.3 3.0 113 10.1 5.7 95 Whole body
Off Delaware
Reynolds (1979) 2.4 77 90 Whole body
Present study - stn. 123,
167, 168 24 5.7 124 Whole body
Chesapeak Bight
Wenzloff et al. (1978) 9.3 3.3 <80 34.6 <47 85 98 Foot muscle
Present study - stn. 107
and south 1.0 22 23 54 116 4.7 71 Whole body

10riginal wet weight data converted into dry weight by multiplying by 8.

139



chemical analyses was provided, in part, by NOAA’s
Northeast Monitoring Program.
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AN ECOLOGICAL SURVEY AND COMPARISON OF
BOTTOM FISH RESOURCE ASSESSMENTS

(SUBMERSIBLE VERSUS HANDLINE FISHING) AT JOHNSTON ATOLL

STEPHEN RALSTON! REGINALD M. GOODING.! AND GERALD M. LUupwiG?

ABSTRACT

The deep slope (100-365 m) environment at Johnson Atoll in the central Pacific was surveyed with a submer-
sible and the standing crop of commercially important bottom fishes (ie., lutjanids, serranids, and carangids)
estimated by visual quadrat censusing. Results are compared with an assessment made by hook-and-line
fishing.

Overall, 69 species of fish were recorded from the submersible and 10 from fishing. Well over half
of the sightings from the submersible were new locality records. Bottom fish abundance estimates (fish/hec-
tare and fish/line-hour) varied by site but agreed broadly with one another. Together they are used to
estimate catchability (0.0215 hectare/line-hour), which is shown to vary through the day.

Bottom fish were contagiously dispersed along both vertical and horizontal dimensions, with increased
numbers of the snapper Pristipomotdes filamentosus in upcurrent localities. On a finer scale this species
and Etelig coruscans were aggregated near underwater promontories and headlands, but at different
depths.

Numerous obhservations concerning the deep slope environment of this central Pacific Ocean atoll

are included.

Perhaps the most widespread precept in fisheries
today is the supposition that catch rate is propor-
tional to stock abundance (Gulland 1974; Ricker
1975; Pitcher and Hart 1982). Even so, there are
numerous studies which demonstrate exceptions to
this assumption (see for example MacCall 1976; Ban-
nerot and Austin 1983). A departure from linearity
in the relationship of these two variables reflects
varying catchability. This variation may be due to
schooling behavior, gear saturation, or any number
of other factors which affect catch per unit effort
(CPUE) in addition to stock abundance (Rothschild
1977). It is often difficult, if not impossible, to
evaluate the validity of the linearity assumption in
most practical situations. A multiple approach to
stock assessment has often been suggested as a
means of circumventing this problem, including the
use of hydroacoustics (Barans and Holliday 1983;
Thorne 1983), underwater television-diver surveys
(Powles and Barans 1980), and submersibles (Uz-
mann et al. 1977) to corroborate CPUE data. Con-
sistency in results among a set of independent
assessment techniques is necessary for validation
and verification of data.

tSouthwest Fisheries Center Honolulu Laboratory, National
Marine Fisheries Service, NOAA, Honolulu, HI 96812.

210.8. Fish and Wildlife Service, Honolulu, HI 96850, present ad-
dress: Florida Fishery Research Station, U.S. Fish and Wildlife Ser-
vice, PO. Box 1669, Homestead, FL 33030.
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Submersibles in particular have also proven useful
in studying the distribution of fishes in various deep-
water habitats (Brock and Chamberlain 1968; Stras-
burg et al. 1968; Colin 1974; Shipp and Hopkins
1978), in identifying nursery grounds of commercial-
ly important rockfish species (Carlson and Straty
1981), and in assessing the effectiveness of baited
longline gear (High 1980; Grimes et al. 1982). In
many situations submersibles provide an ideal means
of independent assessment (Uzmann et al. 1977) if
questions concerning bias in visual surveys can be
adequately addressed (Colton and Alevizon 1981;
Sale and Douglas 1981; Brock 1982).

The purpose of this study was to examine the
distribution and abundance of tropical deep slope
bottom fishes (ie, lutjanids, serranids, and carangids)
at Johnston Atoll in the central Pacific Ocean with
a research submersible and to compare the results
with an assessment made by fishing. This compari-
son provides not only a basis for testing the validity
of a CPUE statistic, but also for estimating the
catchability coefficient. Both are important issues
because of the widespread use of hook-and-line catch
and effort statistics in resource assessments of bot-
tom fish stocks worldwide (Moffitt 1980; Ralston
1980; Ivo and Hanson 1982; Ralston and Polovina
1982; Munro 1983; Forster 1984). Of special interest
was determining the relationship between CPUE
and visual estimates of bottom fish standing stock.
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In addition, a variety of observations made from the
submersible substantially improved our understand-
ing of factors controlling the distribution and abun-
dance of the entire deep slope fauna at Johnston
Atoll.

DESCRIPTION OF THE STUDY AREA

A National Wildlife Refuge since 1926, Johnston
Atoll is located 1,250 km southwest of Oahy, HI. The
atoll's physical environment has been reviewed hy
Amerson and Shelton (1976) and is summarized
here.

Located between lat. 16°40’-16°47'N and long.
169°24'-169°34'W (Fig. 1), Johnston Atoll lies in the
North Pacific central water mass, where salinities
range from 34.8 to 35.3%. Surface water temper-
atures show little seasonality, ranging from 25° to
27°C. The atoll is directly in the path of the wester-
ly flowing North Equatorial Current, with surface
currents typically 0.5 kn (0.25 m/s). Deeper layers
flow smoothly past the atoll, but an island wake

FISHERY BULLETIN: VOL. 84, NO. 1

forms in lee surface waters, with effects evident up
to 600 km downstream (Barkley 1972).

The atoll is composed of a coral platform, encom-
passing over 130 km? of reef under water <30 m
deep. A narrow lagoon lies between the northwest
barrier reef and Johnston and Sand Islands to the
southeast (Fig. 1). The atoll is unusual in that the
main outer reef extends only about one quarter of
the way around its perimeter (Fig. 1). A large por-
tion of the atoll lies exposed to prevailing easterly
weather conditions without benefit of barrier reef
protection. Evidence suggests that subsidence and
tilting of the reef platform to the southeast created
this unusual condition.

The climate is tropical marine, ie, there is little
seasonal variation in temperature and windspeed,
but substantial variation in rainfall. A 4-mo “winter”
season extends from December to March, when
temperatures drop slightly, winds become more vari-
able, and precipitation increases. The mean annual
air temperature is 26.3°C, with a daily range of
4.0°-4.5°C. Daily maximum and minimum temper-

-16°45° N

169°30° W

A-J Makalii

dive sites

1-6 Cromwell fishing stations

FIGURE 1—Map of Johnston Atoll. The lines encircling the atoll are isobaths of constant depth (fathoms). The four shaded areas
at the upper left are emergent lands (Johnston, Akau, Hikina, and Sand Islands). Letters (A-J) indicate the 10 dive sites of the Makalii
during the study. Numbers (1-6) indicate fishing stations of the Townsend Cromuvell.
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atures vary little throughout the year, as do sea sur-
face temperatures, which are in near equilibrium
with the air. Strong easterly trade winds prevail all
year but increase during the summer period. Annual
mean wind speed at Johnston Island is 13 kn (7.5
m/s) and monthly means range from 11 to 14 kn
(5.5-7.0 m/s).

METHODS

Makalis

The Makalii is operated by the National Undersea
Research Laboratory at the University of Hawaii. It
is a two-man, hattery powered, 1-atmosphere sub-
mersible which is 4.8 m long, with a pressurized cap-
sule 1.5 m in diameter. When carrying a pilot and
one observer, its normal operating speeds range
from 1 to 3 kn (0.5-1.5 m/s). Maximum dive duration
is 4-5 h and depth capability is 365 m. Equipment
carried in this study included hydraulic manipulator,
internal and external color video cameras, 2 video
monitors, video recorder, video flood lights, Photo-
sea’® 35 mm still camera with strobe, current and
temperature meters, and a dictaphone tape recorder.
In addition, the Makalti is equipped with an environ-
mental monitoring system for continuous recording
of temperature, salinity, conductivity, oxygen, solar
radiation, and depth.

All three authors participated as observers dur-
ing a series of dives at Johnston Atoll over the 2-wk
period between 22 September and 5 October 1983.
Once on station, a launch-recovery-transport plat-
form was submerged to 20 m and divers released the
Makalii, usually in 120 m of water. The submersible
descended until encountering the bottom and
locating the atoll's shelf break. Observations made
on fishes during the dives were voice and video re-
corded for later analysis. Slope angle was periodi-
cally measured with a hand-held inclinometer.

Visual estimates of the density of commercially im-
portant bottom fishes (sensu Ralston and Polovina
1982) were made by a series of “quadrat” samples.
These fishes included Cookeolus boops, Epinephelus
quernus, Aphareus furcatus, A. rutilans, Etelis car-
bunculus, E. coruscans, Pristipomoides auricilla, P.
filamentosus, P. zonatus, Carangoides orthogram-
mus, Carane lugubris, Seriola dumerili, and Pon-
tinus macrocephalus.

During quadrat sampling the observer would look
out his port and count the total number of bottom

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

fish, without regard to species, over an area of the
bottom judged to be 30 m®. Quadrat areas always
lay on the oblique planar surface of the slope face
and were away from the immediate vicinity of the
submersible. A sampling period consisted of four
counts systematically performed, one every 15 s. To
the extent possible, each count was made at an in-
stant in time. All bottom fish seen in the water
column above the sample area were included in
counts.

The submersible progressed stepwise down the
slope (100-365 m) in a clockwise direction around the
atoll, with the observer's starboard port always
oriented to the slope face. Upon reaching the
Makalii's depth limit, a slow stepwise ascent would
begin to 100 m, where the dive would end. Descents
generally lasted 2.5 h and ascents 1.5 h. Thus the
entire vertical distribution of the deep slope was
sampled more or less equally (ie., observations were
not concentrated in any particular depth zone).

Townsend Cromwell

The National Oceanic and Atmospheric Adminis-
tration’s (NOAA) RV Townsend Cromawell is 50 m
long and when rigged for bottom handline fishing
carries four hydraulic fishing gurdies (Charlin motors
and Pacific King fishing reels), each with 365 m of
braided prestretched 90 kg Dacron line. The terminal
rig is composed of four No. 28 Tonkichi round fishing
hooks and a 2 kg weight. Stripped squid was used
for bait and fishing was conducted only during the
day.

The vessel spent 3 d (3-5 November 1983) at John-
ston Atoll sampling deep slope bottom fish by drift
fishing. After wind and current directions had been
determined, the vessel was positioned over the
desired depth and fishing lines were dropped. Fish-
ing continued until the vessel drifted over an un-
suitable water depth, when lines were retrieved and
the Toumsend Cromavell repositioned. Single drifts
were the fundamental sampling unit by which catch
and effort statistics were summarized. Six fishing
stations were occupied (Fig. 1), one during the morn-
ing and afternoon of each day. Fork length to the
nearest millimeter and depth of capture were re-
corded for all fish landed.

RESULTS

Makalii

Ten dives were completed at Johnston Atoll (Fig.
1). Due to precipitous dropoffs which occur through-
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out the study area (100-365 m), the length of the
atoll’s 183 m (100 fathom) isobath (64 km) provides
a convenient measure of total deep slope habitat
(Ralston and Polovina 1982). The average point-to-
point distance covered by the submersible during one
4-h dive was 2.27 km (s = 0.56 km). An aggregate
22.7 km were thus surveyed during this study, com-
prising 35% of the deep slope habitat at the atoll.

Temperature

Ambient temperature and depth were recorded
often during dives, from which temperature-depth
profiles were later constructed. The results are sum-
marized in Figure 2. The solid line represents me-
dian temperatures at depth, with the shaded area
encompassing the range of temperatures observed
among all 10 dives. Surface water temperature was
typically 27°C and the mixed layer 100 m deep. A
second weak thermocline was found around 240 m.
Although its depth varied somewhat (220-245 m), it
was present around the entire atoll, ie, both wind-
ward and leeward exposures, and was observed as
a shimmering layer below the submersible as it
descended. This effect is believed due to refraction
of light passing through variable density water, a
result of the thermocline in association with a de-
crease in salinity* Ambient water temperature usual-
ly had dropped to 8.5°C at a depth of 350 m.

Slope Angle

The relationship between the bottom’s slope and
depth was also measured. These data were sum-
marized after each dive and bottom contours plot-
ted. Overall, there was little variation in slope angle
around the atoll, ie, the general pattern was one of
uniformity at all sites visited. Figure 3 presents pool-
ed results for all slope angle-depth determinations.
In the figure, horizontal and vertical scales are equal
and the composite contour of the bottom (100-365
m) at Johnston Atoll is shown in profile. The slope
was stratified into three 50-fathom depth zones for
later analysis.? The slope angle between 50 and 100
fathoms averages ©;, = 25° (Table 1). Similarly, 0,
= 47° and @; = 59° There is a definite trend at
Johnston Atoll for the slope to steepen with in-

4E. Chave, Hawaii Undersea Research Laboratory, University of
Hawaii, Honolulu, HI 96822, pers. commun. June 1984.

sStratification of depth into zones was performed using units of
fathoms (1 fathom = 1.83 m) because nautical charts, hydrogra-
phic surveys, and fathometers are so measured. For the sake of
brevity and clarity, isobaths and depth strata will henceforth be
given only in this unit of measure.
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F1GURE 2.—~The pooled relationship (n = 10) between temperature
and water depth at Johnston Atoll. Solid line = median values;
shaded area = range of values.

TABLE 1—Total habitat areas stratified by depth zones at Johnston

Atoll.
Digitized

Depth horizontal Oblique planar

stratum planar areas Slope habitat areas
(fathoms) (ha) angle (ha)

Emergent lands 305 (1%) — —

0-10 15,012 (60%) — —
10-50 6,123 (24%) - —
50-100 1,624 (7%) 25° 1,785

100-150 964 (4%) 47° 1,418
150-200 1,020 (4%) 59° 1,962
Total 25,048 (100%) — 5,165

creasing depth, at least between 100 and 365 m.
In the shallowest regions surveyed (<125 m) the

bottom was a monotonous sandy plain in the shore-

ward direction, but at 125 m it began to slope steeply
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downward. Although not easily seen in the figure,
a small but prominant ledge 5-10 m high encircled
the atoll between 130 and 140 m. Somewhat deeper,
between 180 and 275 m, the bottom was uniform in
slope and its surface relatively smooth and devoid
of features. Slope angles approached the vertical at
most sites in the 300-350 m depth range, with over-
hanging caves formed by subaerial dissolution.® At
the deepest points visited (360 m) the bottom hecame
less precipitous, and in some areas a sediment-laden
terrace had formed along the base of the deep
dropoff,

Based on estimates of slope angle, existing charts,
and a hydrographic survey hy the Townsend Crom-
well, habitat areas for the three depth zones were
determined. The positions of the 10 and 100-fathom
isobaths were already known, but they were refined
and the locations of the 50-, 150-, and 200-fathom
isobaths estimated. Figure 1 is a simplified repre-
sentation of a much larger chart which was digital-
ly analyzed to determine the horizontal (ie., level)
areas bounded by isobaths (Table 1). The results show
that emergent lands (Johnston, Akau, Hikina, and
Sand Islands) account for only 1% (305 ha) of the
level planar area of the atoll. The largest area
(60%) lies between sea level and 10 fathoms. The

sKeating, B. H. Geologic history and evolution of Johnston
Island: Submersible dive results. Manuser. in prep. University of
Hawaii, Honolulu, HI 96822.

total horizontal extent of the atoll is about 25,000
ha.

These results can be misleading, however, because
a vertical slope provides no horizontal habitat area,
and yet both reef fish diversity and standing crop
are known to be positively correlated with topo-
graphic relief (Luckhurst and Luckhurst 1978; Glad-
felter et al. 1980; Carpenter et al. 1981). At John-
ston Atoll the structural complexity of the sub-
stratum frequently increased with slope angle A
better estimate of total habitat is the area of bot-
tom irrespective of slope angle, estimated by dividing
the horizontal planar area of a depth stratum by the
cosine of the slope angle within it. This adjustment
almost doubles the estimate of total habitat area in
the 150-200 fathom zone, simply due to the precipi-
tous dropoff found there. A composite 5,165 ha of
habitat occurs between 50 and 200 fathoms.

General Observations

While this study focused primarily on the deep-
water ichthyofauna of Johnston Atoll, many obser-
vations were made on the oceanographic, geologic,
and biotic characteristics of the study area. These
are briefly recounted here.

Currents running in directions parallel to the slope
were frequently encountered. They were generally
weak and did not exceed 0.3 kn (0.15 m/s). They
sometimes exhibited reversals with depth. During

50
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FIGURE 3.—Composite reconstruction of the deep slope at Johnston Atoll. Horizontal and vertical scales equal.
Average slope angles (©) were measured for each of three 50-fathom depth strata.
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dive F, for example (Fig. 1), a 0.2 kn (0.10 m/s} cur-
rent was observed at 125 m running south (ie,
counterclockwise when viewed from above). There
was no current between 180 and 275 m. At 300 m,
however, a 0.1 kn (0.05 m/s) current was observed,
traveling in a northerly direction (ie., clockwise). A
similar depth-related current reversal was observed
during dive C, although on this occasion the
shallower current (170 m) ran clockwise and the
deeper one (290 m) counterclockwise. In contrast,
a weak downslope current (0.1 kn or 0.05 m/s) was
observed but once (dive E at 305 m). No upwelling
currents were encountered.

Geologically, the deep slope of Johnston Atoll was
grossly similar at all points visited. The low escarp-
ment at 130 m was most likely due to erosion of an
ancient limestone reef. This feature was character-
ized by mounds of coral rubble, boulders, small
undercut caves, and a profusion of fishes. Below it
the slope angle was remarkably uniform, with low
topographic relief. The bottom was still composed
of limestone and showed severe biological and chem-
ical weathering (ie, dissolution) along the slope gra-
dient, being pitted and striated with numerous
shallow depressions. Few sediments or boulders were
observed. At a depth of 240 m topographic relief in-
creased, as large slab boulders became increasingly
prominent. Subaerial dissolution had produced low
shallow limestone caves, and fine sediments were
more common. Between 290 and 335 m the slope was
very steep, with a well-developed system of sharp
ridges and deep erosional channels. The substratum
had the superficial appearance of dark basalt but was
composed of thin manganese crusts overlying an-
cient limestone reef materials (Keating see footnote
6). Fine sediments spilled down the channels in the
slope and piled up at the base of the deep dropoff
(850 m). More limestone boulders were arrayed along
this deep terrace and fine sediments covered the
bottom.

As expected, few fleshy macroalgae were seen. The
only algae encountered regularly were two coral-
lines, Halimeda sp. and an unidentified crustose
species. The former occurred in small scattered
clumps between 100 and 200 m, with loose remnant
exoskeletal “sands” found in sediment pockets as
deep as 290 m. The crustose form was abundant be-
tween 150 and 250 m where it covered much of the
slope face. Otherwise, an unidentified species of
brown algae seen on dive H between 150 and 250
m was the only other algae seen. A more detailed
description of the algal biota at Johnston Atoll is in
preparation.”

In contrast to the depauperate flora, the inverte-
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brate fauna was rich. Listed here are those forms
seen often enough to constitute indicator species for
particular depth strata. In addition to these a great
many others were observed and photographed.
In the Cnidaria, three stoney corals were especially
plentiful: Leptoseris hawaiiensis (115-165 m),
Stylaster sp. (135-245 m), and Madracis sp. (140-200
m). Several species of black corals (Order An-
tipatharia) were also common. Of the crustaceans,
a single large Panulirus marginatus, previously
known only from one specimen (Brock 1973), was
observed in a small hole during dive A at 122 m, and
at least two types of galatheid crab were very
abundant in small holes pitting the reef slope
between 230 and 350 m. In deep water the remain-
ing attached valves of dead rock oysters were seen
in patches along the base of the deep dropoff
(8350 m), as was an unidentified species of solitary
tunicate (335-3656 m). Echinoids were particularly
abundant immediately below the shelf break; eg.,
Diadema cf. savignyi (110-170 m), Chondrocidaris
gigantea (120-160 m), and heart urchins (Brissidae,
130-200 m). Other than galatheid crabs, the 220-310
m zone was largely barren and devoid of mega-
benthos.

Ichthyofauna

A total of 69 fish species in 29 families were ob-
served during Makalii dives (Table 2). Overall, the
proportional representation of different families was
similar to that of the shallow water community
{(Gosline 1955; Randall et al. in press), although the
representation of genera was grossly different. Ser-
ranid species were most numerous with nine species
observed (eight in the anthiine subfamily). Lutjanids
were also abundant (eight species), but no members
of the ubiquitous genus Lutjanus were seen. Forty
of the species listed in Table 2 (58%) are new records
for Johnston Atoll (Randall et al. in press). Photo-
graphs of several fishes observed during dives are
presented in Figure 4.

An indication of species’ depth distributions is
given in Table 2. Because no observations were made
in <100 m, upper limits can be misleading. This is
particularly true of shallow-water species which
penetrated to the 135 m escarpment but not beyond,
including: Triacenodon obesus, Parapercis schau-
wnslandi, Aphareus furcatus, Chromis verater, Paru-
peneus cyclostomus, P. multifasciatus, Forcipiger

Aavissimus, Holacanthus arcuatus, Bodianus bilu-

7C. Agegian, University of Hawaii, Honolulu, HI 96822, pers. com-
mun. June 1984,
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TaBLE 2.—Fishes encountered during dives (100-365 m) of the Makalii at Johnston Atoll. Included for each species are the minimum and
maximum depths (m) of observation as well as the median and range of the depth distribution. Under the sighting column a value of
1 indicates a species was seen repeatedly (>5 times) during each dive of the submersible, 2 means the species was occasionally seen
on each dive {<5 times), 3 signifies sightings on most dives but not all (i.e., species seen on several occasions), and 4 indicates rarity
(see only once or twice during all dives). An asterisk to the left of a species name signifies a new record for Johnston Atoll (Randall et

al. in press).
Median Median
Family-species Min-max (range) Sighting Family-species Min-max (range) Sighting
Carcharhinidae Carangidae
Carcharhinus amblyrhynchos 90-275 185(185) 1 Carangoides orthogrammus 105-170 135(65) 2
Carcharhinus sp. Caranx lugubris 105-355 190(250) 1
(probably galapagensis) 225-250 225(25) 3 C. melampygus 130-230 135(100) 2
Triaenodon obesus 120 4 Decapterus sp. 100 4
Mobulidae *Elagatis bipinnulata 90-150 120(60) 3
Manta sp. 120 4 *Seriola dumerili 120-335 215(215) 1
Muraenidae Apogonidae
*Gymnothorax berndti 220-260 260(40) 3 *Epigonus sp. 330-365 355(35) 2
*@G. nudivomer 120-205 179(85) 2 Pomacentridae
*G. nuttingi 185-300 250(115) 3 Chromis verater 120-140 130(20) 3
Ophichthidae Mullidae
Myrichthys maculosus 150-215 185(65) 4 Parupeneus cyclostomus 125 4
Synodontidae P muiltifasciatus 125 4
Unidentified synodontid 240 4 Chaetodontidae
Holocentridae *Chaetodon modestus 125-265 190(130) 2
*Myripristis chryseres 135-240 155(105) 2 *C. tinkeri 105-160 145(55) 3
*Neoniphon aurolineatus 150 4 Forcipiger flavissimus 125-145 130(20) 4
*Pristilepis oligolepis 165-345 230(180) 3 *Heniochus diphreutes 120-215 135(95) 2
Ophidiidae Pomacanthidae
Brotula sp. Geniacanthus sp. 150 4
{multibarbata or townsendi) 230 4 *Holacanthus arcuatus 130-150 135(20) 3
Priacanthidae Labridae
*Cookeolus boops 165-260 220(95) 1 Bodianus bilunulatus 130-135 130(5) 3
Serranidae Cheilinus unifasciatus 120 4
*Anthias fuscinus 135-280 215(145) 1 *Polylepion russelli 245-280 275(35) 3
*A. ventralis 106 4 Acanthuridae
Callanthias sp. 240-330 285(90) 4 *Acanthurus dussumieri 130 4
*Epinephelus quernus 135-350 230(215) 1 *Naso hexacanthus 120-165 150(45) 2
*Grammatonotus laysanus 310-350 335(40) 3 *Naso sp. 120-175 135(55) 1
*Holanthias elizabethae 155-260 230(105) 1 Zanclidae
*H. fuscipinnis 160-215 170(55) 1 Zanclus cornutus 125 4
Luzonichthys sp. Scorpaenidae
(perhaps earlei) 105 4 *Pontinus macrocephalus 200-365 305(165) 2
*Plectranthias helenae 215220 215(5) 3 *Scorpaena colorata 272 4
Mugiloididae Scorpaena sp. 225-355 290(130) 2
*Parapercis roseoviridis 215-270 245(55) 2 Triglidae
*P schauinslandi 105-170 145(65) 1 *Satyrichthys engyceros 355-365 365(10) 4
Lutjanidae Bothidae
Aphareus furcatus 105-145 135(40) 2 Bothus mancus 270-350 310(80) 4
‘A. rutilans 190-250 220(60) 3 Balistidae
*Etelis carbunculus 245-365 310(120) 3 *Sufflamen fraenatus 105-170 140(65) 1
*E. coruscans 250-355 270(105) 3 Xanthichthys auromarginatus 115-165 135(40) 1
*Pristipomoides auricilla 215-260 230(35) 3 Monacanthidae
*P, filamentosus 120-260 205(140) 3 Unidentified monacanthid 125 4
*P. zonatus 205-295 240(90) 1 Tetraodontidae
*Symphysanodon maunaloae 230-365 300(135) 1 *Canthigaster sp.
Emmelichthyidae (likely inframacula) 260-270 265(10) 4
*Erythrocles scintillans 295-320 300(25) 4 Unidentified tetraodontid 135-150 145(15) 4
Ostraciidae
Ostracion sp. 135 4
Diodontidae
Diodon hystrix 135 4

nulatus, Acanthurus dussumieri, Zanclus cornutus,
Xanthichthys auromarginatus, and Diodon hystrir.
These fishes accounted for an increase in diversity
at the 135 m dropoff. Similarly, due to the submer-
sible’s 365 m depth limit, lower bounds for some
species are likely in error (eg., Symphysanodon mau-

naloae, Epigonus sp., Pontinus macrocephalus, and
Satyrichthys engyceros). Nonetheless, due to the
large depth range sampled (100-365 m), the data still
provide useful estimates of the depth distributions
for most of the species listed.

The data suggest that large species have great
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depth ranges. For example, all species with depth
ranges exceeding 200 m are large (ie, Caranx lugu-
bris, Epinephelus quernus, and Seriola dumerili).
Moreover, among extensively observed species, a
significant Spearman correlation exists between
ranked average weight and depth range (r, = 0.52,
df = 25, P < 0.01). This finding should be viewed
with caution because of potential biases in depth
distributions (see above).

The last column in Table 2 gives sighting scores
for all species. Those assigned a value of 1 indicate
species dominating the deep slope fish community
in terms of species sightings. Note that some species
were seen infrequently, but when encountered they
were observed in large numbers (e.g., Elagatis bipin-
nulata, Fig. 4). Similarly, Pristipomoides filamen-
tosus was not seen on every dive and was thus as-
signed an abundance score of 3. In spite of this, when
seen, it was abundant and it was the most frequent-
ly caught while fishing (see next section). Sighting
scores therefore do not indicate relative species’ con-
tributions to total standing crop biomass of the deep
slope fish fauna.

Quadrat Sampling

A total of 974 quadrat sample counts were made
during the 10 submersible dives. No attempt was
made to estimate abundance separately for each
species. Rather, the total number of bottom fish was
recorded, regardless of species composition. Al-
though severely reducing the detail of the data base,
this did have the desirable effect of averaging biases
due to attraction or repulsion of fishes to and from
the Makalii. It was evident, for example, that some
species were attracted to the submersible and follow-
ed it about (e.g., Seriola dumerili and Carans lugu-
bris), whereas others were repelled and actively
avoided the submersible’s lights (eg., Pristipomoides
filamentosus and Etelis coruscans). Still others did
not seem to be greatly influenced (e.g., Cookeolus
boops, Epinephelus quernus, Pristipomoides zonatus,
and Pontinus macrocephalus). By pooling species
quadrat counts, the abundance of some species was
overestimated, some underestimated, and some
estimated without bias. Due to averaging, we believe
that pooled counts provide the best available

FIGURE 4—Johnston Atoll deep slope fishes. A. Caranx lugubris
with wire coral: B. Epinephelus quernus peering out of cave; C.
Seriola dumerili (foreground) and Caranx lugubris (background),
D. school of Elagatis bipinnulata with Carangoides orthogrammaus
(above), E. Heniochus diphreutes with black coral; and F. aggrega-
tion of Myripristis chryseres and Neoniphon ourolineatus.

estimates of total bottom fish density along the deep
slope of Johnston Atoll.

Some 367 bottom fish were counted in quadrat
samples, resulting in a mean encounter rate of 0.38
fish/quadrat. The data were fitted to the Poisson
distribution to ascertain the dispersion pattern. A
chi-square goodness of fit test yielded y* = 325.32,
df = 3, P << 0.005, demonstrating nonrandom dis-
persion. The variance to mean ratio calculated from
the frequency distribution of bottom fish/quadrat
observations was 4.64 and was significantly greater
than 1 (P << 0.005), indicating strong contagion.

One of the principal explanations for this result
is shoaling by Pristipomoides filamentosus and Ete-
lis coruseans. Both are large species, which formed
aggregations of up to 100 individuals well off the hot-
tom (20 m) in the vicinity of underwater headlands
and promontories. These monospecific groups ap-
peared to feed in open water on plankton, consis-
tent with previous dietary studies of P filamentosus
(Kami 1973; Ralston®). When either was observed,
there was an increased likelihood of encountering
conspecifics. As a consequence 10 or more P. fila-
mentosus were seen in one quadrat on 7 occasions.

Another factor contributing to clumping was non-
random distribution with depth (Fig. 5). This figure
presents the relationship between mean number of
bottom fish per count and depth (vertical bars =
standard errors). Note the two abundance peaks, the
first at about 170 m and the second at 250 m. The
former was due primarily to large numbers of
Caranx lugubris and P. filementosus. The location
of the second peak was just below the second
thermocline and was largely the result of local in-
creases in numbers of Epinephelus quernus and P.
zonatus.

The mean numbers of bottom fish per quadrat,
stratified into 50-fathom depth intervals, are also
shown in Figure 5 (ie, 0.57, 0.47, and 0.06 fish/count).
These data were converted to densities (1 quadrat
= 0.003 ha) such that from 50 to 100 fathoms an
average of 190 bottom fish are estimated to occur
per hectare of habitat. Similarly, in the two deeper
strata, estimated densities of 156 and 20 bottom
fish/ha oceur.

Given estimates of bottom fish density and depth-
specific estimates of total available habitat (Table 1),
estimates of the total standing crop of bottom fishes
at Johnston Atoll indicate that about 839,000 fish
occurred in the 50-100 fathom zone, 221,000 between

8Ralston, S. Unpubl. data. Southwest Fisheries Center Hono-
lulu Laboratory, National Marine Fisheries Service, NOAA, Hono-
lulu, HI 96812,
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F1GURE 5.—~The abundance of bottom fish (see text) in relation to depth. Solid line represents
fish densities with changing depth (measured in meters or fathoms). Error bars are standard
errors of means. Three 50-fathom depth zones are indicated, and mean fish densities within

these are shown as circled points.

100 and 150 fathoms, and only 39,000 in the deep-
est (150-200 fathom) zone. Roughly 600,000 com-
mercially exploitable bottom fish are estimated to

TABLE 3.—Species composition of the bottom fish catch from the
Townsend Cromwell at Johnston Atoll.

Average
comprise the deep-sea hook-and-line resource at ] ) Catch Sizo
Johnston Atoll. Because the fish are spread over a . dFaT"y'sPec'js (m _ Percent (cm FL)
total habitat of 5,165 ha (Table 1), this corresponds utjanidae (snappers
to average densities of 118 bottom fish/ha. Z"ﬁg,‘,’;’:g;”""s flamentosus 32 22 f;g;;

P ayricilla 5 4 34.6
Townsend Cromuwell ol o R
Anywhere from 2 to 4 lines were deployed while Serr:;:::a:gmupers) % 8
fishing, resulting in an aggregate 41.8 line-h of Epinephelus quernus 29 22 69.8
fishing effort spread over 23 vessel drifts. A catch Carangidae (jacks)
of 133 fishes (Table 3) produced an overall CPUE of Caranx lugubris 7 5 48.1
3.18 fish/line-h, Another 12 fish were hooked but lost g:,’:,’;ﬂgnghogmmm”s 2 2 ;g:g
to sharks before landing. All species caught while Subtotal 11 N
fishing were observed from the submersible with the Bramidae (pomfrets)
exception of the bramid, Eumegistus illustris. Deep- Eumegistus illustris 1 1 70.3
water lutjanids predominated (69%), but substantial Grand fotal 133 101

numbers of serranids (22%) and carangids (8%) were
caught, a composition typieal of tropical deep slope
fisheries worldwide (Talbot 1960; Ralston and Polo-
vina 1982; Munro 1983; Forster 1984).

Species Composition By Location

Examination of catch data suggested a difference
in species composition hetween upcurrent (sites 5
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and 6) and downcurrent (sites 1-4) locations (Fig. 1).
Landings were pooled into these two classes, and al-
so by species category into Pristipomoides filamen-
tosus, P. zonatus, Epinephelus quernus, and “others™
The resulting 2 x 4 contingency table showed a lack
of statistical independence between locations and
species (x*> = 22.36, df = 8, P << 0.005). Examin-
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ing individual contingency table cells showed that
the greatest contribution to the total chi-square was
for P, filamentosus (58% of total). Specifically, under
the hypothesis of independence, 16.5 were expected
downcurrent but only 5 were caught, while 26.5 were
expected upcurrent where 38 were landed. The ap-
parent surplus of P, filamentosus along the eastern
exposure, where trade winds prevail and oceanic cur-
rents first impact the atoll (Barkley 1972), may relate
to this fish’s habit of feeding on large deepwater
plankton, especially salps (genus Pyrosoma). Bray
(1981) has shown that small resident planktivores
will travel to the upcurrent edge of a reef to access
pelagic plankton. The distribution of P. filumentosus
at Johnston Atoll may represent a similar situation
on a much larger scale.

Bottom Fish Catch Rate

One-way analysis of variance (ANOVA) of CPUE
data was used to examine whether geographical dif-
ferences exist in bottom fish abundance, ie, the two
treatment classes were upcurrent and downcurrent
regions (see above). The ANOVA was insignificant
(F = 1.62, df = 1, 21, P = 0.21), although the mean
catch rate along the eastern exposure (5.6 bottom
fish/line-h) was 60% greater than downcurrent (3.5
bottom fish/line-h). This result suggests the lack of
significance may have been due to small sample size.

The CPUE data were analyzed by time of day to
determine if catchability fluctuates through the day.
The results in Figure 6 show that fishing was
distinctly better during the morning than afternoon.
In this figure individual values of drift CPUE (n =
23) have been plotted against the midpoint of the
drift time interval. The solid line represents aggre-
gate catch rates, calculated by pooling both catch and
effort statistics from all areas into 1-h intervals and
then forming CPUE ratios. Different symbols repre-
sent each of six separate fishing locations (Fig. 1).
Note that catch rates were highest when fishing
began each day and consistently declined to a low
during the midafternoon. The data further indicate
that catch rates may increase again with the onset
of the evening crepuscular period, although the data
are meager. This pattern was evident both within
and among the six sites fished and, when averaged
out, resulted in morning catch rates 2.07 times
greater than afternoon rates.

Catchability

Having the Makalii and Townsend Cromawell at
Johnston Atoll at similar times prompts comparison

15
o1
a ® 2
L o 3
= A4
® ] A S
10 A6
P A A
. LI
= A
3 7 °
a 5
o
] a 4 /L
i o 2
o- A o. [ I )
| | 1 I 1 L T T 1
0800 1000 1200 1400 1800

Time of Day

FIGURE 6.—The effect of time of day on the catch rate of bottom
fish at Johnston Atoll. Catch rates calculated for each drift of the
vessel and presented for each of six different fishing stations (see
Figure 1).

of the assessment techniques. We assume that in the
1-mo interim between visits no changes occurred in
overall levels of abundance, because Johnston Atoll
is a National Wildlife Refuge where no fishing is per-
mitted and the fishes are typically long lived (Ralston
and Miyamoto 1983; Ralston see footnote 8). Any
differences in assessment are then likely due to dif-
ferences in method.

o compare surface estimates of bottom fish abun-
dance with those derived from submersible surveys,
we matched fishing stations (numbers) with submer-
sible dives (letters) which occurred nearby (Fig. 1).
Specific pairings were F-1, E-2, B-3, H-4, I-5, and D-6.
For each dive the overall abundance of bottom fish
was estimated by forming the ratio of total fish
counted to total number of quadrat counts, and then
converting to density measured in bottom fish/ha.
The CPUE statistics were used to estimate abun-
dance for each fishing station, after correcting for
fluctuating catchability (Fig. 6). The result is pre-
sented in Figure 7. There is a positive correlation
between CPUE and bottom fish density (» = 0.54),
although it is insignificant.

One means of estimating catchability, ¢, is to deter-
mine the slope of the regression of CPUE on stock
density. We estimated the functional regression
(Ricker 1973) of the data presented in Figure 7 (solid
line) and determined that ¢ = 0.0215 ha/line-h. A
second estimate of g is obtained by forming the ratio
of the average catch rate of bottom fish at the atoll
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Fi1GURE 7.—The relationship between Townsend Cromwell CPUE
and Makalii abundance estimates. Line fitted by functional regres-
sion. See text for further discussion.

(3.18 fish/line-h) to the average density of bottom fish
viewed from the submersible (118 bottom fish/ha).
The resulting estimate of ¢ is 0.0269 ha/line-h.

DISCUSSION

The most enlightening aspect of this study was our
ability to perform an in situ assessment of factors
controlling the distribution and abundance of the
deep slope biota at Johnston Atoll. Organisms
showed not only distinct zonational patterns with
depth but clumped dispersion along horizontal
gradients as well.

The fish fauna of Johnston Atoll is often con-
sidered a depauperate outlier of the Hawaiian fauna
(Gosline 1955; Randall et al. in press). In a later
paper, Gosline (1965) examined vertical zonation in
Hawaiian fishes, arguing that depth zonation pat-
terns are often sharply demarcated in intertidal and
shallow-water habitats, but these become increasing-
ly attenuated with depth. The results of our study
and Randall et al. (in press) support his conclusion
(see also Forster 1984). Some deep slope species have
extremely broad depth ranges (exceeding 200 m), yet
few representatives of the shallow-water communi-
ty extend appreciably beyond the 130 m escarpment
encircling the atoll. Other investigators have noted
that many Hawaiian species, which are commonly
thought of as strictly associated with coral reefs,
penetrate to depths well in excess of those favoring
the growth of scleractinian corals (Brock and Cham-
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berlain 1968; Strasburg et al. 1968; Clarke 1972). Yet
the distributions of these fishes are limited largely
to areas near the shelf break or shallower, while a
true deep slope ichthyofauna, comprised largely of
anthiids and lutjanids, exists along outer reef drop-
offs at both Johnston Atoll and in the Hawaiian
Islands.

Distributional patterns of fishes were nonrandom
along horizontal gradients as well, as was readily ap-
parent in the atoll-wide distribution of Pristipo-
moides filamentosus . Based simply on catch totals,
60% more P. filamentosus were expected to occur
on the upcurrent exposure of the atoll than down-
current, although 760% more were observed there,
illustrating the clumped dispersion pattern which
characterized this species during fishing surveys.
Contagion was also evident in quadrat samples.
Future studies would be well advised to incorporate
statistical models consistent with these findings, in-
cluding use of the negative binomial distribution to
describe spatial patterns.

On a more local scale, it was clear from submer-
sible observations that P, filamentosus and Etelis cor-
uscans were concentrated near underwater head-
lands. Brock and Chamberlain (1968) made similar
observations on deepwater populations of Chaetodon
maliaris, attributing the very localized distribution
of this species to increased accessibility of its food
(plankton) in the vertical turbulence plumes formed
by the impact of currents on underwater prom-
ontories. Because of its known planktivorous food
habits, this hypothesis could explain abundance pat-
terns of P, filamentosus. Moreover, fishermen empha-
size the importance of currents in locating feeding
aggregations of both P. filamentosus and E. cor-
uscans. These two species taken together comprise
the most important species landed in the Hawaiian
deep-sea hook-and-line fishery, both in terms of yield
and economic value. The relative abundance of these
species in the deepwater bottom fish community may
be due to their utilization of an allochthonous plank-
ton resource transported to neritic waters from the
open sea.

Bottom Fish Abundance

Certain methodological problems hindered this
study and should be reviewed before comparing the
abundance estimates from the two surveys. Any
technique, including those used here, has its own spe-
cific combination of advantages and disadvantages.

There is ample reason to suspect bias in assess-
ments based on underwater visual surveys. Sale and
Douglas (1981) have shown that a single visual fish
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census seldom records all individuals present at the
time of the census. Similarly, Colton and Alevizon
(1981) showed that a quarter of the community they
studied was characterized by significant diurnal
changes in abundance. They concluded that unless
sampling time is carefully controlled and standard-
ized, results from visual abundance surveys may be
seriously biased. Standardization was achieved in this
study because all 10 dives started between 0840 and
0950 in the morning and each lasted 4 h. Further-
more, Brock (1982) showed that large, conspicuous,
diurnally active species are accurately censused with
visual assessment techniques, although the most
abundant are often underestimated. With the excep-
tion of Cookeolus boops, which, although nocturnal,
shelters in the open along the slope face, all of the
species included in the quadrat sampling fit these
criteria. Biases which frequently accompany visual
assessments have thus been considered and mini-
mized here.

Another factor which may have affected the results
of Makalii surveys is attraction and repulsion of cer-
tain species to and from the submersible. Previous
investigators have typically ignored this problem (Uz-
mann et al. 1977; High 1980; Powles and Barans
1980; Carlson and Straty 1981), while at the same
time acknowledging that some species are attracted
(eg., black sea bass, southern porgy, Pacific halibut,
sculpin, and yelloweye rockfish) or repelled (e.g.,
squid, herring, mackerel, butterfish, and wolf eel) to
submersibles and divers. Nevertheless, as pointed out
by Uzmann et al. (1977), one can at least observe the
reactions of species to the submersible’s presence,
giving the viewer the opportunity to evaluate poten-
tial sources of error. We have attempted to address
this problem by pooling counts for all species. While
admittedly this procedure may not remove all bias,
it is our feeling that in the absence of more quan-
titative information, little else can be done to im-
prove the data. Studies are now being implemented
to specifically evaluate the degree of attraction or
repulsion of different species to the Makalii.

Provided an awareness of these concerns, the
results presented here support the contention that
the catch of bottom fish/line-h is a suitable CPUE
statistic. This conclusion is based on the data pre-
sented in Figure 7, where CPUE generally increases
with fish density and the regression intercept passes
close to the origin. Although the relationship is
statistically insignificant, this is likely due to small
sample size (n = 6). Moreover, differences in bottom
fish abundance between upcurrent and downcurrent
locations were shown to result largely from the con-
tagious dispersion of Pristipomoides filamentosus

along the eastern side of the atoll, where its primary
food resource first becomes available for consump-
tion.

The estimation of catchability for deep-sea hook-
and-line gear is a useful application of the dual sam-
pling program presented here. The results suggest
relatively great sensitivity of bottom fish stocks to
exploitation pressure, a finding consistent with pre-
vious and ongoing studies (Ralston 1984). If we use
¢ = 0.0215 ha/line-h as an estimate of catchability,
we conclude that 1 line-h of Tounsend Cromavell fish-
ing effort removes about 2.2% of the bottom fish
inhabiting 1 ha of habitat. A similar finding was
reported by Polovina?, who estimated ¢ from the
same vessel for a Mariana stock of bottom fish. Re-
movals such as this are not insubstantial and under-
score the importance of developing methods of stock
assessment which can be used early in the develop-
ment of a fishery and in the absence of conventional
data sources. A combination of surface platform
surveys with submersible ground-truthing is certain-
ly a promising assessment technique to pursue (Uz-
mann et al. 1977).
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PATCHINESS AND NUTRITIONAL CONDITION OF ZOOPLANKTON

IN THE CALIFORNIA CURRENT

STEWART W. WILLASON, JOHN Favuzzi, AND JAMES L. Cox!

ABSTRACT

Zooplankton and water samples were collected from 81 stations off the California coast in April 1981
during CalCOFI cruise 8104 ahoard the RV Dawid Starr Jordan. Abundance, weight (wet and dry),
digestive enzyme activity (laminarinase), and biochemical composition of three zooplankton species were
determined. The indices measured provided estimates of zooplankton nutritional history on time scales
of 1 day to 3 weeks.

Upwelling was taking place along the California coast, from Point Conception to San Franciseo dur-
ing the study period. The resulting low surface temperatures were most evident south of San Francisco
and just north of Point Conception. Just south of these areas patches of high phytoplankton standing
erop (up to 14.7 mg chlorophyll a/m®) were found. The two herbivorous species, Euphausia pacifica and
Calanus pacificus, showed highest laminarinase activity in areas with the highest density of phytoplank-
ton: enzyne activity was particularly high in the waters off Point Conception. Zooplankters in the southern
and offshore regions of the sampling grid showed very low digestive enzyme activity. The larger size (weight)
and higher lipid content of C. pacificus near Point Conception and south of San Francisco in comparison
to animals in other parts of the California Current suggest that animals in these areas experience pro-
longed periods of better nutrition. Nematoscelis difficilis, which is not a herbivore, did not show these
patterns. This study illustrates the importance of upwelling regions, such as Point Conception, and shows

the large spatial variability of trophic interactions within the California Current System.

The nearshore, pelagic marine environment is ex-
tremely variable and heterogeneous. Spatial hetero-
geneity of physical conditions elicit behavioral or
physiological responses from marine organisms
which contribute to biological patchiness (Haurey et
al. 1978; Steele 1978). Patchiness of pelagic marine
organisms occurs on all temporal and spatial scales
(Haury et al. 1978); one of the most important of
these is the mesoscale (a few kilometers to 100’s of
kilometers, and a few weeks to months). Mesoscale
processes, such as coastal upwelling, play a major
role in structuring the physical and biological en-
vironment at all scales (Haury 1982). Although up-
welling regions are very productive (eg., Ryther
1969), trophic interactions within these important
areas are poorly understood.

Along the California coast episodic upwelling takes
place during the spring and summer months (Reid
et al. 1958; Bernstein et al. 1977; Owen 1980; Lasker
et al. 1981; Parrish et al. 1981). Upwelling results
in mesoscale phytoplankton patchiness along the
coast and in the southward flowing California Cur-
rent (Owen 1974; Cox et al. 1982; Smith and Baker
1982; Pelaez and Guan 1982). It is thought that phy-
toplankton patchiness in this area influences the sur-

1Marine Science Institute, University of California, Santa Bar-
bara, CA 93106.
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vival and physiological condition of larval fish popula-
tions (Lasker 1975; Lasker and Smith 1977; Lasker
and Zweifel 1978; O’Connell 1980). In addition, nutri-
tion of herbivorous zooplankton (estimated by diges-
tive enzyme activity) is influenced by phytoplankton
patchiness (Cox et al. 1982; Cox et al. 1983; Willa-
son and Cox in press).

This study investigates the impact that mesoscale
and larger scale phytoplankton patchiness have on
zooplankton populations within the California Cur-
rent along the central and southern California coast.
Results of measurements of temperature, phyto-
plankton biomass, zooplankton abundance, and zoo-
plankton nutrition are presented. Nutritional status
was evaluated using intrinsic properties which reflect
previous feeding conditions. Short-term feeding his-
tory was estimated from measurements of the acti-
vity of the digestive enzyme, laminarinase. Although
digestive enzyme levels of zooplankton do not always
provide a good measure of instantaneous digestive
or feeding rates (Hassett and Landry 1983; Head
et al. 1984; Willason and Cox in press), the level of
activity in field captured animals does give an indica-
tion of relative feeding history on the order of 1 to
5 d (Cox 1981; Cox and Willason 1981; Cox et al.
1983; Willason 1988). Longer term nutritional con-
dition was assessed from biochemical composition
and animal size (wet and dry weight) measurements.
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Lipid content, size, and water content of a zooplank-
ton species reflect feeding history on the order of
1 to 3 wk (Omori 1970; Lee et al. 1970, 1971; Bam-
stedt 1975; Childress 1977; Boyd et al. 1978; Vidal
1980; Hakanson 1984). Spatial patterns derived from
these data are used to estimate relative differences
in feeding and nutritional condition of zooplankton
from different areas within the California Current.
An understanding of the interrelationships of these
variables in different areas may provide insights in-
to mechanisms which generate and maintain physical
and hiological mesoscale features.

METHODS

Species Studied

Two euphausiid species, Euphausia pacifica. Han-
sen and Nematoscelis difficilis Hansen, and the
copepod, Calanus pacificus Brodsky, were chosen for
the present study because 1) all are common in the
California Current region (Fleminger 1964; Brinton
1967b), 2) all have been used in previous digestive
enzyme studies (Cox 1981; Cox and Willason 1981;
Hassett and Landry 1982, 1983; Cox et al. 1983;
Willason 1983; Willason and Cox in press), and 3)
a large base of information exists on the sizes,
feeding rates, and energetics of these zooplankters
(Brinton 1967a; Mullin and Brooks 1976; Vidal 1980;
Ross 1982; Cox et al. 1983; Torres and Childress
19883; Willason 1983; Hakanson 1984; Willason and
Cox in press). Euphausia pacifica, the most abun-
dant euphausiid in the California Current (Brinton
1967b; Brinton and Wyllie 1976; Youngbluth 1976),
and C. pacificus, the most abundant copepod along
the California coast (Fleminger 1964; Star and
Mullin 1981), are considered primarily herbivorous
(Mullin and Brooks 1976; Ross 1982; Willason and
Cox in press). By contrast, N. difficilis does not ap-
pear to be a herbivore (Nemoto 1967; Mauchline and
Fisher 1969; Willason and Cox in press).

Sample Collection

The sampling program was conducted off the Cali-
fornia coast from 7 to 27 April 1981 in conjunction
with the California Cooperative Fisheries Investiga-
tion (CalCOFT) survey. Zooplankton and water sam-
ples were collected from 81 stations during CalCOF1
cruise 8104 aboard RV Dawid Starr Jordon. Figure
1 shows the stations sampled and the sampling se-
quence during the cruise. The grid covered an area
of about 270,000 km?; nearshore stations were
sometimes within 1 km of the coast and offshore
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stations were located up to 300 km from the
coast.

Although the mean flow of the California Current
is south through the sampling grid at this time of
the year (Lynn et al. 1982), smaller regions within
the grid are often subjected to different hydro-
graphie influences. For example, the waters of the
offshore regions intergrade with the waters of the
Central Pacific Gyre (Bernstein et al. 1977); the
nearshore region south of Point Conception (the
Southern California Bight) is characterized by a
semipermanent, counterclockwise eddy and is hydro-
graphically distinct from the other areas of the grid
(Owen 1980); and the nearshore area adjacent to and
north of Point Conception is characterized by periods
of intense coastal upwelling during the spring and
summer months (Parrish et al. 1981). To compare
the biological and nutritional properties of zooplank-
ton in the different hydrographic regions, the sam-
pling grid was divided into four sections: southern
nearshore (I), northern nearshore (II), southern off-
shore (III), and northern offshore (IV) (Fig. 1).

Surface chlorophyll a concentration (depth of 2 m)
was used as an indicator of phytoplankton standing
crop. Previous studies have shown that there are
positive correlations between surface chlorophyll a,
integrated chlorophyll a, and primary production in
the waters of the California Current (Lorenzen 1970;
Hayward and Venrick 1982). Measurements of sur-
face chlorophyll a, therefore, give a relative approx-
imation of phytoplankton biomass within the sam-
pling grid.

Two replicate water samples (0.25 to 2.0 L) for
chlorophyll a analysis were taken at each of the 81
stations from a depth of about 2 m using the ship’s
seawater pumping system. Each sample was filtered
through a 4.5 em Whatmann GF/C filter; two drops
of a seawater-saturated MgCOj; solution were add-
ed during filtrations. The filters were folded in half
and stored frozen in aluminum foil at —20°C. An
additional 15 water samples were taken for chloro-
phyll a analysis along the cruise track adjacent to
and immediately south of the Point Conception
region while the ship was under way. Measurements
of surface water temperature (+0.1°C) were also
taken at each station using a glass mercury thermo-
meter.

Paired bongo nets (designated net 1 and net 2) with
mouth openings of 0.396m” and mesh openings of
505 um were used for the collection of zooplankton
samples. A General Oceanics? flowmeter was mount-

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

Francisco
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II Northern Nearshore
III Southern Offshore

IV Northern Offshore | 38°
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FIGURE 1.—Sampling grid. Open circles are day stations and closed circles are night stations.
Arrows show the sampling sequence. The first station, adjacent to San Diego, was occupied on
7 April 1981. The last station, just north of San Francisco, was occupied on 27 April 1981.

ed inside the mouth of each net to measure the
volume of water filtered. An oblique net tow was
made to a depth of about 210 m at each station (bot-
tom depth permitting); each net filtered about 400
m?® of water. Ship speed during the net tows was 1.5
to 2.0 kn. Thirty-six stations were occupied at night
(after sunset and before sunrise) and 45 were oc-
cupied during the day.

The euphausiids, Euphausia pacifica and Nema-
toscelis difficilis, and the copepod, Calanus pacificus,
were separated from the catch of net 1 immediately
after collection. Adult euphausiids were sorted for
males and females and copepods sorted for females
and stage V copepodites. Specimens of E. pacifica
and N. difficilis were considered adults if they were
larger than 11 mm and 15 mm, respectively (Brin-
ton and Townsend 1981). Fifty undamaged animals
of each species and sex (or stage) were saved from
each net tow if adequate numbers were captured. For

C. pacificus, which were very abundant, 50 females
and stage V's were saved from 72 and 75 of the 81
stations, respectively. Two replicate groups of 50
females of C. pacificus were taken from 7 stations
and two replicate groups of 50 stage V copepodites
from 9 stations. After sorting, animals from each
net tow were wrapped in parafilm in groups (5 to
50 animals of each sex or stage) and frozen at —20°C
for biochemical analyses in the laboratory. Catches
from net 1 that could not be sorted on the ship (10
of the 81 stations sampled) were frozen whole at
—20°C and sorted in the laboratory after the cruise.
The entire catch of net 2 was preserved in Formalin
immediately after collection.

The abundances (numbers per 1,000 m3) of adult
euphausiids at each station were estimated by count-
ing all adults captured in net 1 and dividing by the
volume of water filtered. Copepod abundances (num-
bers per 1 m3) were estimated by counting all
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females and stage V copepodites in triplicate aliquots
taken from the preserved catches of net 2.

Sample Analyses

All frozen samples were analyzed in the laboratory
within 6 wk of the time of collection. Plant pigments
were extracted from the filters in 90% acetone in
darkness at 4°C for 48 h. Chlorophyll a concentra-
tion was determined by the method of Strickland and
Parsons (1972) using a model 10-005 Turner Designs
fluorometer. The two chlorophyll a measurements
from each station were averaged.

Groups of frozen animals (separate species and
sexes) were thawed in the laboratory, blotted lightly
to remove excess water, and weighed (+0.01 mg).
Animals were then freeze-dried for 24 h at -50°C
and reweighed. Groups were then immediately
ground in cold (4°C) succinic acid buffer (pH 5.0)
using a Polytron grinder {for euphausiids) or a hand
glass tissue grinder (for copepods). Homogenates
were analyzed for total proteins by the Lowry
method using Sigma protein standard (Merchant et
al. 1964). Laminarinase activity (L.A) of the homo-
genates was determined by the methods deseribed
by Cox (1981) and Willason (1983). LA was expressed
as a function of the animal's wet weight: ug glucose
produced per gram wet weight per minute of incu-
bation. Copepod homogenates were also analyzed for
total lipids using stearic acid as the standard (Bligh
and Dyer 1959; Marsh and Weinstein 1966).

Data Analysis

Willason and Cox (in press) found that E. pacifica
exhibits a diel rhythm in enzyme activity associated
with feeding activity at night. Thus, to compare LA
of E. pacifica collected at different times of the day
from different localities, enzyme levels had to be
standardized with respect to the time of capture.
Calibration factors, which convert the LA of E.
pacifica collected at different times to a standardized
maximum value (between 0200 and 0800 h), were
derived from the results of the 24-h time-series col-
lections in Willason and Cox (in press). These fac-
tors are based on the average relative increases and
decreases of enzyme activity over a 24-h period
(Table 1). LA of N. difficilis and C. pacificus do not
show diel changes (Cox et al. 1983; Willason and Cox
in press) and, therefore, were not standardized.

The data set for each station consists of surface
temperature, surface chlorophyll a, zooplankton
abundance, LA, individual wet and dry weights, pro-
tein content, and lipid content (copepods only). To
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permit parametric statistical comparisons between
the various biological and physical properties and
between regions, chlorophyll a, zooplankton abun-
dance, and zooplankton LA were normalized by log
transformation. The log transformed values were
used for all parametric statistical tests. Zooplankton
wet weight, dry weight, protein content, and lipid
content were found to be normally distributed by
probit analysis and were not log transformed. Non-
transformed values from all data sets were used to
construct contour maps. The contour maps are in-
tended to show general trends and patchiness within
the sampling grid.

TaBLE 1.—Correction factors for standard-
izing laminarinase activity (LA) of Euphausia
pacifica. These factors account for diel
changes in LA and are based on the time
of capture. They were derived from the 24-h
time-series collections of Willason and Cox!.
LA was standardized to the 0200-0800 time
period. LA of euphausiids captured during
other time periods was multiplied by the
corresponding factor.

Time period Females Males
2000-0200 1.042 1.132
0200-0800 1.000 1.000
0800-1400 1.253 1.281
1400-2000 1.486 1.453

1Willason, S. W., and J. L. Cox. Inpress. Diel
feeding. laminarinase activity and phytoplankton
consumption by euphausiids. Biol. Oceanogr.

RESULTS

Surface Water Temperature and
Surface Chlorophyll a

Surface water temperatures along the California
coast during April 1981 ranged from 9.6° to 16.0°C.
The coldest water was located in the northern near-
shore region and the warmest was found in the
southern offshore region (Table 2, Fig. 2). Two small
areas showed very low surface water temperatures:
close to the shore along the central coast of Califor-
nia and just off San Francisco Bay (Fig. 2). A cold
water plume extended from Point Conception south
into the Southern California Bight.

Chlorophyll a concentrations showed greater than
100-fold variation between stations and were inverse-
ly correlated with surface water temperatures (» =
0.83, P < 0.001). Lowest values, 0.09 to 0.16 mg
chlorophyll a/m®, were found in the southern off-
shore region. Highest concentrations occurred in the
northern nearshore region (Table 2, Fig. 3). Within
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TABLE 2—Mean surface water temperature and mean surface chlorophyll a. Chlorophyll
a expressed as mg/m®. The numbers in parentheses are one standard deviation.

Southern Southern Northern Northern
Nearshore (1) Offshore (Il  Nearshore (ll)  Offshore (IV)
Temperature (°C) 14,85 (0.72) 15.03 (0.49) 11.56 (0.82)* 13.68 (0.78)
Chlorophyll a 0.659 (0.88) 0.141 (0.04) 5.110 (4.42) 0.485 (0.29)
Log Chiorophyll a -0.378 (0.38)  —0.883 (0.12) 0.555 (0.39)* -0.404 (0.31)
No. of stations 27 12 25 17

* indicates value(s) significantly different from those of other regions (P < 0.05, t-test).

FIGURE 2—Surface water temperatures
(°C) along the California coast. L | |

Surface Temperature (°C)
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this region two areas of very high chlorophyll a (up
to 14.7 mg/m?) were found: near Point Conception
and just south of San Francisco Bay. These areas
were located just south of the areas of coldest sur-
face waters.

Euphausiid Distribution and Abundance

Euphausia pacifica adults were captured at 43 of
the 81 stations sampled and Nematoscelis difficilis
adults were captured at 38 stations. As there was
no significant difference between numbers of males
and females captured of either species (P > 0.3,
Wilcoxon test), the abundances shown in Figures 4
and 5 represent the sum of both sexes. Both the
number of specimens of N. difficilis captured at each

122° 120° 118°

station (P < 0.01, t-test) and the proportion of sta-
tions where individuals were caught (P < 0.01, x*
test) were greater at night. For E. pacifica, there
were no significant day-night differences in the num-
bers of animals captured (P > 0.2, t-test), however,
like N. difficilis, the proportion of stations where
individuals were captured was greater at night (P
< 0.05, x* test). The day-night differences may
represent net avoidance by euphausiids or under-
sampling during the day because of vertical migra-
tion. Thus, the data presented in Figures 4 and 5
represent general trends and are intended to show
relative differences between areas. Because euphau-
siids were captured at only about one half of the sta-
tions, statistical comparisons were made only
between the north and south (ie, nearshore and
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offshore regions for the north and south were
combhined).

Specimens of E. pacifica were captured in signifi-
cantly greater numbers north of Point Conception
(Table 3) and were rare or absent at most offshore
stations (regions III and IV). This species was espe-
cially abundant off Point Conception and just south
of Monterey Bay along the central coast (Fig. 4).

These two areas were located close to the areas of
highest chlorophyll a concentration. The abundance
of E. pocificn was significantly correlated with
chlorophyll a over the entire grid (Table 4).

The distribution of N. difficilis (Fig. 5) was quite
different from that of E. pacifica. This species was
captured at only 30% of the stations where E.
pacifica was found and was distributed farther off-

TABLE 3—Mean abundance and laminarinase activity (LA} ot Euphausia pacifica and Nematoscelis difficilis
in the north and south regions. Numbers in parentheses are one standard deviation. Log values were used

for statistical comparisons.

South Regions (I & IIl)

North (Regions (Il & IV)

Males Females Males Females
Euphausia pacifica
Abundance (No./1,000 m3) 96.07 (100.4) 96.41 (102.5) 200.6 (234.4) 270.2 (337.3)
Log abundance 1.604 (0.623)* 1.647 (0.666)* 2.035 (0.551) 2.119 (0.579)
LA 1225 (47.8) 165.1 (59.9) 109.7 (68.9) 153.2 (111.9)
Log LA 2.058 (0.167) 2.186 (0.183) 1.965 (0.263) 2.099 (0.269)
No. of stations 16 15 27 27
Nematoscelis difficilis
Abundance (No./1,000 m3) 13.71 (12.78) 18.06 (16.07) 55.11 (70.31) 75.17 (83.84)
Log abundance 1.001 (0.327)* 1.061 (0.461)* 1.630 (0.441) 1.657 (0.453)
LA 167.3 (87.5) 208.6 (102.9) 104.4 (41.9) 130.4 (55.1)
Log LA 2.172 (0.237)* 2.270 (0.207)* 1.992 (0.174) 2,041 (0.191)
No. of stations 16 18 20 19

* indicates value(s) significantly different between north and south (P < 0.05, t-test).

FIGURE 5.—Nematoscelis difficilis abun-
dance. Expressed as number of
adults per 1,000 m®. L |
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shore. As with E. pacifica, both sexes of N. difficilis
were found in significantly greater numbers in the
north (Table 3). The abundance of N. difficilis was
not correlated with surface chlorophyll a (Table 4).

Euphausiid Laminarinase Activity

Similar to the results of Willason (1983) and Willa-
son and Cox (in press), males of both euphausiid
species showed significantly less LA than females
(P < 0.01, both cases, Wilcoxon test). Males in this
study had about 70% (Ewuphaustia pacifica) or 80%
(Nematoscelis difficilis) of the LA of females (Table
3). To simplify the presentation of the data on the
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contour maps, LA values of males and females at
each station were averaged.

The values of LA for Euphausia pacifica within
the sampling grid ranged from 50 to 430. Euphau-
siids with the lowest LA values were found in off-
shore areas and in the nearshore area along the cen-
tral coast. Euphausia. pacifica with the highest levels
of LA were found just south of San Francisco Bay
and adjacent to the south of Point Conception (Fig.
6). These areas overlapped with and extended just
south of the regions of highest surface chlorophyll
a. There was a positive correlation between LA of
E. pacifica and chlorophyll a over the entire grid
(Table 4).

TasLe 4—Correlations between chlorophyll a, zooplankton abundance, and laminarinase activity (LA) for
Euphausia pacifica, Nematocefis difficilis, and Calanus pacificus. For euphausiids, abundance and LA values
used in the analyses are the averages of males and females. Numbers in parentheses refer to the number

of samples used in regression analyses.

Correlation coefficients

E. pacifica N. difficilis C. pacificus C. pacificus
Correlation (43) (38) Q (81) V (81)
Chlorophyll a vs. abundance 0.61 10.27 0.24 0.31
Chlorophyll a vs. LA 0.57 10.03 0.53 0.62
LA vs. abundance 0.40 10.14 0.38 0.48

1Correlation coefficients which were not significant at the 95% level.
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FIGURE 6.—Euphausia pacifica laminari-
nase activity (LA). Expressed as ug
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The values of LA for Nematoscelis difficilis were
in the same range as those of Euphausia pacifica
(50 to 400), but showed a different distributional pat-
tern (Fig. 7). Regions of highest activity were located
in three small areas: adjacent to San Diego, in the
Santa Barbara Channel (just south of Point Concep-
tion), and in an area about 150 km off Monterey Bay.
Both males and females of N. difficilis had signifi-
cantly higher levels of LA in the southern portion
of the grid (Table 3). LA of N. difficilis was not corre-
lated with chlorophyll a (Table 4). Nematoscelis dif-
ficilis with high LA were often found in areas with
very low phytoplankton biomass and vice versa.

Euphausiid Size and Chemical
Composition

Mean wet and dry weights, water content, and pro-
tein content (expressed as percent dry weight and
percent wet weight) of Euphausia pacifice and
Nematoscelis difficilis are presented in Table 5.
Female E. pacifica and both sexes of N. difficilis had
significantly higher wet and dry weights in the north.
The water content of both euphausiid species ranged
from 76.5 to 81.7% and was very similar between

FIGURE 7—Nematoscelis diffictlis lami-
arinase activity (LA). Expressed as
ug glucose per gram wet weight

species, sexes, and regions (Table 5). Protein content
was also very similar between species, sexes, and
regions. The protein values reported here (51 to 56%
of dry weight) are within the range of previously
reported values (Childress and Nygaard 1974).

Copepod Distribution and Abundance

Female and stage V copepodites of Calanus paci-
Jicus were captured at all 81 stations sampled. There
were no significant differences between day and
night catches for either C. pacificus (P < 0.01, t-test).
For comparisons between regions, mean abundances
were calculated using both the log transformed and
nontransformed values (Table 6). The log transform-
ed values were used for statistical comparisons. The
overall abundances of females and stage V copepo-
dites were similar to one another in all regions (P
> 0.1, t-test, all cases). Both C. pacificus stages were
significantly more abundant in the two nearshore
regions (I and II) than in the two offshore regions
(I1I and IV) (Table 6). Figures 8 and 9 show that the
distributions of females and stage V C. pacificus
were patchy within regions. Copepods were particu-
larly abundant in the area close to and just south
of Point Conception. An extremely dense aggrega-
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TaBLE 5—Mean individual wet weight, dry weight, % water, and protein content of Euphausia pacifica and
Nematoscelis difficilis from the north and south. Numbers in parentheses are one standard deviation.

South (Regions | & IlI) North (Regions Il & V)
Males Females Males Females
Euphausia pacifica
Wet weight (mg) 31.01 (11.55) 32,57 (10.81)* 37.73 (11.24) 42.38 (12.11)*
Dry weight (mg) 6.48 (2.39) 6.75 (2.59)* 7.91 (2.57) 8.98 (2.41)*
% water 79.10 79.28 79.04 78.81
Protein (% dry wt) 54.57 56.16 5262 52.26
Protein (% wet wt) 11.40 11.62 11.05 11.02
No. of stations 16 15 27 27
Nematoscelis difficilis
Wet weight (mg) 27.63 (7.07)* 34.73 (11.28)* 35.23 (7.26)" 43.59 (8.72)*
Dry weight (mg) 5.96 (2.21) 7.22 (2.49)* 7.43 (2.22) 9.19 (2.78)*
% water 78.43 79.22 78.82 78.94
Protein (% dry wt) 56.59 51.23 52.92 54.96
Protein (% wet wt) 12.22 10.65 11.17 11.58
No. of stations 16 18 20 19

* indicates value(s) significantly different between north and south (P < 0.05, i-test).

Calanus pacificus §

Abundance —138°
copepods/m3

\8

>30 7
11-30

3-10 °
<3 36
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e "'

-{34°

HH

-
b \ P
. N\ 320
N3
[ FIGURE 8.—Calanus pacificus females,
ahundance. Expressed as number of
L 1 1 1 | copepods per m®,
124° 122° 120° 118°
tion of stage V C. pacificus (474 copepods/m®) was Copepod Laminarinase Activity
found at the station adjacent to Point Conception.
The areas where C. pacificus showed the highest LA of female and stage V copepodites was much
abundances were located near regions of high chloro- higher than the levels of both euphausiid species
phyll a concentration. However, the abundances of when expressed on a per weight basis. Like the
hoth C. pacificus stages were poorly correlated (al- euphausiid results, there was large variability in the
though significant at the 95% level) with chlorophyll LA of C. pacificus among stations. For example, LA
a over the entire grid (Table 4). of stage V copepodites ranged from <150 at offshore
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TaBLE 6.—Calanus pacificus. Mean abundance and laminarinase activity (LA) of stage V copepodites
and females from each region. Numbers in parentheses are one standard deviation. Log values were

used for statistical comparisons.

Southern Southern Northern Northern
Nearshore (I) Offshore (Ill) Nearshore (if) Offshore (IV)

Stage V copepodites

Abundance (No./m?%  22.89 (32.11) 1.70 (0.86) 26.07 (93.90) 1.82 (1.44)

Log abundance 0.924 (0.681)" 0.175 (0.233) 0.571 (0.733)*  0.139 (0.299)

LA 825.4 (455) 538.6 (254) 1,527.5 (792.1) 933.2 (659.4)

Log LA 2.845 (0.272) 2.688 (0.201) 3.129 (0.231)" 2,891 (0.258)
Females

Abundance (No./m%)  14.21 (14.72) 254 (2.21) 6.67 (10.79) 3.05 (2.03)

Log abundance 0.807 (0.692)*  0.253 (0.411)  0.621 (0.400)* 0.343 (0.351)

LA 927.6 (466.2) 635.2 (413.5) 1,272.9 (610.3) 1,041.5 (547.5)

Log LA 2.913 (0.281) 2,734 (0.222) 3.072 (0.204)* 2.856 (0.261)

No. of stations 27 12 25 17

* indicates value(s) significantly greater than those of other regions (P < 0.05, ttest).

Calanus pacificus V
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i: Monterey >30 —
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9
FIGURE 9.—Calanus pacificus Stage V
copepodites, abundance. Expressed
as mumber of copepods per m®. | I
124°

stations to 8,855 at the station adjacent to Point Con-
ception. LA of replicate groups of 50 copepods from
the same station were very similar indicating that
the variability was due to differences between sta-
tions (P < 0.05, ANOVA).

Calanus pacificus LA also showed large differ-
ences among the four hydrographic regions. Both
females and stage V copepodites from the northern
nearshore region (IT) had significantly higher levels

122° 120° 118°

of LA than copepods from the other regions (Table
6). Copepods in the southern offshore region had the
lowest levels. The contour maps of C. pacificus LA
show patches of copepods with high LA located ad-
jacent to and just south of Point Conception and off
Monterey Bay (Figs. 10, 11). These areas were
located near the regions of highest E. pacifica LA
(Fig. 6) and close to the regions of highest chloro-
phyll a (Fig. 8). There were significant positive cor-
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relations between the LA of both C. pacificus stages
and the concentration of chlorophyll a (Table 4).

Copepod Wet and Dry Weights

The largest female and stage V C. pacificus in
terms of weight were located in the northern near-
shore region and the smallest copepods were found
in the southern regions (Table 7). The average water
content of both C. pacificus stages from the four
regions was inversely related to the average dry
weights. Specimens of C. pacificus with the lowest
water content were found in the northern nearshore
region and those with highest water content were
located in the southern offshore region (Table 7).

Figures 12 and 13 show the distribution of wet
weights of C. pacificus females and stage V copepo-
dites, respectively. Since wet and dry weights were
highly correlated (» = 0.81 and 0.83, P <0.001) only
wet weights are shown. Both figures show a band
of large copepods in the nearshore region along the
central coast. The figures also show the variation in
size of each stage between areas. Copepods (both
stages) in the “heavy band” along the central coast
were almost twice the weight of copepods at some
of the offshore and southern stations.

Copepod Protein and Lipid Content
Total protein content (ug per copepod) of both C.

pacificus stages was highest in the northern near-
shore region and lowest in the two southern regions
(Table 7). This appears to reflect differences in cope-
pod size between regions as there were highly sig-
nificant correlations between the protein content and
the wet weight for both female (r = 0.82, P <0.001)
and stage V C. pacificus (» = 0.69, P < 0.001). Pro-
tein content was not mapped since the patterns were
very similar to those of wet weight.

Protein content of C. pacificus, expressed as per-
cent of wet weight, was quite similar between re-
gions: 8.9 to 10.5% for stage V copepodites and 9.3
and 10.8% for females (Table 7). However, both
stages from the southern offshore region did show
slightly higher protein content when expressed as
percent dry weight. This probably reflects the high
water content of copepods from the southern off-
shore region.

The distributions of lipid content of female and
stage V C. pacificus were very patchy and showed
greater than fourfold variation between areas (Figs.
14, 15). Copepods with highest lipid values were
found in the area surrounding Point Conception and
off San Francisco Bay. Although copepod size (wet
weight) probably influenced the total lipid content
of C. pacificus to some extent, the variability of lipid
content cannot be attributed solely to weight. Lipid
content, unlike protein content, was poorly cor-
related with wet weight (r = 0.26 for females and
7 = 0.38 for stage V copepodites).

TaBLE 7—Calanus pacificus. Mean wet weight, dry weight, percent water, protein content, and lipid content
for stage V copepodites and females from each region. Numbers in parentheses are one standard deviation.

Southern Southern Northern Northern
Nearshore (1) Oftshore (lll) Nearshore (Il) Offshore (IV)
Stage V copepodites
Wet weight (ug) 471 (81) 447 (83) 555 (92)* 465 (95)
Dry weight {Q) 98 (21) 88 (23) 125 (26)* 98 (25)
% water 79.20 80.31 77.54 78.89
Protein (ug/copepod) 41.88 (12.24) 44.82 (9.31) 52.15 (11.26) 48.58 (8.02)
Protein (% dry wt) 44.12 49.25 42.75 48.10
Protein (% wet wt) 8.89 10.03 9.40 10.45
Lipid (ug/copepod) 19.74 (7.82) 13,94 (4.96) 29.33 (7.72)* 15.74 (5.71)
Lipid (% dry wt) 20.78 15.32 24.04 15.58
Lipid (% wet wt) 4.19 3.12 5.28 3.38
Females

Wet weight (ug) 1,023 (170) 1,083 (160) 1,278 (180)* 1,125 (190)
Dry weight (ug) 191 (47) 185 (38) 263 (40)* 225 (29)
% water 81.34 82.83 79.40 80.20
Protein (ug/copepod) 94.92 (22.71) 100.84 (24.84) 137.81 (26.40)" 115.62 (23.33)
Protein (% dry wt) 49.70 54.51 52.74 51.38
Protein (% wet wt) 9.28 9.31 10.78 10.28
Lipid (ug/copepod) 26.71 (13.31) 21.96 (9.00) 35.27 (11.47) 30.19 (10.21)
Lipid (% dry wt) 13.81 11.69 13.41 13.47
Lipid (% wet wt) 2.61 2.03 2.76 2.68
No. of stations 27 12 25 17

* indicates value(s) significantly greater than those of other regions (P < 005, t-test).
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Lipid content of female C. pacificus, expressed as
percent dry weight or percent wet weight, was lowest
in the southern offshore region, but was quite similar
between the other three regions (Table 7). Lipid con-
tent (percent dry or wet weight) of stage V copepo-
dites from the northern nearshore region was higher
than the other regions. This stage showed the lowest
lipid content in the southern offshore region (Table
.

DISCUSSION

Upwelling was taking place along the California
coast during April 1981. The resulting coastal low
surface water temperatures were most evident in the
northern part of the sampling grid, especially just
north of Point Conception. An upwelling index calcu-
lated for this region during mid-April was higher
than the 20-yr mean (Howe et al. 1981). The cold-
water plume extending into the Southern Califor-
nia Bight (Fig. 2) is a common phenomenon that
occurs when cold, upwelled water from the Point
Conception region becomes entrained into the south-
ward flowing California Current (Reid et al. 1958;
Bernstein et al. 1977; Lasker et al. 1981). The distri-
bution of phytoplankton biomass (estimated by sur-
face chlorophyll a) was the most obvious biological
feature associated with coastal upwelling. Phyto-
plankton patchiness in turn influenced zooplankton
biomass and nutritional parameters. The following
discusses 1) the relationships between various biol-
ogical properties influenced by upwelling and 2)
the persistence and consequences of biological meso-
scale patchiness within the California Current
System.

The distributions and abundances of both euphau-
siid species were similar to previous reports (Brin-
ton 1962, 1967b, 1976, 1981; Brinton and Wyllie
1976; Youngbluth 1976). Euphausia pacifica is gen-
erally more abundant than Nematoscelis difficilis,
and the center of its distribution is located closer
to the coast. The abundance of E. pacifica within
the sampling grid was positively correlated with phy-
toplankton biomass, as has been noted by Young-
bluth (1976). Other herbivorous euphausiids (eg.,
Thysanoessa raschii and T, inermis) also show this
same relationship (Sameoto 1976).

The distribution and abundance of Calanus paci-
ficus stages were also similar to previous reports
(Fleminger 1964; Longhurst 1967). Both females and
stage V copepodites were most abundant close to the
coast near upwelling regions. In contrast to E. paci-
Jica, abundances of the two C. pacificus stages show-
ed rather poor (but significant at 95% level) correla-
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tions with phytoplankton biomass (r values of 0.24
and 0.31). This result was surprising since both
species are considered herbivores. The weak corre-
lations between C. pacificus abundance and phyto-
plankton standing crop probably resulted from
small-scale heterogeneity and poor mobility of the
C. pacificus population. Populations of C. pacificus
along the California coast show a great deal of small-
scale patchiness on the order of 10’s to 100’s of
meters (Mullin and Brooks 1976; Star and Mullin
1981; Cox et al. 1982). Grazing by copepods within
these patches can greatly reduce the local phyto-
plankton standing crop. When samples are taken on
scales of 1 km or less, a poor or inverse correlation
between phytoplankton and zooplankton biomass
results (Mackas and Boyd 1979; Star and Mullin
1981). Zooplankton samples in this study were col-
lected from net tows that covered distances of about
1 km or less. Thus, the poor correlations in the
present study confirm results of previous studies and
can be explained on the basis of the sampling
procedure.

Laminarinase activity (LA) of C. pacificus and E.
pacifiee was positively related to phytoplankton
standing crop. However, a strong relationship be-
tween these variables did not exist for either species
(correlation coefficients between 0.53 and 0.62).
These results were expected because, although most
studies agree that zooplankton digestive enzyme ac-
tivity and feeding rates are closely linked, enzyme
levels do not always represent instantaneous inges-
tion rates nor are they always related to the food en-
vironment at the time of collection (Head and Con-
over 1983; Hassett and Landry 1983; Head et al.
1984; Willason and Cox in press).

‘We propose three, non-exclusive explanations for
the observed weak correlations between LA and phy-
toplankton biomass. First, time lags of 1 to 7 d in
the response of zooplankton digestive enzymes to
changing food concentrations (Mayzaud and Poulet
1978; Cox and Willason 1981; Willason 1983) can in-
fluence the association between enzyme levels and
the food environment. Because the standing stock
of phytoplankton is often very patchy and can change
rapidly, especially in upwelling regions, zooplankters
are probably continually acclimating to new condi-
tions and an equilibrium may seldom be reached
between enzyme activity, feeding rates, and food
concentration.

Second, phytoplankton concentration may occa-
sionally be high in terms of chlorophyil a, but poor
in quality resulting in low consumption rates and low
digestive enzyme activity. Herbivorous zooplankton
feeding rates have heen shown to be greatly de-
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pressed by the presence of unpalatable or toxic
phytoplankton (Fielder 1982).

Third, recent evidence indicates that zooplankton
digestive enzymes do not show a substrate-specific
response. Head and Conover (1983) found that LA
in C. hyperboreus was induced in animals which were
fed an algae that did not contain laminarin. Willa-
son (1983) found that levels of laminarinase in E.
pacifica increased when animals consumed small,
nonreactive charcoal particles. This increase in ac-
tivity, however, was less than that of animals given
phytoplankton as a food source. Hence, some types
of nonphytoplankton food, such as detrital particles
or fecal pellets, may also elicit a positive digestive
enzyme response. However, since E. pacifica and C.
pacificus are primarily herbivorous and are found
close to the coast where phytoplankton is abundant,
LA of these zooplankters is probably, for the most
part, controlled by phytoplankton consumption.

Because of large-scale patchiness within the sam-
pling grid, relationships between the various biol-
ogical properties are much clearer when stations
were grouped and regions or mesoscale features
compared. Mesosecale patches (100 to 200 km) of C.
pacificus and E. pacifica with high LA values were
clearly associated with areas of highest phytoplank-
ton standing crop: south of San Francisco Bay and
particularly in the area adjacent to and just south
of Point Conception. Although laminarinase levels
may not always accurately represent the feeding con-
ditions at a single station (because of the reasons
stated above), large-scale comparisons indicate that
digestive enzyme levels of herbivorous zooplankton
are stongly influenced by overall food concentration
within an area. This suggests that animals near the
coastal upwelling regions were feeding at higher
rates than animals from other areas of the sampling
grid.

In contrast to E. pacifica, neither the abundance
nor the LA of N. difficilis were correlated with phy-
toplankton standing crop. These differences between
the two euphausiid species are due most likely to dif-
ferent feeding modes or different food preferences.
Nematoscelis difficilis, unlike E. pacifica and C. paci-
ficus, is probably not a herbivore. Nemoto (1967) con-
cluded that its mouthparts were very different from
those of most herbivorous euphausiids, and Willason
and Cox (in press) found that phytoplankton was only
a small part of the diet of N. difficilis. What is
puzzling, however, are the high levels of LA we some-
times found in N. difficilis, a range of values similar
to those of E. pacifica. Laminarinase levels in N. dif
ficilis are apparently controlled by consumption of
a food source other than phytoplankton. Since we

did not examine the gut contents of N. difficilis nor
quantify potential food other than phytoplankton,
the type of food eaten by N. difficilis could not be
determined.

Based on the weight and biochemical composition
of C. pacificus, the areas of high feeding activity
along the California coast appear to have been per-
sistent for periods of at least 1 to 2 wk. Calanus
pacificus from the northern nearshore region and
from the area near Point Conception were heavier,
had a lower water content, and a higher lipid con-
tent than copepods from other areas. This indicates
that these copepods have had prolonged exposure to
better feeding conditions. The use of zooplankton
biochemical composition and weight as indices of
relative “physiological” or “nutritional” state has
been documented in laboratory experiments. Vidal
(1980) showed a direct relationship between food con-
centration and weight of adult and stage V C. paci-
ficus. Since C. pacificus completes a life cycle in
about 30 d (Vidal 1980; Huntley and Brooks 1982)
and has a fixed number of molts to maturity, 1 or
2 wk at higher food concentrations can have a large
impact on adult size. The lipid content of a zooplank-
ton species represents an energy reserve and is an
excellent indicator of nutritional state. Lipid content
increases in well-fed animals and decreases in
starved animals (Lee et al. 1970, 1971; Mayzaud
1976; Hakanson 1984). During periods of starvation,
crustaceans in the laboratory also show an increase
in water content (Hiller-Adams and Childress
1983).

Two field studies have shown that changes in food
quality and quantity can cause physiological or nutri-
tional changes in zooplankton populations (Omori
1970; Boyd et al. 1978). In both of these cases, zoo-
plankters were displaced from their optimal habitat
to areas of lower food concentration by currents or
eddies. The displaced zooplankters showed a lower
lipid content and a higher water content presumably
due to suboptimal nutrition. This may be what hap-
pened to individuals of C. pacificus in the offshore
areas of the California Current. These copepods
weighed less and were in poorer physiological con-
dition (high water content and low lipid content) than
C. pacificus located close to the upwelling regions.
Although the origins of these copepods are not
known, physical processes within the California Cur-
rent System such as eddy extensions (Bernstein et
al. 1977; Pelaez and Guan 1982; Haury 1984) or off-
shore surface transport mechanisms (Parrish et al.
1981) could displace zooplankters such as C. paci-
Jicus to the food-poor offshore waters.

Because euphausiids were captured at only about
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one-half of the stations, comparisons of weight and
water content between specific regions were diffi-
cult. Although the average weight of adults of both
euphausiid species were greater in the northern area
(nearshore and offshore combined), water content
of both species was similar in all areas. The weight
and biochemical composition of adult euphausiids
may be less susceptible to short-term changes in food
concentration than copepods because of their larger
size and longer life cycle (>1 yr, Ross 1982).

Thus far, it is apparent that processes which oc-
cur in relatively small areas along the California
coast, in particular the area near Point Conception,
have a considerable influence on the nutritional state
of two common herbivorous zooplankters, E. paci-
fica, and C. pacificus. What are the long-term im-
plications of this mesoscale patchiness?

The regions of high phytoplankton standing crop
found in April 1981 appear to be relatively predict-
able from year to year. Although upwelling events
in these areas are episodic and seasonal, previous
studies have shown similar patterns. CalCOFI sur-
veys (Owen 1974) and recent satellite imagery (Smith
and Baker 1982; Pelaez and Guan 1982) indicate that
in past years Point Conception and the area off
Moriterey Bay have consistently been regions of high
phytoplankton production during the spring and
summer months. This enhanced production has un-
doubtedly influenced zooplankton populations in pre-
ceding years in much the same way that was found
during the present study. Previous investigations
concerning zooplankton distributions and grazing ac-
tivity along the California coast support this conclu-
sion (Fleminger 1964; Brinton 1976, 1981; Cox et
al. 1982, 1983).

Although reproduction was not estimated, it is like-
ly that well-fed zooplankters in the California Cur-
rent produce more eggs than poorly fed animals.
This has clearly been demonstrated in the laboratory
for copepods (Marshall and Orr 1955; Checkley 1980)
and has been suggested for euphausiids (Brinton
1976). Larger individuals of a species also produce
more eggs (Brinton 1976; Nemoto et al. 1972; Ross
et al. 1982). Thus, the larger, better fed copepods
and euphausiids near Point Conception and off Mon-
terey Bay probably have a higher reproductive out-
put than animals from other areas. There is some
evidence which suggests that enhanced reproduction
of zooplankton takes place near Point Conception.
Arthur (1977) noted that the highest densities of
copepod nauplii in the Southern California Bight
were located in a cold-water upwelling plume extend-
ing south from Point Conception. In addition, eggs
and larvae of E. pacifica are more abundant in the
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Southern California region following periods of up-
welling (Brinton 1976).

In summary, our results show that upwelling and
phytoplankton variability have a significant impact
on the herbivorous zooplankton in the California
Current. Not only did we find patchiness of zooplank-
ton abundances, but more importantly, zooplankton
nutritional states were also highly variable (ie, meso-
scale and larger scale patchiness of trophic inter-
actions). Zooplankton in upwelling regions appear
to experience better feeding conditions for periods
of up to several weeks. Prolonged periods of better
feeding conditions in specific areas should influence
secondary production as well. This implies that the
relatively small, productive regions along the Cali-
fornia coast, south of San Francisco Bay and par-
ticularly the area near Point Conception, have a
disproportionally large impact on the hiology of
marine organisms within the California Current
System.
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RHIZOCEPHALAN INFECTION IN
BLUE KING CRABS, PARALITHODES PLATYPUS, FROM
OLGA BAY, KODIAK ISLAND, ALASKA

P. T. JounsoN,! R. A. MacINTOsH,2 AND D. A. SOMERTON?

ABSTRACT

An isolated population of blue king crabs, Paralithodes platypus, in Olga Bay, Kodiak Island, was sampled
quarterly during 1980-81. It was found to contain abnormal mature females with degenerate ovaries and/or
no sign of having extruded ova following molt. Histological studies of these females and of males and
females collected subsequently in April 1982 showed that rhizocephalan internas (roots) were present
in up to 50% of the population. Both males and females were infected, but male gonads and secondary
sexual characteristics were apparently unaffected. Presence of the rhizocephalan was strongly related
to ovarian abnormalities. Evidence suggests that infected females can molt, but do not extrude or retain
embryos. The Olga Bay rhizocephalan is not related to Briarosaccus callosus, which parasitizes several
species of Alaskan king crabs, including the blue king crab. Externas of the Olga Bay parasite were not
found. The possible relationship of this rhizocephalan to the genus Thompsonia, which has minute multi-
ple externa that might be missed during gross examination, and the possibility that the blue king crab

is an abnormal host that does not allow development of externas are discussed.

Molting, mating, and extrusion of ova occur annually
in red king crabs, Paralithodes camtschatica, and
biennially in blue king crabs, P. platypus. Because
embryos of both species hatch within about 1 yr,
empty embryo cases are carried on blue king crabs
in the second year (Powell and Nickerson 1965; Sasa-
kawa 1973, 1975; Somerton and MacIntosh in press).
Somerton and MacIntosh (1982) studied an isolated
population of blue king crabs in Olga Bay (Kodiak
Island, AK) and found abnormal females that were
of mature size but lacked external evidence of having
extruded eggs or that had apparently degenerate
ovaries. This paper reports results of gross and
histological examination of blue king crabs from the
aberrant Olga Bay population and from three ap-
parently normal eastern Bering Sea populations. A
rhizocephalan, which was found only in the Olga Bay
crabs, appears to be responsible for the abnormal
reproductive pattern.
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MATERIALS AND METHODS

Blue king crabs in Olga Bay were sampled quarter-
ly: spring (March-April 1980), summer (June 1980),
autumn (October 1980), and winter (January 1981).
Seasonal sample sizes ranged from 155 to 229 crabs,
and a total of 422 males and 337 females was ex-
amined. Both sexes were measured to the nearest
millimeter in carapace length (see Wallace et al.
1949, for measurement). Carapace lengths ranged
from 12 to 162 mm for males and 16 to 143 mm for
females. Data were taken on external egg clutches
of females by relative volume, color of embryos, and
presence or absence of eyespots on embryos. Pres-
ence or absence of empty embryo cases on non-
ovigerous females was also noted.

For the purposes of this paper, “ocogonia” are stem
cells; “oocytes” are developing cells before full
maturity; and “ova” are cells that have completed
vitellogenesis, have a thick chorion, and are ready
for fertilization. “Embryo” refers to an external, fer-
tilized, and developing egg or ovum.

The entire ovary and a pleopod with attached em-
bryos or empty embryo cases (if present) were re-
moved from each female considered to be mature or
in the prepubertal stadium (>68 mm carapace length
(CL)). These were preserved in 10% freshwater (river
water) Formalin® solution buffered with sodium

SReference to trade names does not imply endorsement by the
National Marine Fisheries Service, NOAA.
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borate (10 g/L solution). The wet weight of preserved
ovaries was recorded to the nearest g and diameters
of a sample of oocytes/ova were recorded to the near-
est 0.1 mm using a stereomicroscope.

Because many of the ovaries appeared abnormal
and could not be classified easily by oogenetic stage,
histological examination was undertaken of ovaries
and pleopods from the largest sample, collected in
January 1981 (Table 1). To provide material for a
more detailed examination, the Olga Bay population
was sampled again in April 1982, and three ap-
parently normal Bering Sea populations of blue king
crabs were also sampled (Table 1). Except as in-
dicated, tissues taken in these collections included
portions of the central nervous system, gut, hepato-
pancreas, gills, eyestalks, epidermis, heart, anten-
nal gland, bladder, ovary, female pleopods, anterior
vas deferens, and, in some cases, testis and hemo-
poietic tissue.

Except for the January samples from Olga Bay
(fixed in borate Formalin), all tissues were fixed in
Helly’s solution (containing zinc chloride rather than

FISHERY BULLETIN: VOL. 84, NO. 1

mercuric chloride) for 8-4 d, washed 1-2 h in 50%
ethyl aleohol, and stored in 70% ethyl alcohol until
being processed by standard histological methods.

To provide a basis for comparison, ovaries and pleo-
pods of 11 female red king crabs collected at Olga
Bay, January 1981, and fixed in borate Formalin, and
tissues from two blue king crabs collected at Glacier
Bay, AK, infected with the rhizocephalan Briaro-
saccus callosus, and fixed in Helly’s solution, were
also prepared for histological examination.

RESULTS

Prevalence of the Rhizocephalan

The roots (internas) of a rhizocephalan were asso-
ciated with either or both the ovary and the pleopod
in 52% of the 104 blue king crab females taken from
Olga Bay in January 1981, and with various tissues
in 40% of the 15 females and 33% of the 15 males
taken from Olga Bay in April 1982 (Table 2). The
rhizocephalan was also found in 1 of the 11 red king

TaBLE 1.—Origins of blue king crabs examined histologically.

Carapace length

Location Date Number of specimens (mm)
Olga Bay 8-14 Jan. 1981 104 females (ovaries and pleopads) 69-136
Olga Bay 5-9 Apr. 1982 15 males 88-151

15 females 90-128
Pribilof Is. 25 June-3 July 1982 10 males 83-155
10 females (plus ovaries and

pleopods from an additional
10 females) 96-145
Pribilof Is. 21 Feb. 1983 10 females 113-137
St. Matthew |I.  10-13 July 1983 17 males 68-158
9 females 61-129
St. Lawrence [. 5-11 Sept. 1982 5 males 85-106
5 females 79-104

TABLE 2.—Rhizocephalans in individual male and female blue king crabs, Olga Bay, Kodiak Island,

AK, Aprii 1982,

Major areas parasitized (in tissue sections)

Intensity of Degenerate Nerve cord, Bladder in Antennal Hepato-
Sex infection roots assoc. bladder other areas Gut Gonad gland pancreas
Female 1 +2
+ + + + + + +
+ +3 + + +
++ + + +
+4 + + + + + +
+++ + + + + + +
Male + +
+ + + +
+ + + + + +
++ + + + + + +
++ + + + + + + +

light infection; + to +++ = medium to very heavy infection.

13 =
24+ = parasite present.
3+ = present.
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crab females taken from Olga Bay in January 1981.
Rhizocephalan externas were never detected. Rhizo-
cephalan tissue was not found in any of the 76 blue
king crabs collected from the Bering Sea and ex-
amined by us.

Data on females collected from Olga Bay in
January 1981 and April 1982 were combined and
then separated into various categories of reproduc-
tive condition, based on both histological condition
and reproductive features of the ovary and on ex-
ternal reproductive features. Females in all cate-
gories were further classified by the presence or
absence of rhizocephalan infection, as determined
histologically (Table 3).

The effect of the rhizocephalan on female repro-
duction was examined by testing the independence
of probable future reproductive success and rhizo-
cephalan presence. Based on ovarian categories
(Table 3), probable future reproductive success was
judged as either successful (no degenerating gonadal
cells) or unsuccessful (ovary empty or ovary with
degenerate gonadal cells). Independence of probable
future success and rhizocephalan presence was re-
jected for both measures, implying that rhizo-
cephalan infestation significantly reduces the prob-
ability of future reproductive success (x> = 16.81,
df = 1, P < 0.001 for empty ovary; x* = 20.41, df
= 1, P < 0.001 for ovary with degenerate gonadal
cells).

Three of the external categories of females (Table
3) represent crabs at different times after extrusion
of ova. Embryos begin to develop eyes about 4 mo
after extrusion. Hatching occurs slightly more than
12 mo after extrusion. Following hatching, empty
embryo cases persist on the pleopod setae until the
crab molts again, usually slightly <12 mo later
(Somerton and MacIntosh in press). Therefore, the

TABLE 3—Prevalence of rhizocephalan infection in female blue
king crabs (>68 mm CL) collected in Olga Bay, Kodiak Island,
AK, January 1981 and April 1982.

Parasitized Not
n % parasitized
Ovarian categories
Ovary empty 15 71 6
Ovary with gonadal cells!
With some degenerate cells 38 64 21
No degenerate cells 7 18 32
External categories
Clean pleopod setae 19 51 18
Ovigerous
Uneyed embryos 1 10 9
Eyed embryos 12 48 13
Previously ovigerous 27 59 19

(embryo cases)

10ocytes and/or ova.

generalized time since extrusion for the uneyed,
eyed, and empty-embryo-case categories is 0-4 mo,
4-14 mo, and 14-24 mo, respectively. If parasitic at-
tacks are random and prevent sucecessful extrusion
and embryo attachment, then prevalence of the
parasite should be low for females with uneyed em-
bryos and should increase with time. Independence
between prevalence and time since extrusion (using
uneyed and empty-embryo-case categories) was re-
jected (> = 7.79, df = 1, P < 0.01).

Females are grasped by males and held in a “pre-
copulatory embrace” before molting and mating. Of
the 10 grasped females collected January 1981, b
showed no evidence of previous reproductive activity,
and 5 had empty embryo cases. None were infected
with the rhizocephalan, although three of the
females with empty embryo cases had some degen-
erate gonadal cells.

Based on the April 1982 sample, which includes
males, independence between sex and rhizocephalan
presence was not rejected (x> = 014, df = 1, P =
0.75). The rhizocephalan, therefore, does not appear
to discriminate by host sex. '

Presence of the rhizocephalan apparently did not
affect the gonads of males. Both infected and non-
infected males had numerous spermatophores in the
anterior vas deferens. Spermatocytes, some of them
dividing, and developing and mature sperm were
present in the four crabs whose testes were sampled
{one parasitized and three nonparasitized). In the
field, we saw no males exhibiting female secondary
sexual characteristics.

Histological Observations

Rhizocephalan roots occupied the hemal spaces of
the pleopods, were associated with the exterior of
the ovary, and occasionally lay within internal hemal
spaces of the ovary of infected females collected in
January 1981. Roots were associated with various
tissues of males and females collected from Olga Bay
in April 1982 (Table 2). Hemal sinuses of the ovary
and those abutting the gut, the bladder, and the
thoracic ganglia were the most frequently invaded
sites. Roots lay within the glia of the thoracic ganglia
of one crab, but otherwise were confined to hemal
spaces and did not invade tissues.

Roots were cylindrical and surrounded by a PAS-
positive cuticle of variable thickness (Figs. 1, 3). Cells
within the roots usually had large vesicular nuclej,
and refractile spherules were sometimes present in
the cytoplasm. Usually the roots were tubular, with
a defined lumen, and those with large, empty lumens
often had a flattened epithelium. Loosely anasto-
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FIGURE 1.—Olga Bay rhizocephalan: Cross sections of roots
with occluded lumens. PAS. C, cuticle; S, refractile cytoplasmic
spherules. Bar = 10 um.

mosing cells filled the lumen of some tubules, and
a defined epithelium was not present in these (Fig.
2). Roots with narrow or occluded lumens often had
smaller, denser nuclei in the epithelium, or an addi-
tional interior layer or group of cells with small,
dense, or condensed nuclei (Fig. 2). The occluded
roots may represent the distal, growing portions of
the organism.

Intensity of infection varied (Table 3). In all of the
heavier infections and most of the medium ones, por-
tions of the roots were degenerate or necrotic (Fig.
8). Host hemocytes had aggregated in such areas and
often had encapsulated the degenerate roots. In
heavy infections with many degenerating and
necrotic roots, blackened areas, probably due to
melanin deposition in the roots, were visible with the
naked eye in the tissues. Sometimes hemocytes had
invaded the lumens of degenerate and necrotic roots,
and other roots had been reduced to amorphous
material surrounded by hemocytes (Fig. 3). In all
cases, roots of normal appearance were also pres-
ent in the same areas. In only one instance were nor-
mal roots surrounded by hemocytes (Fig. 2). Prob-
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F1GuRre 2.—Olga Bay rhizocephalan: Normal roots, lying in an
area invaded by hemocytes. Note variable size of the lumen and
one tubule with a group of small, central nuclei and another
with anastomosing cells in the lumen (arrows). PAS. H, hemo-
cytes; T, tubular roots. Bar = 20 um.

ably the section had been cut just peripherally to a
large area of degenerating roots.

Ovaries of 88% (58/60) of parasitized females as
opposed to 46% (27/59) of normal females either con-
tained no ooecytes or had some or all degenerate
oocytes (Fig. 4). Figure 5 shows a normal ovary with
previtellogenic oocytes. Grasped females all had nor-
mal oocytes that were in late vitellogenesis and en-
closed by a thick chorion. Of the 10 grasped females,
9 were in the premolt condition, and the 10th, a
precocious juvenile 77 mm CL, was in the intermolt.

None of the parasitized crabs were in advanced
premolt, although some were judged to be in early
premolt because the pleopod epidermis was thick-
ened, and occasfonally a developing epicuticle was
present.

Excepting the ovary, tissues and organs appeared
normal in the parasitized crabs. Whether or not
there was reduced lipid storage in the hepatopan-
creas was not evident by histological examination of
the present series.
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FIGURE 3.—Olga Bay rhizocephalan: Degenerating and normal roots. PAS. N, normal tubule; C, cuticle;
D, tubules with sloughing epithelium; M, completely necrotic tubule; H. hemocytes. Bar = 0.05 mm.

I ION
o "“i?f’?ffe%ﬁ} DISCUSSIO
"4.".1.}1"2'} : The presence of the rhizocephalan in female blue
o 5:5 '. "gﬁ' 3 king crabs appears to impair reproductive function.

Most parasitized crabs have empty ovaries or ovaries
that contain degenerate gonadal cells. We assume
that these traits are linked to reproductive failure,
although there are also unparasitized crabs within
each category. It is not unusual to find a few retained
ova—destined to be resorbed—in a normal post-
extrusion ovary. Therefore, these crabs are also a
source of degenerate gonadal cells. The 2yr
reproductive cycle of the blue king crab might also
lead to presence of degenerate gonadal cells that had
been produced early in the cycle and had become
senescent. This speculation remains to be investi-
gated.

The increase in the incidence of infection over time
in postextrusion crabs also suggests reproductive im-
pairment. Not only is the prevalence very low (10%)
among females that had recently extruded (with
uneyed embryos), it is zero among grasped premolt
females that were presumably about to molt, mate,

F1GURE 4—0lga Bay rhizocephalan: Empty ovary of an infected
crab. Arrows point to roots of the parasite. PAS. Bar = 0.2
mm.

181



FIGURE 5—~Normal ovary with oogonia and previtellogenic
oocytes. PAS. Same scale as Fig. 4.

and extrude. These facts suggest that the rhizo-
cephalan might preclude mating and subsequent ex-
trusion and attachment of fertilized ova.

The external category of reproductive condition
we term “clean pleopod setae” would normally be
associated with immature crabs. In this study, it con-
tained both small females and females of mature size
(total size range 69-133 mm CL). The average size
at maturity of females in Alaskan populations lack-
ing the rhizocephalan ranges from 80 to 96 mm
(Somerton and MaclIntosh 1983). Crabs larger than
114 mm could reasonably be expected to be carry-
ing embryos or empty embryo cases, but 10 crabs
in the combined January-April sample (9 of which
had the rhizocephalan) were not. Two of the para-
sitized females were soft-shelled, suggesting that
molting can occur in parasitized females.

Presence of the rhizocephalan in male crabs from
Olga Bay apparently did not interfere with normal
gonadal function. Species of Sacculina and many
other rhizocephalans cause a varying degree of ex-
ternal feminization and gonadal dysfunction of their
male hosts (Reinhard 1956). For example, Thomp-
sonia mediterranea causes external appendages of
males of Callianasse truncata to approach the

182

FISHERY BULLETIN: VOL. 84, NO. 1

female condition (Caroli 1931), hut a species of
Thompsonia parasitizing Portunus pelagicus does
not affect males (Phang 1975). Briarosaccus callosus
parasitizes the blue, red, golden (Lithodes aequis-
pina), and deep-sea (Lithodes couest) king crabs in
the Gulf of Alaska (McMullen and Yoshihara 1970;
Somerton 1981; Hawkes et al. 1985). Meyers® found
testicular regression and broadening of the abdomen
in Briarosaccus-infected male blue king crabs from
Glacier Bay.

High prevalences of infection with rhizocephalans
have been reported previously in other decapod
species, so the high prevalence in blue king crabs of
Olga Bay is not surprising. McMullen and Yoshihara
(1970) found 14 of 21 golden king crabs, captured
near Kodiak Island, infected with B. callosus, and
Hawkes et al. (1985) reported 76% prevalence of the
same species in blue king crabs from Glacier Bay;
Phang (1975) reported prevalences between 24% and
68% of Thompsonia sp. in groups of Portunus pela-
gicus captured near Singapore; and Perry (1984) said
that sometimes over 50% of blue crabs sampled from
a single population in the Gulf of Mexico were in-
fected with Loxothylacus texanus.

Although nearly 800 blue king crabs were sampled
from Olga Bay at quarterly intervals, no rhizoceph-
alan externas were observed, and the one red king
crab female found infected with what appeared to
be the same rhizocephalan also lacked an externa.
Due to the absence of externas, the Olga Bay rhizo-
cephalan cannot be indentified with certainty. Its
roots are similar histologically to those of other rhi-
zocephalans [Thompsonia (Potts 1915); Sacculina
(Fischer 1927; Dornesco and Fischer-Piette 1931);
and Peltogaster and Gemmosaccus (Nielsen 1970)],
corresponding best with the roots of Thompsonia,
which have a thinner cuticle than the others (Potts
1915). Roots of the Olga Bay parasite differ
histologically in several ways from those of
Briarosaccus callosus. They are of lesser diameter,
have a thinner cuticle, lack large peripheral nuclei,
often have a large lumen and flattened epithelium,
and seldom have the cytoplasmic vacuoles (probably
representing lipid storage) that are common in the
B. callosus roots. (Compare Figures 1, 2, and 3 with
Figure 6.) The Olga Bay parasite and B. callosus also
differ in that the roots of B. callosus are a bright
green when fresh (Hawkes et al. 1985) and blue-
green when fixed in Helly's solution, whereas the
roots of the Olga Bay parasite are colorless.

¢T. Meyers, Assistant Professor of Fisheries, School of Fisheries
and Science, University of Alaska, 11120 Glacier Highway, Juneau,
AK 99801, pers. commun. October 1984,
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The lack of obvious externas on the parasitized
crabs is puzzling. One possibility is that externas are
produced but are inconspicuous and/or evanescent.
Most rhizocephalans produce easily detected exter-
nas that emerge from the venter of the abdomen.
Species of Thompsonia, however, produce multiple
small externas 1-4.5 mm long and no more than 1.1
mm in diameter. These externas occur on the ap-
pendages and venters of the thorax and abdomen,
depending on the species, and those of at least one
of the species are easily dislodged (Héfele 1911; Potts
1915; Phang 1975). If few and scattered externas
of the Thompsonia type were present, they could
have escaped notice on animals as large as the blue
king crabs investigated. The second possibility is that
externas are not developed in the blue king crab.
Host ranges of rhizocephalans are often broad, but
some of the host/parasite associations may be acci-
dental or not fully evolved. Sacculina carcini is
known to react differently in different species of
crabs. In Carcinus maenas multiple broods of lar-
vae are produced by S. carcini, but if the host is Por-
tunus holsatus, it breeds but once and then is shed,
which suggests that C. maenas is a natural host but
P, holsatus is an adventitious and not entirely com-

petent one (Baer 1951). Perhaps the Olga Bay para-
site is not a usual parasite of the blue king crab, and
although the interna develops extensively and causes
severe damage to female gonads, externas cannot
be produced in this species. The fact that some roots
of the parasite were degenerating or necrotic in most
infected crabs suggests that parasites do die within
the blue king crab, and that infections might be lost
before externas are formed.
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NOTES

THE SEX RATIO AND GONAD INDICES OF
SWORDFISH, XIPHIAS GLADIUS,
CAUGHT OFF THE COAST OF
SOUTHERN CALIFORNIA IN 1978

In the tropical and subtropical Pacific, swordfish,
Xiphias gladius, about to spawn are found through-
out the year but are most abundant from March to
July (Palko et al. 1981). There is, however, little in-
formation on the reproductive potential of swordfish
during their summer and autumn migrations into
the Southern California Bight, a temperate region
encompasing the principal U.S. west coast swordfish
fishing grounds. In 1978 scientists from the South-
west Fisheries Center collected the gonads of sword-
fish harpooned in the Bight (from Point Conception
to the United States-Mexico border) in order to
determine sex ratios, gonad indices, and the repro-
ductive condition of these fish.

Methods

Ninety swordfish were sampled from 25 August
through 20 November 1978. After capture their
gonads were preserved in 10% Formalin! and, in the
laboratory, were weighed to the nearest gram and
their sex determined visually. Ovarian sections used
in the histological analysis were obtained from seg-
ments removed from the centers of the ovaries. Seg-
ments were imbedded in Paraplast and 8 um sections
were cut, stained in iron hematoxylin, and counter-
stained in eosin.

Two gonad indices were calculated for each pair
of ovaries to permit comparisons with two existing
studies on the sexual maturity of Pacific swordfish.
The first (from Uchiyama and Shomura 1974) is
simply the percentage of the fresh weight of the
ovaries to the total weight of the fish:

GI = WT.0 x 100 A
where GI = gonad index,
WT-O = fresh weight of hoth ovaries, and
WT-F = fresh weight of whole fish.

The second index (from Kume and Joseph 1969) is

!Reference to trade names does not imply endorsement by the
National Marine Fisheries Service, NOAA.
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GI = (WIL®) x 104 2
where GI = gonad index,
W = fresh weight of both ovaries in grams,
and
L = post-orbital fork length in centime-
ters.

Because the gonads used in this study were pre-
served, and thus subject to shrinkage and loss of
weight, it was necessary to estimate their fresh
weight using the relationship (from Uchiyama and
Shomura 1974):

In X-0.155
=g———

3

0.969 ®)

where Y = estimated fresh weight of ovaries, and
X = weight of preserved ovaries.

The estimated weight loss due to preservation was
as high as 7%.

Results and Discussion

All 90 swordfish collected were mature with fork
lengths ranging from 133 to 218 cm. Of these, 23
(26%) were males and 67 (74%) were females for a
sex ratio of 0.34:1 (M:F). Although the proportion
of females varied among months, our sample sizes
were too small to demonstrate such variation.

Female swordfish in our sample all had gonad in-
dices that were considerably lower than those of com-
parable studies. Uchiyama and Shomura (1974) col-
lected 16 pairs of ovaries from swordfish caught near
Hawaii and found three pairs to be ripe. These had
gonad indices (from Equation (1)) of 6.4, 8.4, and 9.8
whereas our highest value (from Equations (1) and
(3)) was 1.0. Kume and Joseph (1969) examined 362
pairs of ovaries from swordfish captured in the east-
ern Pacific (east of long. 130°W) and found two ripe
specimens whose gonad indices (from Equation (2))
were 10.8 and 11.1. By comparison, the highest from
our study (from Equations (2) and (3)) was 1.8. These
results indicate swordfish in the Southern Califor-
nia Bight during our sampling period were not
spawning.

A histological analysis was performed on a subset
of 16 pairs of ovaries from our sample. Histological
analyses can be used to determine not only if a fish
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is in spawning condition but, also, if it has recently
spawned (Hunter and Macewicz 1985). Ovaries from
our sample contained no mature oocytes and, in
addition, did not contain abundant atretic oocytes
indicative of the resorption process. Instead the
ovaries were in the regressed stage and contained
primary oocytes lining connective tissue septa. These
results indicate that the swordfish were reproduc-
tively inactive during the sampling period and for
at least a month or two before capture. Although this
conclusion does not preclude the possibility of spawn-
ing early in the year, swordfish then are scarce. Also
water temperatures favorable for spawning (Palko
et al. 1981) are not widespread in the summer and
autumn, and are virtually nonexistant the remainder
of the year.
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GROWTH OF DOLPHINS, CORYPHAENA
HIPPURUS AND C. EQUISELIS, IN
HAWAIIAN WATERS AS DETERMINED BY
DAILY INCREMENTS ON OTOLITHS

The dolphin, Coryphaena hippurus, and pompano
dolphin, C. equiselis, are widely distributed pelagic
fishes in tropical and subtropical oceans (Beardsley
1967; Rose and Hassler 1968; Shcherbachev 1973).
In Hawaiian waters C. kippurus is caught through-
out the year, but its abundance fluctuates. Small fish
(<2.3 kg) are plentiful in summer and large fish
(13.6-18.1 kg) are more abundant from February to
April (Squire and Smith 1977). Coryphaena hippurus
is important to the commercial and recreational fish-
eries; C. equiselis, a smaller fish with a maximum
length of 74 cm (Herald 1961), is occasionally caught
by recreational fishermen. Although much is known
ahout the life history of C. hippurus in the Atlantic
(Palko et al. 1982), the biology of the Hawaiian
population has been only sketchily investigated. Lit-
tle is known about C. equiselis.

At least three age and growth studies on C. hippu-
rus have been reported. Annual marks on scales have
been used to age C. hippurus off Florida (Beards-
ley 1967) and North Carolina (Rose and Hassler
1968) in the western North Atlantic Ocean. Wang
(1979) used monthly modal progression of length-
frequency distributions to estimate the growth rate
of C. hippurus off eastern Thiwan in the western
Pacific Ocean. The estimated growth rates of C. hip-
purus off Florida and North Carolina differed slight-
ly, but the growth rate of C. hippurus in the western
Pacific Ocean was reported to be about twice as
great as those in the western North Atlantic Ocean.

The purpose of this study was to validate estimates
of age and growth of larval and juvenile C. hippurus
and C. equiselis based on microstructure of otoliths
(sagittae) from fish of known age reared in captivity.
Otoliths from wild specimens captured in Hawaiian
waters were also used as a source of age and growth
information and these data were fitted to the von
Bertalanffy growth model. Ages of cultured and cap-
tured wild specimens were estimated by enumer-
ating presumed daily increments on the sagitta
following Pannella (1971). The daily nature of the
increments was validated by counts from sagittae
of fish reared in captivity and whose age was known.
Knowledge of growth rates of both species of
dolphins are useful to mariculturists who would like
to compare the growth rates of wild and cultured
individuals. Information on the growth rate of C. hip-
purus can also be of use to managers of Hawaiian
fishery resources.

FISHERY BULLETIN: VOL. 84, NO. 1



Materials and Methods
Validation

Fertilized eggs of C. hippurus and C. equiselis were
obtained between January 1982 and February 1983
from captive broodstock held at the University of
Hawaii’s Waikiki Aquarium (WA); the Kewalo Re-
search Facility (KRF) of the Southwest Fisheries
Center Honolulu Laboratory, National Marine Fish-
eries Service; and The Oceanic Institute, Waimanalo,
HI. Larvae of both species were reared at the WA
in 4,000 L circular fiber glass tanks with flow-
through water exchange and under shaded natural
light condition. Water temperature ranged between
23° and 27°C. Both species were fed an unlimited
supply (a density of 1-5/mL) of cultured copepod,
Euterpina acutifrons, and Artemia sp. until they
were large enough to accept chopped fish and squid
(about 30 d after hatching), which were then pro-
vided several times during the day. These fish were
fed to satiation. One 167-d-old and three 191-d-old
C. hippurus were reared at the KRF under similar
environmental conditions and feeding regime as at
the WAl These juvenile C. hippurus were trans-
ferred to 8 m diameter tanks when they were about
25 cm long.

One to three larvae of C. equiselis were sampled
on the day of hatching (D-0), and each day thereafter
(D-1, D-2, D-4, etc). However, after the fourth day,
there were few survivors, so only a single specimen
was taken at intervals of 4 d from D-19. Three lar-
vae of C. hippurus were sampled on D-4 and single
specimens were sampled at various intervals or ob-
tained after accidental deaths for validating the
growth increments. Other larvae were sampled from
other batches on D-0, D-1, and D-2 for measure-
ments. Specimens were sampled around noon. Total
length of the larvae was measured under a micro-
scope with an ocular micrometer while the specimen
was alive or within an hour after death. To facilitate
measurement, each larva was put on a glass slide,
extended to its full length, and measured. For the
examination of otoliths, the larva on the slide was
immersed in 70% ethanol and allowed to fix for an
hour. The larva was then removed from the ethanol
bath, blotted, and mounted in Euparal,? a water solu-
ble mounting medium, and covered with a cover slip.

Thomas K. Kazama, Southwest Fisheries Center Honolulu
Laboratory, National Marine Fisheries Service, NOAA, Honolulu,
HI 96812, pers. commun. October 1984.

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

Otoliths could be examined in the squashed whole
mount without extracting them.

After measuring the fork length of juvenile and
adult dolphins with a caliper to the nearest milli-
meter, otoliths were extracted, cleaned, and mounted
whole. Tb extract the otoliths, the head was removed
from the body, and the flesh removed from the head
to expose the skull. With a saw or knife, most of the
supraoccipital and roof of the skull were removed.
After careful removal of the brain, the sagittae
(largest of the three otoliths) could be found in the
sacculi located anteriorly on the right and left sides
of the first vertebra at the caudal end of the brain
cavity. Under a dissecting microscope, the sagitta
was teased out of the sacculus, and extraneous
tissues were brushed away. The pair of sagittae was
then placed on a clean glass slide, permitted to dry,
and mounted in Euparal. Segments of monofilament
line slightly thicker than the sagittae were placed
on both sides of the sagittae to prevent the cover slip
from crushing it.

After clearing for a month, presumed daily incre-
ments on a sagitta were enumerated using.a com-
pound binocular microscope with transmitted light
at 600x magnification. Increments were counted
starting from the core out to the edge of the post-
rostrum, or from the core to the tip of the rostrum.
Usually, counts could not be made in a direct line
from the core to the edge of the rostrum or post-
rostrum of the sagitta; rather, a somewhat circuitous
route was taken from one area of the sagitta to
another by following a prominent growth increment.
Increments were also counted inward from the edge
to the core. Two independent age estimations were
made separately on the rostrum and postrostrum on
a sagitta to verify the age of fish. In some samples,
it was possible only to make a single age estimate
since the sagitta was incomplete, having just a
rostrum or postrostrum. The reader had no infor-
mation such as specimen size or previous counts to
prevent bias in the counting.

The arithmetic mean of 3-14 counts was used to
estimate a fish’s age. The number of counts from the
rostrum and postrostrum varied from as few as 3
for a larva to 14 for a sagitta of a juvenile. The rela-
tionship between counts of otolith increments and
days was assessed for both species by regression
analysis.

Growth of Wild Specimens

Juveniles of both species were dip netted from
Kaneohe Bay, HI. Large juveniles and adults of both
species were obtained from private and chartered
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sport fishing boats in Honolulu, and C. hippurus
specimens were also obtained from cruises of the
NOAA ship Townsend Cromwell to the Northwestern
Hawaiian Islands from October 1976 to September
1981. Fork lengths were measured to the nearest
millimeter with calipers. The extraction and slide
preparation of sagittae, and counting method were
the same as described for the validation experiments
above. But before reading the sagittae of fish caught
in the wild, the sagitta of a known-age fish was re-
examined to review the difference between known
daily increments and subdaily increments. Concen-
trie daily increments, which consist of an inner light
band and an outer dark band, were distinguished
from subdaily increments by carefully focusing to
the plane of maximum clarity. The dark band of the
subdaily increment appeared less defined than the
dark band of daily increments. Misinterpretation and
counting subdaily increments as daily increments
could result in an overestimation of age. The mean
of 10-20 counts was used as the age estimate of older
fish.

Age estimates of wild fish were fitted to the von
Bertalanffy growth model using NLIN Procedure,
a nonlinear regression routine (SAS Institute 1982).
The three juvenile C. hippurus whose sex was un-

determined were added to both the male and female
groups when fitting the curves.

Results

Validation

Fertilized eggs of C. equiselis and C. hippurus
began to hatch after 48-50 h at 24%25°C and all
hatched within 2 h. The larvae of both species were
4.0-4.6 mm TL and had two pairs of otoliths, the
sagitta and lapillus, at time of hatching. Otoliths of
C. equiselis and C. hippurus on D-0 ranged from 16
to 20 um in diameter and consisted of the core and
primordium. An hour after hatching, the larvae were
from 5.2 to 5.4 mm TL but did not grow during the
next 3 d and even shrank from 0.1 to 0.2 mm. Oto-
liths of both species on D-1 had a dark ring near the
edge which the otoliths of D-0 larvae did not have
and were 22-24 um in diameter. The sagittae of both
species on D-4 had four increments (Fig. 1) and were
now slightly larger than the lapillus. Sagittal
diameters were 29-36 um for C. equiselis and 34-41
pym for C. hippurus.

Mean counts of growth increments on the sagit-
tae of 10 C. hippurus (Table 1) and 13 C. equiselis

FIGURE 1.—Sagitta of a day-4 Coryphaena hippurus larva. Diameter of sagitta is 17 ym.
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TaBLE 1.—Mean of counts on known age sagittae of Coryphaena

TABLE 2.—Mean counts on known age sagittae of Coryphaena

hippurus. equiselis.
Mean Total Fork Mean Total Fork
Known increment No. of length length Known increment No. of length length
age counts SD counts (mm) (mm) age counts sD counts (mm) {mm)
0 0 5.3 0 0 40
1 1 - 1 1 0.00 3 -
4 4 0.00 3 6.7 1 1 0.00 3 —
4 4 0.00 3 6.8 4 3 0.00 3 4.6
4 4 0.00 3 6.8 4 4 0.00 3 5.2
20 20.0 +1.26 5 - 19 19 0.00 3 14.2
35 33.6 +2.06 9 - — 23 23.6 +2.23 8 23.0
47 45.2 +3.16 10 - 95.0 27 21.5 +1.59 14 25.2
167 166.8 +7.14 11 —- 383.0 31 31.7 +1.38 7 - 295
191 190.3 +6.92 6 - 510.0 36 35.3 +2.45 10 — 48.0
191 191.0 +0.71 4 - 554.0 51 51.7 +2.13 13 - 82.0
191 192.8 +7.44 5 - 4910 52 53.6 +4.81 14 — 72.0
63 63.3 +3.19 14 - 89.0
63 63.4 1+ 8.59 13 — 112.0

(Table 2) were plotted against corresponding known
ages (Figs. 2, 3). The relationships of mean incre-
ment counts (¥) to known age (X) were Y = —0.56295
+ 1.0085X (r = 0.999, P < 0.01) for 10 C. hippurus
and Y = -0.6986 + 1.0164X (» = 0.997, P < 0.01)
for 18 C. equiselis. These results demonstrated that
growth increments are formed daily, and validated
their use for aging wild fish up to 191 d for C. kip-
purus and 63 d for C. equiselis.

Growth of Wild Specimens

Because of sexual dimorphism, separate von Ber-
talanffy growth parameters were calculated for male
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FIGURE 2.—Validation of daily increments on sagittae of Cory-
phaena hippurus by relationship of known age (X) to mean incre-
ment count (Y) up to 191 d (r = 0.999).

and female C. hippurus (Table 8). The male and
female von Bertalanffy growth curves and 18 age-
length relationships of C. hippurus are shown in

TABLE 3—Von Bertalanffy growth parameters calculated from cap-
tured wild specimens of Coryphaena hippurus.

Sex Number Parameter Estimate SE
Male 10 t 0.0790 yr 0.0305
K 1.1871 0.5218
Lo 189.9301 cm FL  48.9702
Female 9 ty 0.0731 yr 0.0126
K 1.4110 0.2454
Ly 153.2676 cm FL  14.2168
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FIGURE 8.—Validation of daily increments on sagittae of Cory-
phaena equiselis by relationship of known age (X) to mean incre-
ment count (Y) up to 63 d (r = 0.997\.
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Figure 4. A single set of growth parameters (Table
4) was calculated for C. equiselis since the largest
specimen in the sample had just reached sexual
maturity, and the calculation of separate growth
curves by sex was not warranted. The von Berta-
lanffy growth curve and 13 age-length relationships
of C. equiselis are shown in Figure 5.

Discussion
Validation

A pair of otoliths was present at the time of hatch-
ing for both dolphins, and the first increment was
formed on the otoliths on D-1, identical to Kat-
suwonus pelamis, another tropical pelagic species
(Radtke 1988). The strong correlation of mean incre-
ment counts of sagittae to known age of fish
validated the use of growth increments in the aging
of C. equiselis up to 63 d and C. hippurus up to 191
d. Since regular incremental formation began on D-1,
no adjustment is required to the incremental counts
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FIGURE 4—Von Bertalanffy growth curves of male and female Cory-

phaena hippurus in Hawaiian waters.

TABLE 4.—Von Bertalanffy growth parameters calculated
from captured wild specimens of Coryphaena equiselis.

Number Parameter Estimate SE
13 ty 0.0648 yr 0.0131
K 2.1734 0.9750
Lo 61.3914 cm FL 17.8000
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of wild fish sagittae to estimate age. Ideally, valida-
tion of daily increments should cover 1) the time
when the first daily increment is formed, 2) the
regularity in the formation of increments in all
stages of life, and 3) events such as spawning, migra-
tion, and periods of starvation which may affect the
regularity of increment formation. Having achieved
only part of these requirements, validation of daily
increments on otoliths should continue as older
known-age specimens become available, and the ef-
fects of spawning and starvation on increment for-
mation should also be examined.

Growth of Wild Specimens

The plot of age-length relationships of male C. hip-
purus showed that there was at least one extreme
variant. This 111.0 em FL male greatly affected the
growth curve, resulting in a lower estimated Lo, and
causing most of the male age estimates to fall below
the growth curve (Fig. 4). Thus, age-length relations
of wild C. hippurus should be examined further to
shed light on the extent of variation in size at given
ages. Additional age determinations might also im-
prove the confidence intervals of the von Bertalanffy
growth parameters.

Growth rates of C. hippurus to age 1 around
Hawaii appeared to be greater than those reported
from the western North Atlantic Ocean. Beardsley
{1967) reported a mean length of 72.5 em in age
group 1 for C. hippurus off Florida. Rose and
Hassler (1968) reported a mean length of 65.3 cm
at the end of 1 yr for fish off North Carolina. Around
Hawaii male C. hippurus were estimated to attain

40 T T T T T T
Ve
~0°
//
o e
o
301 4
o
- 7’
5 °F
7
T /
B /
Z 20r yd |
w s/
- /
x /
I3 /
(4 /5
1ok VALIDATED 4
° ————UNVALIDATED
o
1 1 1 ' 1 i
% i 2 3 3 5 3 7

ESTIMATED AGE (MONTHS)

F1GURE 5—Von Bertalanffy growth curve of Coryphaena equiselis
in Hawaiian waters derived from 13 age estimates.



a length of about 126 cm at 1 yr and about 112 cm
for females. The slower growth rate of C. hippurus
in the western North Atlantic Ocean may be the
result of a decrease in feeding rate when water
temperature goes below 23.0°C and a cessation of
feeding at 18.0°C (Hassler and Hogarth 1977). Cory-
phaena kippurus feed throughout the year in Hawaii
and can be expected to grow continuously.

Wang (1979) used the monthly progression of
modes in length-frequency distributions to estimate
growth rates of about 10 em/mo from February
through June for C. hippurus hetween 50 and 100
cm FL. This growth rate is similar to that found for
C. hippurus in Hawaiian waters.

Growth rates of captive C. hippurus were similar
to those of wild fish in Hawaiian waters. Beardsley
(1967) reported rapid growth rates of three captive
C. hippurus. These fish grew from about 35 to 125
em in 7 to 8 mo.® Soichi (1978) reported that 11 C.
hippurus 835-50 em TL grew to a mean 123 em TL
in 7-8 mo. Their observations also support our
estimates of rapid growth for C. hippurus around
Hawai.

Coryphaena equiselis appeared to grow as rapid-
ly as C. hippurus during the first 4 mo, then grew
at a slower rate (Fig. 5). At about 4 mo, C. equiselis
reached sexual maturity. Coryphaena hippurus also
reached sexual maturity at 4-5 mo, but have been
observed to mature as early as 3 mo in captivity.

The daily regularity of increment formation has
been demonstrated from D-1 to D-191 for C. hip-
purus and from D-1 to D-63 for C. equiselis. So the
use of daily increment counts on the sagitta of wild
fish for estimating age has only been partially
validated for these dolphins. The age-length relation-
ships are valid for the first 6 mo for wild C. hippurus
and the first 2 mo for wild C. equiselis. Thus, the
von Bertalanffy growth curves calculated for wild
C. hippurus in Hawaiian waters should be viewed
with caution despite good agreement with several
other growth observations in the literature.

Acknowledgments

Qur thanks to Richard W. Brill, Richard E. Brock,
Leighton R. Taylor, and Jerry A. Wetherall for their
critical reviews of this manuscript. Carol Hopper
greatly assisted our sampling efforts for wild-caught
specimens and Thomas K. Kazama provided the
oldest known-age C. hippurus.

3A length-weight relationship (Gibbs and Collette 1959) was used
to estimate lengths in centimeters from weights, given in pounds,
by Beardsley (1967).

Literature Cited

BEARDSLEY, G. L. JR.

1967. Age, growth, and reproduction of the dolphin, Cory-
phaena hippurus, in the Straits of Florida. Copeia 1967:
441-451.

GiBss, R. H, Jr.. AND B. B. COLLETTE.

1959. On the identification, distribution, and biology of the
dolphins, Coryphaena hippurus and C. equiselis. Bull. Mar.
Sci. Gulf Caribb. 9:117-152.

HassLER, W. W, AND W. T. HOGARTH.

1977. The growth and culture of dolphin, Coryphaena hip-

purus, in North Carolina. Aquaculture 12:115-122.
HEeRrALD, E. S.

1961. Living fishes of the world. Doubleday and Ca, Ine,
Garden City, NY, 304 p.

PALKO, B. J., G. L. BEARDSLEY, AND W. J. RICHARDS.

1982. Synopsis of the biological data on dolphin-fishes, Cory-
phaena hippurus Linnaeus and Coryphaena equiselis Lin-
neaus. U.S. Dep. Commer., NOAA Tech. Rep. NMFS Circ
443, 28 p. [Also FAO Fish. Synop. 130.]

PANNELLA, G.

1971. Fish otoliths: Daily growth layers and periodical pat-

terns. Science (Wash., D.C) 173:1124-1127.
RADTKE, R. L.

1983. Otolith formation and increment depositicn in labora-
tory-reared skipjack tuna, Euthynnus pelamis, larvae. InE.
D. Prince and L. M. Pulos (editors), Proceedings of the Inter-
national Workshop on Age Determination of Qceanic Pelagic
Fishes: Tunas, Billfishes, and Sharks, p. 99-103. U.S. Dep.
Commer., NOAA Tech. Rep. NMFS 8.

Roskg, C. D,, AND W. W, HASSLER.

1968. Age and growth of the dolphin, Coryphaena hippurus
(Linnaeus), in North Carolina waters. Trans. Am. Fish. Soc
97:271-278.

SAS INSTITUTE.

1982. SAS user's guide: Statistics. SAS Institute Inc, Cary,

NC, 584 p.
SHCHERBACHEY, YU. N.

1978. The biology and distribution of the dolphins (Pisces,
Coryphaenidae). [In Russ] Vopr. Ikhtiol. 13:219-230.
(Engl. transl. in J. Ichthyol. 13:182-191.)

SoicHl, M.

1978, Spawning behavior of the dolphin, Coryphaena hip-
purus, in the aquarium and its eggs and larvae. [In Jpn.,
Engl. summ.] Jpn. J. Ichthyol. 24:290-294.

SQUIRE, J. L., JRr.. AND S. E. SMITH.

1977. Anglers’ guide to the United States Pacific coast:
marine fish, fishing grounds & facilities. U.S. Dep. Commer.,
NOAA, NMFS, 139 p.

WaNgG, C. H.

1979. A study of population dynamics of dolphin fish (Cory-
phaena hippurus) in waters adjacent to eastern Taiwan.
[In Chin., Engl. abstr.] Acta Oceanogr. Taiwan. 10:233-251.

JaMES H. UcHIYAMA
Southwest Fisheries Center Honolulu Laboratory
National Marine Fisheries Service, NOAA
PO. Bozx, 3830, Honolulu. HI 96812

RaymonD K. BUurRCH

SYp A. KRrauL, Jr.

Waikiki Aquarium. University of Hawaii
2777 Kalakaua Avenue
Honolulu, HI 96815

191



SIZES OF WALLEYE POLLOCK,
THERAGRA CHALCOGRAMMA, CONSUMED
BY MARINE MAMMALS IN THE BERING SEA

In the Bering Sea at least 11 species of marine mam-
mals, 13 seabirds, and 10 fishes are known to feed
on walleye pollock, Theragra chalcogramma (Frost
and Lowry 1981a). Walleye pollock are a major food
of most pinnipeds, particularly in the southern Ber-
ing Sea (Lowry and Frost 1981), and are sometimes
eaten by several species of baleen and toothed whales
(Frost and Lowry 1981b).

In recent years, walleye pollock have been the prin-
cipal target species in the Bering Sea commercial
groundfish fishery. Annual catches have been as high
as 1,840,000 t in 1972 (Bakkala et al. 1981). While
there can be little doubt that both the fishery and
marine mammal predation affect pollock stocks and
perhaps also one another, the interactions are poorly
understood at present (Lowry et all; Swartzman and
Harr 1983).

An important aspect of marine mammal-fishery
interactions is the size composition of fishes eaten
in relation to that of the commercial catch. For ex-
ample, if a marine mammal consumes fishes smaller
than those taken by the fishery, the fishery would
be unlikely to influence availability of food to the
predator unless it affected recruitment. If marine

Lowry, L. F.,, K. J. Frost, D. G. Calkins, G. L. Swartzman, and
S. Hills. 1982. Feeding habits, food requirements, and status of
Bering Sea marine mammals. North Pac. Fish. Manage. Counc.
Doc. 19 and 19A, Anchorage, Alaska, Contract 81-4, 574 p.

mammals and the fishery remove fishes of similar
sizes, competition would be expected (IUCN?).

Stomach contents of marine mammals seldom con-
tain intact fishes in a condition suitable for mea-
suring. However, the sagittal otoliths of species such
as walleye pollock are easily identified (Frost 1981),
and equations are available that estimate the length
and weight of fishes from otolith lengths (Frost and
Lowry 1981a). We present here information on the
sizes of walleye pollock consumed by marine mam-
mals in the Bering Sea, based on otoliths from
gastrointestinal tracts.

Methods

Specimens were collected during the months of
March to October 1975-81, at the locations shown
in Table 1. With the exception of a minke whale,
Balaenoptera acutorostrata, which was stranded on
shore, all specimens were from animals collected for
scientific purposes. Stomachs were removed and
opened, and the contents gently washed on a2 1 mm
mesh sieve. Otoliths were sorted from other ingesta
and identified using the descriptions of Morrow
(1979) and Frost (1981). Since fresh walleye pollock
otoliths have fine lobulations around their perimeter
(Frost 1981) which disappear during digestion,
degraded otoliths were easily detected by compari-

3JUCN. 1981. Report of IUCN workshop on marine mammal-
fishery interactions, La Jolla, Calif., 30 March-2 April. IUCN,
Gland, Switzerland, 68 p.

TABLE 1.—Location and dates of capture of marine mammals from which otoliths of walleye pollock
were obtained.

No. of
No. of otoliths
Species Dates Location specimens measured

Harbor seal, 13 Apr. 1979 Otter Island 4 23
Phoca vitulina richardsi 9 Oct. 1981 Port Heiden 1 12
Spotted seal, 6 May 1978 61°42.3N, 175°36.0W 1 11
Phoca largha 23 May 1978 63°25.8N, 173°05.6W 1 10
Ribbon seal, 19-20 Apr. 1976 57°20.1N-57°28.0N 5 256

Phoca fasciata 172°30.9W-173°07.5W
21-22 Mar. 1977 58°51.0N-58°56.0N 4 67

172°40.0W-173°08.0W
5-31 May 1978 61°23.0N-64°39.4N 10 145

169°07.0W-176°08.8W
Steller sea lion, 20 Mar. 1976 56°04.8N, 168°32.9W 1 274
Eumetopias jubatus 13 Apr. 1979 Otter Island 1 6
24 Mar., 59°30.0N-60°11.5N 32 497

10-11 Apr. 1981 176°43.5W-179°55.0W
30 Mar-4 Apr.  59°08.0N-60°13.0N 56 638

1981 165°45.0E-170°46.0E

Minke whale, 5 Aug. 1975  Unalaska Island 1 121

Balaenoptera acutorostrata
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son with those taken from trawl-caught fishes. The
maximum length of nondegraded otoliths was
measured to the nearest 0.1 mm using vernier
calipers. When more than 20 otoliths occurred in a
single stomach, a subsample of 20 was measured.

Very few otoliths were found in the stomachs of
ribbon, Phoca fasciata, and spotted, P. largha, seals.
For those species, additional otoliths were obtained
from small intestines which were split along their
entire length and examined for parasitological
studies. There was no significant difference between
sizes of otoliths obtained from stomachs and intes-
tines of ribbon seals (Frost and Lowry 1980). Too few
otoliths were retrieved from spotted seal stomachs
to test their sizes relative to otoliths from intestines.
However, otoliths from intestines were of the same
general size range and condition as those from
stomachs. We therefore pooled the measurements
of otoliths from stomachs and intestines.

The fork lengths and weights of walleye pollock
consumed were estimated from equations in Frost
and Lowry (1981a).

Results

We measured a total of 2,060 otoliths from 117 in-
dividual marine mammals belong to 5 species (Table
1). Most of the otoliths were from the stomachs and
small intestines of 19 ribbon seals and 90 Steller sea
lions, Eumetopias jubatus. Ribbon seals, spotted
seals, and a minke whale fed primarily on walleye
pollock <20 em long (Table 2, Fig. 1). Harbor seals,
Phoca vitulina richardst, fed on a wide size range
of pollock, including equal numbers of fishes 8-15 em
and 20-35 em long and a few individuals 45-56 cm
in length. Most pollock eaten by sea lions (76%) were
20 cm or longer. Young sea lions (€4 yr) collected
in 1981 (all were males) ate significantly smaller fish
@ = 22.4 em, n = 37) than did older animals (x =
26.9 cm, n = 51; P < 0.005).

There were some differences in sizes of pollock
consumed at different localities and in different
years. The sizes of pollock eaten by harbor seals col-
lected at Otter Island in 1979 ranged from 10.3 to
56.3 em (x = 31.8 ¢m), while those eaten by a seal
collected at Port Heiden in 1981 were all <12.6 cm
long (& = 10.6 em). Two sea lions collected in 1976
and 1979 near the Pribilof Islands had eaten pollock
averaging 46.9 em in length (range 18.4-61.4 cm),
while those collected in 1981 to the west had eaten
substantially smaller pollock averaging 25.2 em in
length (range 8.3-64.2 cm). In Figure 1, the smaller
size mode corresponds to 1981 collections and the
larger mode to those from 1976 and 1979. In 1981

sea lions collected in the central Bering had eaten
larger pollock than those off the Kamchatka Penin-
sula @ = 26.8 em vs. 23.5 cm; P < 0.001). This was
not attributable to different age or size composition
of the samples, since the difference was apparent
for older sea lions (=5 yr; x = 27.8 ¢cm vs. 25.6 em;
P <0.01) as well as the samples as a whole, and the
mean age and standard length of all sea lions =5 yr
in the Kamchatka sample (x age = 9.1 yr, z SL =
297 em, n = 27) was greater than that of the cen-
tral Bering sample (z age = 8.2 yr, ¥ SL = 282 cm,
n = 25).

Discussion

Of the marine mammal species we examined, rib-
bon seals, spotted seals, and a minke whale ate
almost exclusively small pollock, whereas Steller sea
lions and harbor seals ate pollock of a wide range
of sizes. There are few other data available on the
sizes of pollock consumed by marine mammals in the
Bering Sea. Nemoto (1959) indicated that the length
of pollock eaten by fin whales, Balaenoptera physa-
lus, never exceeded 30 cm, while larger pollock were
sometimes eaten by humpback whales, Megaptera
novaeanglioe. Fiscus et al. (1964) reported that in
1962 northern fur seals, Callorhinus ursinus, ate
mostly whole pollock <30-35 cm long. McAlister et
al3 found intact pollock in fur seal stomachs collected
in the eastern Bering Sea, July-September 1974, to
range from 10 to 35 cm, with a mean length of 19.3
em. Most specimens were between 16 and 21 em
long. In 1981, Loughlint collected fur seals north of
Unalaska Island and found the average size of
pollock consumed to be 30.4 em. Antonelis® found
that bearded seals, Erignathus barbatus, collected
near St. Matthew Island in the central Bering Sea
had eaten only small pollock (x length = 8.2 em).

It is unknown whether the consumption patterns
described above are a result of actual size selection
of prey or if they result from coincidental distribu-
tion of predators and prey size classes. The overall
density of pollock and distribution by age classes are
far from uniform in the southern Bering Sea (Smith
1981; Bakkala and Alton®). The sizes of fishes con-

3McAlister, W. B., G. A. Sanger, and M. A. Perez. 1976. Pre-
liminary estimates of pinniped-finfish relationships in the Bering
Sea. Unpubl. background paper, 19th meeting North Pac. Fur Seal
Comm., Moscow, 1976.

4T, R, Loughlin, National Marine Mammal Laboratory, 7600 Sand
Point Way N.E., Seattle, WA 98115, pers. commun. November 1983.

5G. Antonelis, National Marine Mammal Laboratory, 7600 Sand
Point Way N.E., Seattle, WA 98115, pers. commun. December 1983.

“Bakkala, R. and M. Alton. 1983. Evaluation of demersal trawl
survey data for assessing the condition of eastern Bering Sea
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TABLE 2.—Summary ot sizes of walleye poliock consumed by marine mammals in the Bering

Sea.

Size of walleye pollock consumed

Marine mammal Fork length Weight of mean  'Mean weight of
species Mean (cm) Range (cm) length fish (g)  fishes consumed (g)

Ribbon seal 1.2 6.5-34.4 86 11.2

Spotted seal 10.9 8.0-15.0 79 8.4

Harbor seal 24.5 8.2-56.3 83.8 174.3

Steller sea lion 29.3 8.2-64.2 140.5 204.3

Minke whale 14.5 11.8-17.5 18.3 18.7

1The weight of the mean length fish does not correspond to the mean weight of fishes consumed due
to the exponential nature of the length-weight relationship for fishes and the distribution of lengths of

fishes consumed.

sumed generally agree with the basic distribution
pattern for pollock in that sea lions collected near
the continental slope ate many large pollock, while
ribbon and spotted seals collected north of St. Mat-
thew Island ate almost entirely small pollock.
However, concurrent sampling of prey in stomachs
and those available in the environment suggest that
some selection does occur. Fur seals were found to
eat smaller pollock than those caught in otter trawls
taken nearby (x length = 80.4 cm in seals, 38.3 em
in trawls), while sea lions appeared to select larger
fishes (x length = 29.9 em in sea lions, 25.5 em in
trawls) (Loughlin fn. 4). Such comparisons must be
interpreted with caution since demersal trawl
samples underestimate the abundance of young
pollock, most of which occur several meters off the
bottom (Traynor?).

Other information also indicates that marine mam-
mals sometimes select fishes of certain size classes.
The sizes of arctic cod, Boreogadus saida, caught in
otter trawls in the northern Bering Sea were com-
pared with the estimated lengths of fishes eaten by
spotted and ribbon seals collected in the same area
and time period (Frost and Lowry 1980; Bukhtiyarov
et al. 1984). While the distribution of trawl-caught
fishes was distinctly bimodal, seals ate predominant-
ly fishes of the larger size classes. Saffron cod,
Eleginus gracilis, eaten by adult white whales, Del-
Phinapterus leucas, in the Kotzebue Sound region
of the southern Chukchi Sea were larger than those
eaten by younger animals collected at the same loca-
tion on the same dates (Seaman et al. 1982). We ob-
tained similar results in this study for young versus
old sea lions. Pitcher (1981) found that pollock eaten
by sea lions were significantly longer (x = 29.8 cm)

pollock. Unpubl. Rep., 43 p. Northwest and Alaska Fisheries
Center, NMF'S, NOAA, Seattle, WA.

"Traynor, J. J. 1983. Midwater pollock (Theragra chalcogram-
ma) abundance estimation in the eastern Bering Sea. Unpubl.
Rep., 7p. Northwest and Alaska Fisheries Center, NMFS, NOAA,
Seattle, WA.
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than those eaten by harbor seals (z = 19.2 cm; P <
0.001) collected in the same general locations in the
Gulf of Alaska.

The factors involved in the apparent size selection
of prey are poorly known for marine mammals. A
strict relationship between the size of predators and
the size of their prey is not to be expected in such
behaviorally complex and morphologically diverse
animals. For example, the prey of ringed seals, Phoca
hispida, range in length from 1 cm (euphausiids) to
at least 121 cm (wolffish, Anarhichas sp.) (Frost and
Lowry 1981c). The largest animal we examined in
this study, a minke whale 7.3 m long, ate uniformly
small pollock. Age-related differences in sizes of
fishes eaten by sea lions and belukha whales are
more likely due to morphological and behavioral
development than to size relationships per se
Although size may affect a sea lion’s ability to catch
large pollock, and old sez lions are larger than young
ones (¥ SL = 212 cm for sea lions age 14 yr, n =
33 vs.  SL = 289 cm for those =5 yr, n = 52), the
size range of pollock eaten by both young and old
sea lions was similar. The largest pollock (64 c¢cm)
represented in our samples was eaten by a 215 em
long, 3-yr-old sea lion which indicates that physical
differences due strictly to predator size are not the
sole factor influencing preference for a particular
prey size. Aspects of feeding strategy, including size
selectivity, are the result of a complex and inter-
acting suite of morphological, physiological, and
behavioral adaptations which allow an organism to
gather food in the most efficient manner (Schoener
1971).

Size-specific feeding may have important conse-
quences for predators. For example, the length of
1-yr-old pollock fluctuates markedly among years, as
does the numerical abundance of the first year class.
In 1976 abundance was low (729 million individuals
in the NMFS Bering Sea survey area) and fishes
were small (x = 11.6 cm), while in 1974 abundance
was high (2,840 million individuals) and fishes were
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FIGURE 1—Size distributions of walleye pollock eaten by five
species of marine mammals collected in the Bering Sea,
1975-81.
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considerably larger (x = 15.9 cm) (Smith 1981), The
corresponding average individual weights can be
estimated as 9.5 and 23.7 g, giving an estimated
biomass of age 1 pollock about 10 times greater in
1974 than in 1976. Therefore, the total food available
to predators that specialize on small pollock can vary
markedly, as can the energy obtained from each fish
consumed. Lengths and population sizes of older
pollock also vary somewhat among years (Smith
1981); however, predators feeding on large pollock
will undoubtedly be exploiting several age classes.

Three species of marine mammals—harbor seals,
sea lions, and fur seals—consume age classes of
pollock that are also exploited by the commercial
fishery (Table 3). A major effect of the pollock fishery
has heen a reduction in the abundance of older,
larger individuals (Pereyra et al.8). Major declines in
abundance of sea lions and fur seals in the eastern
Bering Sea have been reported since the 1950’s
(Braham et al. 1980; Fowler 1982). Although the
evidence is equivocal, especially for the fur seal (see
Swartzman and Haar 1983), reduced food availability
due to expansion of the pollock fishery has been sug-
gested as a possible cause of the decline in popula-
tions. The present population status of other pollock-
eating marine mammals in the Bering Sea is not
known.

The sizes of fishes consumed by marine mammals
are obviously very important for determining the
nature and magnitude of marine mammal-fishery
interactions. It is particularly important to recognize
that because of different feeding strategies, changes

3Pereyra, W. T, J. E. Reeves, and R. G. Bakkala, 1976. Demer-
sal fish and shellfish resources of the eastern Bering Sea in the
baseline year 1976. Processed Rep, 619 p. Northwest and Alaska
Fisheries Center, NMFS, NOAA, Seattle, WA.

TABLE 3—Age-class distribution of walleye pollock con-
sumed by marine mammals in the Bering Sea, and caught
in the commerecial figshery in 1978, based on length-at-age
data from Smith (1981).

Percent of fishes in age class
2 3456789210

Predator species 1

Harbor seal 432023 — — 3 0 3 3 6
Spotted seal 100 ——— - — — — — -
Ribbon seal 981 1 — — — — — — —_
Steller sea lion 214014 3 56 4 2 2 3
Fur seal 4944 7 — — — — — — —
Minke whale 100 — — — — — — — — —
Commercial
fishery2 2 20 40 18 20 (>5 yr old)

1from McAlister et al. 1976.
2from Smith 1981.
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in fish stock characteristics caused by fishing may
benefit some marine mammal species while having
no effect or being detrimental to others.
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OCCURRENCE OF SOME PARASITES AND
A COMMENSAL IN THE AMERICAN LOBSTER,
HOMARUS AMERICANUS, FROM
THE MID-ATLANTIC BIGHT'

Larvae of the nematode Ascarophis sp. were
reported by Uzmann (1967b) from American lobsters
collected from Hudson, Block, Veatch, and Corsair
Canyons on the edge of the continental shelf east
and south of southern New England (Fig. 1). Follow-
ing parasitological examinations of over 3,000 coastal
and offshore lobsters, Uzmann (1970) reported that
the nematode larvae were restricted almost ex-
clusively to offshore lobsters. Adult Ascarophis sp.
are intestinal parasites of fishes (Uspenskaya 1953).

Although coastal and offshore lobsters occur off

1Contribution No. 1277, Virginia Institute of Marine Science,
Gloucester Point, VA 23062,
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northern and central New Jersey, coastal lobsters
are scarce or absent south of Cape May, NJ. There
is an active offshore commercial lobster fishery along
the edge of the continental shelf south to Norfolk
Canyon (Fig. 1).

Materials and Methods

To determine whether offshore lobsters in the Mid-
Atlantic Bight have larval Ascarophis sp., we ex-
amined the guts of 218 American lobsters, Homarus
americanus, collected from August 1975 through
March 1977. Lobsters from this region had not been
examined previously for parasites.

One hundred and ninety-seven of the lobsters ex-
amined were caught in lobster traps or trawl nets
by commercial and research vessels in Norfolk and
Washington Canyons and from the shelf and slope
between and adjacent to those canyons (areas LIV,
Fig. 1) at depths of 73-402 m. The remaining 21
lobsters were caught by trawl nets from research
vessels off the coasts of Delaware and New Jersey
at depths of 57-95 m (area VIII, Fig. 1).

The intestines and rectum were excised from live
lobsters on shipboard (70% of the samples) or in the
laboratory at the Virginia Institute of Marine
Science, split longitudinally, and fixed in 10%
Formalin? or in Davidson’s fixative. No free parasites
were found in the gut contents. In the laboratory,
the gut was transferred to 35% glycerine in 70%
ethanol, and part of the ethanol evaporated in a 55°C
oven. Pieces of the gut were then laid open, pressed
between two 85 x 50 mm slides, and examined for
the presence of cysts. This procedure followed the
recommendation of J. R. Uzmann3.

Results

Thirty-nine American lobsters were infected with
larval Ascarophis sp., encapsulated in the anterior
wall of the rectum (Table 1). The proportion of infec-
tion in 218 lobsters (17.9%) from the Mid-Atlantic
Bight was similar to that reported by Uzmann
(1967b), when examined in a 2 x 2 contingency table
and using Yates' correction for continuity (Elliott
1971). Uzmann (1967b) reported 77 infections in 314
lobsters (24.5%) collected east and south of southern
New England. However, Boghen (1978) reported in-
fection in the gills of 82 out of 233 lobsters (35.2%)

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

3J. R. Uzmann, Northeast Fisheries Center Woods Hole Labora-
tory, National Marine Fisheries Service, NOAA, Woods Hole, MA
02543, pers. commun. June 1974,
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FIGURE 1.—Canyons and lobster sampling sites along the edge of the continental shelf, between Cape Hatteras and the
eastern edge of Georges Bank.



TaBLE 1.—Prevalence of American lobsters infected with
nematodes, Ascarophis sp., in the Mid-Atlantic Bight, August 1975-
March 1977.

No. lobsters sampled Prevalence of

(No. infected) infection (%)
Sexes Sexes
Date Area’ M F combined M F combined
Aug., Sept. [l 26(1) 236(6) 63(7) 38162 111
1975
Dec. 1975 I 18(3) 18(2) 36(5) 16.711.1 13.9
Jan. 1975 I 3(1) 16(5) 19(6) 33.331.3 31.6
Jan. 1976 v 11(1) 13(1) 24(2) 9.1 7.7 8.3
Apr. 1976 i 6(3) 9(2) 15(5) 500222 33.3

50.0 250 30.0
143 40.0 25.0
0.040.0 25.0
Nov. 1876 VIl 11(1) 6(@2) 17(3) 9.1333 17.6
Mar. 1977 VI 2(0) 20) 4(0) 00 00 0.0
Total 91(13) 127(26) 218(39) 14.3205 17.9

1 lll. Norfolk Canyon and adjacent slope
IV. Between Norfolk and Washington Canyons
V. Washington Canyon
VIll. Between Wilmington and Hudson Canyons.
20ne 86 mm female contained 33 acanthocephalan cysts, Corynosoma sp.

Apr.1976 V. 4(2) 16(4)  20(6)
Juy1976 vV 7(1) 52 12(3)
Oct.1976 V 3(0) 52 82

from Northumberland Strait, southern Gulf of St.
Lawrence. That higher proportion of infection was
highly significantly different from that reported off
southern New England and in the Mid-Atlantic
Bight.

Mid-Atlantic Bight lobsters examined for parasites
ranged from 49 to 179 mm carapace length (CL)
(Table 2). Larval Ascarophis sp. were found in 13
(14.3%) of 91 male lobsters and in 26 (20.5%) of 127
female lobsters. No significant difference in preva-
lence of infection between males and females, when
size was ignored, could be demonstrated with a 2
x 2 contingency table analysis. This agrees with the
absence of sex specificity in the canyon lobsters

TaBLE 2—Numbers of American lobsters examined and prevalence
of infection by the larvae of the nematode Ascarophis sp. in the
Mid-Atlantic Bight.

. No. No.

Size - . : Percent Percent No.
range, examined infected of group of total larvae,
CLmm M F Sum M F Sum infected infected range

4049 0 2 2 0 2 2 1000 09 112
5068 5 7 12 2 {1 3 25.0 14 19
6069 9 21 30 1 8 9 30.0 41 1-13
7079 27 29 56 4 7 11 19.6 50 14
8089 20 37 57 2 4 6 10.5 28 15
9099 16 19 35 3 3 6 1741 28 18
100109 7 8 15 1 1 2 13.3 09 23
110119 2 2 4 0 0 O

120-129 2 1 3 00 O

13013 0 0 0 0 0 O

140-149 1 1 2 00 O

150159 0 0 O 0 0 ©

160-169 1 0 1 00 O

170-17¢ 1 0 1 00 O

Total 91 127 218 13 26 39 17.9
110149 5 4 9 0 0 O

150179 2 0 2 0 0 O

reported by Uzmann (1967b) and also reported from
Northumberland Strait by Boghen (1978).

Almost one-half (46.8%) of all infections occurred
in the 60-79 mm size classes; intensity of infection
ranged from 1 to 13 (mean 3.0) (Table 2). None of
the 11 lobsters >110 mm CL contained parasites.
Boghen (1978) reported 51.3% infection in the
60-69.9 mm range. When the occurrences of para-
sites in males and females are arranged in three size
groups, 40-59, 60-79 and 80-109 mm, and statistically
examined with a 2 x 3 contingency table, no depar-
ture from the expected 1:1 ratio was observed.

A single specimen of the commensal polychaete,
Histriobdella homari, was obtained from the gills
of a female lobster, 82 mm CL, caught in Norfolk
Canyon in June 1974. Gills of four other lobsters
were excised, placed in dilute seawater in specimen
bowls, and refrigerated overnight. The polychaete
was found in the sediment collected from one gill.
Because of the small number of lobster gills ex-
amined, an estimate of prevalence is inappropriate.
Previously, Histriobdella was reported by Uzmann
(1967a) in the gills and by Simon (1968) in the gills
and bodies of New England lobsters, and by Boghen
(1978) in the branchial chamber and gills of lobsters
from Northumberland Straits.

One female lobster, 86 mm CL, caught in Norfolk
Canyon in August 1975, was infected with cysts of
an acanthocephalan, Corynosoma sp. Thirty-three
cysts were found in the intestinal wall and in the
mesenteries along the outside of the intestine. Adult
Corynosoma sp. are parasites of mammals and
aquatic birds; crustaceans are first intermediate
hosts and fishes are second intermediate hosts
(Yamaguti 1963).

According to Uzmann (1970), Corynosoma sp. is
a discriminator of coastal lobster stocks. Therefore
its presence in a lobster taken in Norfolk Canyon
indicates that migration from inshore to offshore
waters occurs. Montreuil (1954) reported that the
acanthocephalan infections in lobsters from the
Magdalen Islands, Gulf of St. Lawrence, varied with
the sex of the lobster and by season: 20% of females
and 20% of males had cysts seemingly acquired
towards the end of summer and early fall. Boghen
(1978) attributed the absence of cysts in his North-
umberland Strait samples to the fact that the lob-
sters were collected before the end of summer.

Discussion

The variety of animal parasites and their inten-
sity of infection are small in the Mid-Atlantic Bight
lobsters. Differences in the occurrence and rates of
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infection of Ascarophis and Corynosoma and of the
commensal Histriobdella reported from American
lobsters of the Mid-Atlantic Bight, southern New
England waters, and the Gulf of St. Lawrence, are
not large and could be attributed to differences in
sample sizes or season of sampling. Peculiarly, cysts
of the sporozoan Porospora sp. were not seen in Mid-
Atlantic Bight lobsters, but occurred in most lobsters
in the Gulf of St. Lawrence (Montreuil 1954; Boghen
1978) and were reported by Uzmann (1970) from
southern New England waters. Cysts of the trema-
tode Stichocotyle sp. were reported by Nickerson
(1895) from Penobscot Bay, ME, and from lobster
dealers in Boston, MA; by Linton (1940) from an un-
stated region, probably Woods Hole, MA; by Uzmann
(1970) from southern New England waters; and by
Montreuil (1954) from southern Nova Scotia or
southeastern New Brunswick. Nickerson (1895)
found the cysts only in the intestinal tract at the
union of the intestine and rectum.
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RESILIENCE OF THE FISH ASSEMBLAGE
IN NEW ENGLAND TIDEPOOLS!'

Factors regulating density and species composition
of tidepool fishes have been little studied, partic-
ularly in comparison to other elements of the inter-
tidal community (Gibson 1982). Twenty-two collec-
tions of fishes were made in two tidepools at the
Marine Science and Maritime Studies Center of
Northeastern University at Nahant, MA, during
summers from 1967 to 1985. Initially, the purpose
was simply to demonstrate to my summer class in
ichthyology the technique of collecting fishes with
rotenone. After several years, it became apparent
that there would be interest in examing long-term
effects of repeated poisoning of the same pools. The
purpose of this paper is to report the data from this
series of samples and to compare the resilience of
this New England tidepool fish fauna with studies
done in the Gulf of California (Thomson and Lehner
1976), the central California coast (Grossman 1982),
and South Africa (Beckley 1985). Unfortunately,
there are no other similar tidepools in the area, so
it was not possible to make control collections from
unsampled pools.

Methods

The same two tidepools were sampled each sum-
mer from 1967 to 1985. The tidepools are located
on the ocean side of East Point, in Broad Sound. The
higher pool is at about 2 m elevation and is about
1 m deep at high tide; the lower pool is slightly below
1 m elevation, contains extensive red and brown algal
growth, and is shallower. Average tidal amplitude is
slightly over 83 m. One collection was made each year
except for 1969, 1982, and 1983 when two collections
were made, spaced about 2 wk apart. Collections

IContribution No. 134 from the Marine Science Institute, North-
eastern University, Nahant, MA 01908.
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were made with rotenone (about 1 gt Noxfish?) at
low tide in August, except in 1983 and 1985, when
they were made in July and in 1984 when they were
made in September. Specimens were taken by dip
net from the pools by my students and me. An at-
tempt was made to collect and then count and
measure (mm SL) all fishes. Sometimes I used a face
mask to find fishes at the bottom of the pool which
was closer to the ocean. Many invertebrates also
were killed, but no attempt was made to record num-
bers. The most abundant invertebrates in the 1984
collection were the green crab, Carcinus maenas
(Linnaeus), and the sea urchin, Strongylocentrotus
droebachiensis (Miiller). Also collected were amphi-
pods, Gammarellus angulosus (Rathke), Calliopius
laeviusculus (Kroyer), and Gammarus oceanicus
Segerstrale; isopods, Idotea baltica (Pallas), and scale
worms, Harmothoe imbricata (Linnaeus).

Results

Thirteen species of fishes were collected (Table 1).
The number of species per collection varied from 3
to 8 (x 5.3). One species, the rock gunnel, Pholis gun-
nellus (Linnaeus), was collected in all 22 samples.
Young cunner, Tautogolabrus adspersus (Walbaum),
were found in all but two collections. The grubby,
Myoxocephalus aenaeus (Mitchill), and the threespine
stickleback, Gasterosteus aculeatus Linnaeus, were
present in 17 and 15 collections, respectively. The
radiated shanny, Ulvaria subbifurcata (Storer), was
taken 12 times. The seasnail, Liparis atlanticus (Jor-
dan and Evermann), was taken in 10 collections, the
mummichog, Fundulus heteroclitus Linnaeus, in 8.
The American eel, Anguilla rostrata (LeSueur), was
taken four times; young lumpfish, Cyclpterus lum-
pus Linnaeus, three times. Four of the 13 species
were taken only once or twice: the Atlantic tomeod,
Microgadus tomeod (Walbaum); Atlantic silverside,
Menidia menidia (Linnaeus); ninespine stickleback,
Pungitius pungitius (Linnaeus), and northern
pipefish, Syngnathus fuscus Storer. I can detect no
long-term change in species composition or number
of individuals over the 19-yr period.

The number of specimens per sample varied from
17 to 1,850 (x 197.5), but the mean is distorted by
the 1,842 young (9-28 mm SL) Tautogolabrus adsper-
sus taken in sample 16. Deleting this number, the
figures are 17-343 (x 119.2). Thus, a “typical” sam-
ple would consist of 41 Pholis gunnellus, 49 young
Tuutogolabrus adspersus, 12 Myoxocephalus aenaeus,

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

7 Gasterosteus aculeatus, and 2 Fundulus
heteroclitus. One other species might be present, 1
or 2 specimens of any of the other 8 species, most
likely Ulvaria subbifurcata or Liparis atlanticus.

There is great variation from collection to collec-
tion in numbers of specimens of the most abundant
4 species: 2-232 Pholis gunnellus; 2-1,842 Touto-
golabrus adspersus; 1-127 Myoxocephalus aenaeus;
and 1-44 Gasterosteus aculeatus. Ulvaria subbifur-
cata, Liparus atlanticus, Cyclopterus lumpus, and
Fundulus heteroclitus showed much less variation,
1-12 per collection. The other 5 species were uncom-
mon, numbering 1-4 specimens.

Discussion

To evaluate short-term effects, comparisons can
be made between pairs of collections made in 1969,
1982, and 1983 at 2-3 wk intervals. The number of
species decreased from 8 to 6 in the 1969 pair and
from 7 to 5 in 1982, but the number increased from
3 to 5 in 1988. Four of the 8 species in the first sam-
ple in 1969, and 8 of the 7 species in the first sam-
ple in 1982, numbered only 1 or 2 specimens, as did
one of the species in the second sample of 1983.
Numbers of individuals were about the same in the
1969 pair of eollections (over 50) and the 1983 pair
(74 and 86), but decreased (54 to 17) in the second
collection of the 1982 pair. Rapid recolonization of
the tidepools clearly takes place. Differences in thor-
oughness of collecting, plus apparent random varia-
tion in the 7 least commonly taken species, can
explain the few differences between the paired
collections.

Thomson and Lehner (1976) sampled a large tide-
pool in the Gulf of California 11 times over the period
1966-73. The period of time between sampling
ranged from 13 to 78 wk. Number of species ranged
from 16 to 26, total 50; number of individuals 435-
2,627, total 11,701. No decrease in number of species
or individuals over time is apparent from their data
(Thomson and Lehner 1970:table 1).

Grossman (1982) sampled a series of rocky tide-
pools with quinaldine at Dillon Beach in northern
California 15 times from January 1979 to May 1981.
The period of time between sampling ranged from
4 to 21 wk. Number of species per sample varied
from 9 to 18 (excluding the first sample, 12-18), total
29 species; number of individuals was 71-517 per
sample [not 520 as in Grossman’s (1982) table 3],
total 2,853 individuals. The structure of this rocky
intertidal fish taxocene was persistent over 29 mo
through 15 defaunations (Grossman 1982:table 3).

Beckley (1985) sampled three South African pools
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TABLE 1.—Abundance and size range (mm SL) of 13 species of fishes collected in two tidepools at Nahant. MA, from 1967 to 1985.

Species 1 2 3 4 5 6 7 8 9 10 1
Pholis gunnellus 11 2 21 20 36 67 33 6 8 8 13
(94-155) (42-162) (40-145) (34-167) (44-160) (42-148) (46-138) (41-103) (49-127) (54-141)
Tautogolabrus adspersus 18 2 18 32 28 48 160 42 6 68
(77-96) (10-17)  (18-30) (11-20) (9-28) (10-27) (12-28) (11-26) (10-32)
Myoxocephalus aenaeus 3 4 1 2 7 20 14 2
(70-105) (61-81) (78) (34-75) (52-67) (53-102) (36-92) (69-91)
Gasterosteus aculeatus 3 5 10 2 42 15 2 3 1
(34-52)  (47-59) (21-59) (54-62) (12-34) (14-60) (28-59) (49-57) (27)
Ulvaria subbifurcata 2 1 1 2 1
(48) (31-71) (20)
Liparis atlanticus 2 1 3 2
(23-28)
Fundulus heteroclitus 1 6 *‘abdt.” 4 7 6
(20-78)  (52-65) (22-72) (13-61) (38-85)
Anguilla rostrata 2 1
(60-80) (89)
Cyclopterus lumpus 1 3
(19) (14-25)
Microgadus tomcod 3
Pungitius pungitius 2
(46-47)
Menidia menidia
Syngnathus fuscus 1
(111)
No. spp. 5 7 8 6 5 7 7 5 3 4 3
No. spec. 36 25 54 51+ 59 128 143 184 52 23 82
No. collectors 5 15 8 7 12 8 9 4 8 6 10
Field no. 1231 1250 1359 1367 1531 1534 1543 1563 1567 1648 1652
Date 8/16 8/29 817 8/21 8/6 8/17 8/22 817 8/15 8/14 8/19

Year 1967 1968 1969 1969 1970 1971 1972 1973 1974 1975 1976
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TABLE 1.—Continued.

No. of
Species 12 13 14 15 16 17 18 19 20 21 22 samples
Pholis gunnellus 12 50 183 57 2 25 10 52 32 13 232 22
(49-151) (88-168) (39-170) (44-155) (98-100) (46-144) (100-155) (30-150) (49-146) (38-140) (35-153)
Tautogolabrus adspersus 177 56 5 19 1,842 16 4 12 46 315 20
(9-65) (11-29) (26-42) (9-24) (9-28) (9-23) (11-13) (9-10) (9-18) (10-31)
Myoxocephalus aenaeus 16 127 20 5 1 10 3 1 23 17
(29-81) (26-72) (17-73) (54-72) (92) (46-71) (66-75) (41) (50-78)
Gasterosteus aculeatus 1 13 44 6 3 1 15
(59) (16-24) (17-58) (23-28) (25-26) (56)
Ulvaria subbifurcata 2 2 12 1 2 1 7 12
(35-59) (21-79) (20-87) (84) (27-32) (80) (20-96)
Liparis atlanticus 1 1 1 4 4 11 10
(32) (36) (38) (22-27) (25-28) 17-53)
Fundulus heteroclitus 2 2 8
(14-72) (48-74)
Anguilla rostrata 1 1 4
(145) (294)
Cycloptarus lumpus 9 3
(10-14)
Microgadus tomcod 1 2
(88)
Pungitius pungitius 1
Menidia menidia 1 1
(78)
Syngnathus fuscus 1
No. spp. 4 6 8 5 3 7 5 3 5 4 6 13 spp.
No. spec. 192 127 343 132 1,850 54 17 74 86 343 283 4,345 spec.
No. collectors 7 6 4 9 7 7 1 10 3 2 7
Field no. 1657 1663 1752 1760 1769 1774 1775 1777 1780 1801 1802-3
Date 8/20 8/15 8/16 8/9 815 817 8/31 719 7127 9/4 716
Year 1977 1978 1979 1980 1981 1982 1982 1983 1983 1984 1985




with rotenone over a 2-yr period at intervals of 1 mo,
3 mo, and 6 mo. She found rapid recolonization but
with lower densities of recolonizers in winter than
in summer. During 26 monthly samples, only one of
the original species did not recolonize the pool, while
18 additional species were found. In Pool 2, which
was sampled in 3-mo intervals, 14 species were taken
in the initial sample, 7-12 in subsequent samples.
Three of the original 14 species failed to recolonize,
but 8 additional species were taken. During four
repeat visits to Pool 3, the number of species varied
between 9 and 14, all but 1 species recolonized the
pool, and 5 additional species were recorded.

My study and those of Thomson and Lehner
(1976), Grossman (1982), and Beckley (1985) indicate
great resilience of species of tidepool fishes in
tropical and temperate waters. Recolonization is
quite rapid, within a matter of weeks.
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PARASITES OF BENTHIC AMPHIPODS:
CILIATES

Benthic gammaridean amphipods were sampled dur-
ing a 2Y2-yr period as a part of the Northeast Moni-
toring Program (NEMP) of the Northeast Fisheries
Center, National Marine Fisheries Service. The am-
phipod survey was designed to determine the kinds
of parasites and pathological conditions occurring
in amphipod populations that live in and on the
sediments of the continental shelf from Maine to
North Carolina. Microsporidans of the sampled am-
phipods have been discussed by Johnson (1985), and
this paper presents and discusses data on host
distribution, prevalence, effects on the host, and
probable relationships, of ciliates parasitizing am-
phipods from the same samples.

Materials and Methods

Benthic amphipods were collected from 35 sta-
tions, mainly on the Georges Bank and Mid-Atlantic
Bight (Fig. 1). Amphipods were sampled during 11
cruises, July 1980-November 1982 (Table 1). Each
station was sampled from 1 to 10 times during the
survey. The 11 stations indicated by solid circles on
Figure 1 had the most consistent and numerous
populations of amphipods, were sampled at least five
times each, and yielded the majority of data
presented here. A Smith-McIntyre grab and occa-
gionally an epibenthic sled or scallop dredge were
used to obtain the samples. Up to 30 individuals of
each species present in a sample, and sometimes
more depending on numbers present, were prepared
for histological study. Details of collecting pro-
cedures and preparation of the amphipods for study
are given by Johnson (1985).

Results

Host and geographic distribution of ciliate infec-
tion is given in Table 1. Ciliate-infected amphipods
were taken in samples from at least one station on
every cruise. There was no indication that prevalence
was influenced by the season of the year or location
of the positive stations. The majority of infected
specimens were Ampelisca agassizi (Judd), but
prevalence of ciliate infection was lower in A. agassizi
than in the other species found infected (Pontogeneic
inermis Krgyer, Phoxocephalus holbolli Krgyer, Har-
pinia propingua Sars, and unidentified haustoriids)
(Table 2). In three instances, at station 83, cruise G;
station 48, cruise I, and station 57, cruise E, in-
dividuals of H. propingua or P, holbolli were infected
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FIGURE 1.—Number designations and positions of Northeast Monitoring Program (NEMP) benthic stations where gammaridean am-
phipods were sampled during the survey.

but A. agassizi collected at the same times were not.

Except for A. agassizi, all the species with ciliate
infections were rare (Table 2). The most numerous
species collected, after A. agassizi, were Leptochei-
rus pinguis Stimpson, which made up 11% of the
total collected (2,655/24,244), and Unciola species
(probably all U. i»rorata Say and U. snermis Shoe-

maker), which made up 10% of the total (2,356/
24,244). Despite their abundance, these species were
never found infected with ciliates. Considering all
amphipods sectioned and examined, overall
prevalence of ciliate infection was 0.6% (41/7,363).

Light infections consisted mainly of large ciliates.
Heavier infections had medium to small ciliates, but
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TABLE 1.—Stations with ciliate-infected amphipods, by cruise and
host species.

Cruise!
Station A B ¢C D E F G H I J K
20 P2 —3 — — — - —_
23 AAZ AA AA — AA — -

25 —
33 — AA AA
35 — AA —
37

38 —
48

49 - -
50 AA

— - AA

1223

HP
- AA

PH2
AA AA HP2 — —
AA
AA

51 AA —
57 — AA PH AA AA
62 HAU2 — =

78 — HAU

Dates of cruises: A, July 1980; B, Sept. 1980; C, Dec. 1980; D, Apr. 1981;
E, July 1981; F, Aug. 1981; G, Nov. 1981; H, Jan. 1982; |, Mar. 1982: J, Aug.
1982; K, Nov. 1982.

2Infected amphipods present at the station: Pl = Pontogeneia inermis, AA

- — AA

= Je 9 i; PH = Ph T ibolli, HP = Harpinia propin-
qua; HAU = unidentified haustoriids.
3— = station sampled, no ciliate infections found.

sometimes large forms were also present. The
largest ciliates were in the gill of a specimen of Pon-
togeneia inermis (Fig. 2). Measured in paraffin sec-
tions, they were about 17 um x 80 um. Large forms
in other infected amphipods were 16-20 um x 40-50

FIGURE 2—Pontogeneia inermis: large and
small ciliates in the gill. L, large form; S, small
form. Bar = 10 um.
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um. The majority of small- and medium-sized ciliates
were 17-30 um in the greater dimension; none were
less than 14 um (Fig. 3). Ciliates were elongate-
spindle-shaped, with pointed or sharply rounded
ends in P. inermis, and oval to subspherical in the
other amphipods. The macronucleus of the large
ciliates in P, inermis was sometimes ribbonlike (Fig.
2), and macronuclei of the smaller ciliates in P. in-
ermis and those from the other amphipod species
were elongate cylinders or elongate ovals in section
(Fig. 3).

None of the infections showed recent evidence of
host reaction against the ciliates. The melanized
nodules and small hemocytic encapsulations occa-
sionally seen in infected amphipods did not contain
recognizable ciliates, and may have been due to other
causes.

Few pathological effects were visible in ciliate-
infected tissues. Two infected subadult males of A.
agassizi had karyorrhexis and probable lysis in the
transverse abdominal muscles, and one heavily in-
fected female of A. agassizi, which had a few early
embryos in the brood pouch, also had retained
necrotic, mature ova in the ovaries. All infected am-
phipods had material in the gut, indicating that
feeding was continuing. Hemocytes were present in




light to medium infections, but essentially missing
in heavy infections. None of the ciliates were posi-
tioned in such a way that they appeared to have been
phagocytizing hemocytes or other cells at the time
of fixation. The granular inclusions commonly pres-
ent in the cytoplasm of the ciliates bore no resem-
blance to food vacuoles or phagocytized material.

Discussion

Two groups of ciliates contain species that para-
sitize crustaceans. Paranophrys, in crabs, lobsters,
and possibly isopods, and Parauronema, in penaeid
shrimp, belong in the class Oligohymenophora, order

FIGURE 3.—Ampelisca agassizi: medium-sized
ciliates. The small, pale micrenucleus is visible
close to the macronucleus in one of the ciliates
(arrow). Bar = 10um.

Seuticociliatida (Corliss 1979). They are apparently
opportunistic parasites (Bang 1970; Sindermann
1977; Couch 1978; Armstrong et al. 1981; Hibbits
and Sparks 1983). The remaining parasites are
members of the class Kinetofragminophora, order
Apostomatida (Corliss 1979). Typical apostomes are
obligate commensals of aquatic crustaceans and have
a life cycle geared to their hosts’ molting cycles
(Bradbury 1966, 1978), but some apostomes have
become internal parasites of various invertebrates,
including polychaetes, cephalopods, ophiurans,
coelenterates, ctenophores, and isopod, amphipod,
and decapod crustaceans (Corliss 1979).

Because specialized fixation and staining of whole

TABLE 2.—Species of amphipods infected by ciliates: proportion of the amphipod
population and prevalence of ciliate infection.

Percent prevalence
at positive stations

Species of amphipod

Proportion of the total
amphipods collected

Ampelisca agassizi

3.8% (31/812)

54.3% (13,165/24,244)

Harpinia propinqua 18.2% (2/11) 0.6% (146/24,244)
Haustoriidae spp. 5.4% (3/56) 0.9% (225/24,244)
Phoxocephalus holbolli 9.5% (2/21) 0.5% (125/24,244)
Pontogeneia inermis 10.3% (3/29) 0.7% (164/24,244)
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ciliates is necessary for firm identification (Corliss
1979), the amphipod ciliates can be only provision-
ally assigned to a ciliate group, as is true in other
studies based on fixed and embedded material
(Sparks et al. 1982; Hibbits and Sparks 1983). On
the basis of similarities in hosts and morphology, the
amphipod ciliates discussed here are like the apos-
tome genus Collinia, whose members parasitize am-
phipods (Summers and Kidder 1936; de Puytorac
and Grain 1975). Like Collinia, size of individual
ciliates from the benthic amphipods varied greatly
and there was no indication that the ciliates were
phagocytic. Paranophrys and Parauronema, on the
other hand, belong to a group that ingests particu-
late material. Paranophrys is known to ingest
hemocytes and other cells of its hosts, and does not
exhibit major size differences (Bang 1970; Sparks
et al. 1982; Hibbits and Sparks 1983). Provisionally,
the ciliates of benthic amphipods are being con-
sidered apostomes.

‘Whether more than one species of ciliate was in-
volved in the infections is uncertain, but probably
the ciliate of Pontogeneia inermis represented a
species apart from the others. Its very large forms
with the ribbonlike macronucleus were not dupli-
cated in other infections.

Although more A. agassizi were found infected
with ciliates than any other species of amphipod, this
was apparently because it was the most abundant
and widespread of the susceptible species sampled.
A. agassizi had the lowest overall prevalence of ciliate
infection and sometimes was not parasitized when
other species in the same samples were parasitized.
There are at least two possible explanations for the
odd host distribution of the amphipod ciliates. First,
the ciliates might be highly host specific, each am-
phipod species having its own species of ciliate. Sec-
ond, the ciliates might be either primary parasites
of some other member(s) of the benthic community,
or incompletely adapted to a parasitic existence, and
thus only occasionally parasitizing the least resis-
tant species of the sampled amphipods. Uneciola
species and Leptocheirus pinguis were often the
most abundant amphipods at certain stations, but
ciliates were never found in individuals of these
species, suggesting that they are resistant to ciliate
attack. Conversely, the relatively high prevalence of
ciliates in the rare species of amphipods could in-
dicate less resistance than is exhibited by most of
the species of amphipods sampled.

Presumably, infected amphipods would eventually
die of their ciliate infections because of the massive
loss of hemocytes. The infrequency of ciliate infec-
tion, except in certain rare species, indicates that
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these parasites are not important in regulating the
general amphipod populations they infect.
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FECUNDITY OF THE PACIFIC HAKE,
MERLUCCIUS PRODUCTUS,
SPAWNING IN CANADIAN WATERS

Previous studies on the fecundity of Pacific hake,
Merluccius productus, have been concentrated on the
coastal stock in Baja California (MacGregor 1966,
1971; Ermakov et al. 1974), although large-scale
spawning events have been recorded as far north as
lat. 38°N, near San Francisco, CA (Stepanenko
1980). The present work was undertaken in conjunc-
tion with ichthyoplankton surveys, aimed at esti-
mating the released egg production and spawning
biomass of the Pacific hake stock resident in the
Strait of Georgia, a semi-closed marine basin in
British Columbia (Thomson 1981). The spawning
season extends from February through June, peaks
in early April, and is 90% complete by mid-May
(Mason et al. 1984).

In comparison with the coastal stock of some 1-2
million metric tons (t) (Bailey et al. 1982), this in-
shore stock, of about 140,000 t, is subject to modest
annual exploitation (1-500 t) and resides in a semi-
estuarine environment on the known northernmost
edge of the reproductive range. The coastal stock
undertakes a northward feeding migration after the
spring spawning and reaches the southwest coast of
Vancouver Island by late summer (Bailey et al. 1982).
There is no evidence of intermingling between these
two stocks, based on their distributional patterns.
The inshore stocks in the Strait of Georgia and Puget
Sound may undergo some exchange, possibly due to
surface transport of larvae produced in the central
Strait of Georgia (Mason et al. 1984). The Puget
Sound and coastal stocks have been identified as
genetically distinct by Utter and Hodgins (1971),
but the two inshore stocks in Puget Sound and
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the Strait of Georgia have not been similarly com-
pared.

Histological analysis has indicated that only one
mode of oocytes developes in Georgia Strait hake.
However, like the Baja, California form and hake
species elsewhere, some Strait of Georgia hake show
evidence of ovarian resorption following spawning
(Foucher and Beamish 1980). The quantitative sig-
nificance of resorption relative to individual and
stock fecundities, or to their potential physiological
and environmental correlates have not yet been ex-
amined. This report considers the “apparent fecun-
dity” as an annual expression of reproductive poten-
tial applicable to the stock in the Strait of Georgia,
determines that fecundity, and concludes that
ovarian resorption is of minor consequence in the
stock.

Materials and Methods

The ovaries of 97 Pacific hake females 39-82 ¢cm
FL were collected during late February and early
March of 1980 and 1981, 71 of which were collected
in 1981 (McFarlane et al. 1983). Unspawned females
were selected in maturity stages R* and R (Foucher
and Beamish 1977) when the ovary is yellow and
opaque, has prominent blood vessels, and fills one-
third to one-half of the coelomic cavity. No ovaries
contained translucent oocytes which signify immi-
nent spawning. Fresh ovaries were preserved in 10%
formaldehyde solution. In the laboratory, the pre-
served ovaries were transferred to modified (Simp-
son 1951) Gilson’s fluid for several months to allow
breakdown of connective tissue.

Ovaries were then washed thoroughly in cold water
over a series of stainless steel sereens of 40 um and
larger aperture, and gently broken up by hand when
necessary to separate the hardened eggs from the
ovarian tissue. The mesh size of the finest screen was
determined by the difficulty encountered in separ-
ating oocytes <40 um diameter from ovarian tissue.
The cleaned eggs were then stored in 5% formal-
dehyde solution in preparation for analysis.

Eggs from a single ovary were transferred to a
20 L glass reservoir filled to either 10 or 15 L. While
the reservoir was being stirred vigorously with a
wooden paddle in a rotating figure-eight pattern, a
second worker extracted 50 1-2 mL volumetric sub-
samples using Stempel pipettes and transferred
them to petri dishes. Under the dissecting micro-
scope at 50x magnification, all eggs in five subsam-
ples were sized and counted in 20 ym intervals of
oocyte diameter. These results were then combined
to construct oocyte size-frequency histograms and
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to allot proportions of the combined egg count to
the various size intervals. All eggs were counted in
the remaining 45 subsamples to provide with the
previous 5 subsamples, 50 counts of eggs per unit
volume. The total number of eggs in the ovary was
calculated from the product of mean subsample
count per milliliter and the reservoir volume prior
to subsampling. The number of eggs in various size
categories was obtained by applying the appropri-
ate proportional value to the estimated total number
of eggs in the ovary. Subsample egg counts averaged
between 50 and 150 eggs, with the majority falling
within 75 and 100. Size-frequency histograms were
hased on 250-750 sized eggs with the majority bas-
ed on 375-500 sized eggs. Initial procedural evalua-
tion indicated that 200 sized eggs was sufficient to
obtain a replicable size-frequency distribution.

Eighteen ovaries from postspawned females
were collected on 3 July 1981 and were similarly
processed.

Prespawning females collected in 1981 were ag-
ed by the otolith break and burn method (Chilton and
Beamish 1982).

Results and Discussion

Frequency Distributions of
Oocyte Diameter for Prespawners

Most of the 97 ovaries of prespawners examined
contained a pronounced bimodal distribution of
oocyte diameters with peaks at about 100 um and
between 500 and 600 um (Figs. 1-3). Oocytes <150
um in diameter contained no yolk materials and are
taken to constitute a reserve fund for subsequent
years (Foucher and Beamish 1980). Oocytes >150 yum
diameter were undergoing vitellogenesis, and a few
ovaries contained nonhydrated oocytes reaching
700-750 um diameter. Hydrated eggs were not seen
in these ovaries collected in early March and hydra-
tion probably does not ocecur in oocytes <700 um,
although hydrated oocytes from 350 to 950 um
diameter were found by Foucher and Beamish
(1980). This apparent discrepancy may reflect their
underestimation of cocyte diameters in histological
preparations of translucent oocytes due to the plane
of sectioning.

The unimodal distribution of yolked oocytes, also
reported for M. m. hubbsi in the Argentine Sea
(Christiansen and Cousseau 1971) does not comple-
ment the findings of MacGregor (1966, 1971). He
found that ovaries of prespawning coastal hake taken
off Baja California contained distinct groups of
“small” and “large” yolked oocytes, of which only the
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latter were destined for release. Furthermore, Er-
makov et al. (1974) reported 21% of the 93 female
Pacific hake taken off Baja California in 1972 had
unimodal, 55% bimodal, 18% trimodal, and 6%
quadrimodal oocyte distributions. Similarly, their
subsequent sample of 45 ovaries collected in the
Oregon-Washington region in late November contain-
ed 22% unimodal, 65% bimodal, and 6% trimodal
distributions, with major peaks at 200 and 600 um
diameter. Nearly half of the ovaries collected and ex-
amined by Ermakov et al. (1974) did not contain a
bimodal distribution of yolked oocytes, although
these authors concluded that asynchronous develop-
ment of yolked oocytes indicated the probability of
multiple spawnings, most likely two batches within
the spawning season.

Estimates of Total Fecundity

Standard errors of mean egg counts for total
fecundity estimates of total fecundity (oocytes =40
pum diameter) ranged between 0.4 and 4.4% of the
means and were <8% in nearly 70% of the 97 ovaries
processed. The variability of the enumeration tech-
nique compares favorably with that reported by
Mason et al. (1983) in an analysis of the fecundity
of the sablefish, Anoplopoma fimbria, and with that
reported by Pitt (1963) on the fecundity of the
American plaice, Hippoglossoides platessoides, using
Wiborg's whorling vessel (Wiborg 1951).

The estimates of total fecundity (oocytes 240 ym
diameter) increased with fork length according to
the equation F' = 0.3081FL376%5 [where FL = fork
length in centimeters]. The correlation coefficient
(7) for the regression was 0.93. An insignificant F’
ratio from analysis of variance of slope and inter-
cept values allowed pooling of the 1980 and 1981
data.

The smallest and largest Pacific hake females in
the sample (39 and 82 em FL) contained estimated
total oocyte complements of 202,100 and 3,009,900
oocytes 240 um, respectively. All 97 fecundity esti-
mates fell within the range of 165,700 and 3,108,000
oocytes 240 um.

Estimates of Fecundity Within
Size Classes of Oocytes

The estimated number of oocytes with 20 pum in-
tervals of diameter were summed within five inter-
vals and regressed against fork length to examine
the correlation coefficients (Table 1). Coefficients
declined progressively with increased oocyte
diameter, reflecting increasing variability among
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TABLE 1.—Regression equations for oocytes of several size classes,
and some combinations of same, found in prespawned ovaries of
Pacific hake from the Strait of Georgia, B.C.

Oocyte Regression Correlation

diameter Oocyte equation coefficient
(xm) description (F = aFL?) 0
40-780  all oocytes F = 0.3081FL37605 0.93
40-180 unyolked reserve F = 0.0692FL>97% 0.88
200-380 small, yolked F = 0.0446FL3-70%7 0.86
400-580 medium, yolked F = 0.2078FL34174 0.71
600-780 large, yolked F = 0.0008FL*&370 0.65
400-780 medium plus
large yolked F = 0.1872FL35640 0.75
200-780  all yolked F = 0.5501FL33%% 0.81

females in the number of maturing oocytes as their
maturity stage advanced towards hydration. This
may be both a reflection of the range in stage of
maturity among individual females at a common
time of collection, and variation among females in
the proportion of yolked oocytes destined for hydra-
tion and release.

Apparent fecundity taken as the number of yolked
oocytes 2200 um was best expressed by the equa-
tion F, = 0.5501FL338%_ The averaged female hake
in the Strait of Georgia stock (43.3 em FL) contain-
ed an estimated 193,868 yolked oocytes =200 um and
had a relative apparent fecundity of 382.3 eggs/g.
In comparison, an uncommonly large female (80 cm
FL) could contain more than 1.5 million yolked
oocytes for a specific fecundity of 477 oocytes/g
(Table 2).

Pacific hake in the Strait of Georgia grow rapidly
to age 4, showing almost linear growth in length
(McFarlane et al. 1983). Thereafter, growth de-
creases rapidly and is accompanied by considerable
individual variation in annual growth. The largest
female in the sample (82 cm FL) was age 18 whereas
another female age 15 was only 49 cm FL. Not
surprisingly, age was weakly related to apparent
fecundity and wide individual differences in ap-

TaBLE 2—Total and relative (oocytes/g body weight) fecundity
estimates at fork length for unyolked (40-180 um diameter) and
yolked (200-780 um diameter) oocytes found in prespawned
ovaries of Pacific hake from the Strait of Georgia, B.C.

|::::(h Unyolked oocytes __Yolked oocytes %ygflked
(cm) Total  Relative  Total  Relative unyolked

40 162,502 406
45 269,580 455
50 394,666 507
55 576,544 551
60 814,806 598
65 1,120,308 645
70 1,504,260 693
75 1,979,132 739
80 2,558,196 786

148,178 370 91.1
220,887 388 85.3
315,679 403 79.5
436,089 417 75.7
585,684 430 7.9
768,233 443 68.7
987,611 455 65.7
1,247,812 466 63.1
1,552,943 477 60.7
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parent fecundity are evident within age classes
(Fig. 4).

Frequency Distributions of
Oocyte Diameter in Postspawners

Gonads of 276 adult Pacific hake, trawl-caught on
3 July 1981, were staged superficially for maturity
after Foucher and Beamish 1977. All gonads were
in postreproductive state. The ovaries of 18 of 111
females retained for microscopic analysis were dis-
tributed within the various maturity states with
these results: spent (1), recovering (7), and resting
(10). Yolked oocytes (200-500 um) were found in 7
ovaries: spent (1), recovering (4), and resting (2).
Number of oocytes >200 um, expressed as a percent-
age of the oocytes <200 um (40-180 pm) was <3%
in 6 of these fish, and 11% in the seventh, compared
with 85-90% in prespawned ovaries collected in
March (Table 2).

These results support previous conclusions that
not all yolked oocytes larger than 200 um diameter
are released, as suggested by Foucher and Beamish
(1980) and MacGregor (1966). They also suggest that
resorbtion in postspawned females probably does not
exceed about 5% of the yolked oocytes destined for
release.

The female Pacific hake in the Strait of Georgia
appears to use progressively less of the reserve fund
of unyolked oocytes present during gonadal matura-
tion in subsequent spawnings (Table 2), although
relative and apparent fecundity increases with in-
creased fork length. This can be illustrated by com-
paring females <55 cm FL: (Figs. 1, 2) with larger
females (Fig. 3). The number of reserve fund oocytes
in the size fraction 40-180 um increases at a faster
rate, almost doubling the relative fecundity for
reserve fund oocytes in this size fraction by 80 cm
FL than does production of larger oocytes. The
reserve fund may have several origins, and cyto-
logical evidence was presented by Foucher and
Beamish (1980) that the fund may be supplemented
by cells of follicular origin in the postspawned ovary.
Such a mechanism to increase potential fecundity
would appear to be rather redundant if significant
resorbtion of yolked oocytes commonly occurs.

Stock Differences in Fecundity and
Estimates of Spawning Stock

Methodological differences or lack of disclosure,
and lack of substantiated assessment of stock-
specific resorption following spawning, render it im-
possible to draw very useful comparisons of fecun-
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dity between coastal and inshore stocks of Pacific
hake at this time. Ermakov et al. (1974) excluded
oocytes <100 um diameter, thus excluding a large
fraction of unyolked oocytes constituting the reserve
fund. Their estimates of total fecundity (compar-
able fork length) are one-half to one-third of those
reported here for hake in the Strait of Georgia
(>40 mm) and are also lower than the present
estimates for apparent fecundity (oocytes 2200 um
diameter).

MacGregor (1966, 1971) counted advanced, yolked
oocytes (>600 um) only, premised on his assumption
that only these cells were destined for release. On
the basis of relative fecundity (eggs per gram), for
yolked oocytes >580 um diameter of comparable size
to MacGregor's “large, yolked” or “advanced”
oocytes, the female Pacific hake in the Strait of
Georgia are considerably less fecund (54-164 eggs/g)
over the fork length range of 40-80 ¢cm than are Baja
California hake which averaged 216 eggs/g (MacGre-
gor 1971). However, the lack of distributional bi-
modality in the Canadian ovaries renders such a com-
parison unrealistic, for a common size threshold for
resorption, even if appropriate, cannot be applied
conveniently to individual ovaries.

We can state with reasonable certainty that re-
sorption of yolked oocytes is a common occurrence
in hoth coastal and inshore stocks of Pacific hake,
as has been found in other forms of Merluccius
(Hickling 1930; Christiansen 1971). The influence of
ovarian resorption on annual fecundity of stock and
on the magnitude of released egg production from
individual females remains unknown. It follows that
the application of existing fecundity information to
problems of assessing magnitude of Pacific hake
spawning stock from released egg production, as
determined through ichthyoplankton surveys, should
reflect these reservations.

For the Pacific hake stock in the Strait of Georgia,
British Columbia, resorption may not involve more
than 5-10% of the apparent fecundity. Hence, spawn-
ing biomass estimates based on released egg pro-
duction and the apparent fecundity could be
rendered conservative by the observed extent of
resorption in this stock.
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STRANDED ANIMALS AS INDICATORS OF
PREY UTILIZATION BY HARBOR SEALS,
PHOCA VITULINA CONCOLOR, IN
SOUTHERN NEW ENGLAND

Since Federal protection began in 1972, the New
England population of harbor seals, Phoca vitulina
concolor, has more than doubled (Gilbert and Stein
1981%; Payne and Schneider 1984), increasing at a
site in southeastern Massachusetts at an average
rate of 11.9% per year (Payne and Schneider 1984).
One of the primary management concerns regarding
the New England seal population is the increasing
potential for conflict between commercial fisheries
and harbor seals (Prescott et al. 19803).

Seals have been shown to be significant consumers

1Gilbert, J. R., and J. L. Stein. 1981. Harbor seal populations
and marine mammal fisheries interactions. National Marine Fish-
eries Service, NOAA, Northeast Fisheries Center, Contract No.
NA-80-FA-C-00029, Woods Hole, MA 02345, 55 p.

2Prescott, J. H., 8. D. Kraus, and J. R. Gilbert. 1980. East
Coast/Gulf Coast Cetacean and Pinniped Workshop. Marine Mam-
mal Commission (MMQ), Final Report, Contract 79/02. (Availahle
National Technical Information Service, Springfield, VA 22151 as
PB80-160104, 142 p.)
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of marine production (Brodie and Pasche 1982) and
have been implicated as competitors for commer-
cially valuable fish stocks, impacting fisheries
through direct predation, gear damage, and en-
tanglement (Boulva and McLaren 1979; Everitt and
Beach 1982; Brown and Mate 1983). Despite the
significant increase in harbor seal abundance, only
anecdotal information exists on the diet of harbor
seals along the eastern United States. To assess the
impact of this common predator on fish and squid,
information is required on the food species exploited.

In the past, seals were killed to facilitate quanti-
tative analysis of their stomach contents (Imler and
Sarber 1947; Spalding 1964; Boulva and McLaren
1979; Pitcher 1980a), although this procedure is im-
practical in New England. Two alternatives to this
method are the analysis of the stomachs of strand-
ed animals, and the examination of seal feces col-
lected on accessible haul-out sites (Pitcher 1980b;
Treacy and Crawford 1981; Brown and Mate 1983).

The first alternative for determining the food
habits of the southern New England seal population
was provided by the more than 500 harbor seals that
have been found stranded south of Maine since 1977.
The stranded seals were collected by the New
England Aquarium (NEA), Boston, MA. The major-
ity (59%) of the seals were collected between January
and March (Table 1) along the perimeter of Cape Cod
Bay, MA, primarily on the eastern side. This corre-
sponds to the time when the peak number of seals
oceur south of Maine (Schneider and Payne 1983).
Most of the stranded seals (65%) came from one
year, 1980 (Table 1), when over 445 seals died of
acute pneumonia associated with influenza virus
(Geraci et al. 1982).

Upon necropsy at the NEA, most of the stomachs
and intestinal tracts of the stranded seals were found
to be empty. Only 63 stomachs contained food mat-
ter, and the contents from those were frozen for later

TaBLE 1.—Monthly distribution of stranded P v. concolor contain-
ing prey items examined 1977-83.

Month 1977 1978 1979 1980 1981 1982 1983 Total
Jan. 1 15 1 17
Feb. 7 2 1 10
Mar. 10 10
Apr. 1 1
May 1 1 1 2 1 6
June 1 2 1 4
July 1 1
Aug. 2 1 1 4
Sept. 3 2 5
Oct. 1 1
Nov. 1 1
Dec. 2 1 3

n
W

Totals 1 1 3 41 3 9 5
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examination. In the fall of 1983, we pilot-tested the
analysis of stomach contents from stranded seals
using those 63 stomach samples as an indicator of
prey utilization. The objectives of this study were 1)
to identify prey items selected by seals in southern
New England and 2) to determine whether stomach
contents from stranded animals can provide accurate
information on the utilization of most kinds of prey.

Methods

The stomachs were thawed and the contents wash-
ed with water through a series of nested sieves (1.80,
1.00, and 0.50 mm?). Identifiable materials were
rough-sorted into fish and fish components, inverte-
brates and invertebrate components. Intact speci-
mens and cephalopod beaks were preserved in a 70%
ethanol-30% glycerin solution. Persistent prey hard
parts (primarily otoliths) were removed and stored
dry in glass vials.

Otoliths from the stomach samples were identified
against a reference collection at the National Marine
Fisheries Service, Northeast Fisheries Center
(NMFS/NEFC), Woods Hole, MA. Cephalopod beaks
were identified against a reference key (Clarke 1962).

To estimate the size of fish taken by harbor seals,
otoliths removed from the stomach samples were
measured under a dissecting microscope using ver-
nier calipers. Regression equations relating otolith
length to fish length (Frost and Lowry 1980; Brown
and Mate 1983) were calculated using measurements
obtained from the reference collection of fishes col-
lected in the Gulf of Maine, located at the NMFS/
NEFC. Fork lengths were estimated for four prey
species.

Results

Fifty-three stomachs (84%) held identifiable food
items (Table 2). Cephalopod beaks were recovered
from 35 stomachs, representing at least 168 in-
dividuals and 2 species. Thirty-three stomachs con-
tained beaks from the short-finned squid, Illex il-
lecebrossus, with a range of 1-22 beaks per stomach.
Beaks of the long-finned squid, Loligo pealei, were
found in two stomachs, ranging from 4 to 5 beaks
per stomach, and accounted for only 5% of the squid
recovered. The two species were not found together
in any of the stomachs. Twenty-nine stomachs con-
tained squid remains and no other type of prey. Six
stomachs contained both squid and fish remains.

Seventeen stomachs contained some fish remains,
including intact specimens, copious semidigested
flesh, and 121 free otoliths. In total, seven species
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and five families were represented. Fourteen
stomachs held otoliths from only one species of fish,
while seven stomachs contained otoliths from more
than one fish species.

Four species of Gadidae comprised the majority
of all fish species found in the stomachs of the
stranded seals. A total of 86 otoliths in six stomachs
were recovered. Haddock, Melanogrammus aegle-
Jfinus, was the most frequently found gadid (45
otoliths in four stomachs) with a maximum of 24
otoliths recovered from a single stomach. Silver hake,
Merluccius bilinearis, remains were found only
slightly less frequently (34 otoliths from three
stomachs). Pollock, Pollachius virens, otoliths were
found in one stomach (five otoliths), and two red
hake, Urophycis chuss, otoliths of equal length were
recovered from one stomach, presumably from a
single fish.

Fifteen free otoliths and three intact specimens
of American sand lance, Ammodytes americanus,
were recovered from two stomachs, and three
stomachs contained otoliths from members of the
flatfish family Pleuronectidae.

Two stomachs contained shells: the Atlantic
mussel, Mytilus edulis, and the common slipper shell,
Crepidula fornicata.

The estimated mean fork length for the four gadid
prey species ranged from 170 to 340 mm (Table 3).
Regressions were not available to estimate the
lengths of the sand lance found in the stomachs;
however, studies on sand lance in Cape Cod Bay
found a mean size of 93 mm SL (Richards 1982).

TABLE 2.—Analysis of stomach contents from stranded harbor
seals, P v. concolor, in Southern New England, 1977-83.

Stomach (N = 63)
_Frequency

Min. no.
Species N % animals

Cephalopoda:

lllex illecebrossus 33 584 159

Loligo pealei 2 3.7 9
Mytilidae:

Mytilus edulis 2 3.7 12
Calyptraeidae:

Crepidula fornicata 2 3.7 10
Clupeidae:

Clupea harengus 1 1.8 1
Gadidae:

Melanogrammus aeglefinus 4 5.6 23

Pollachius virens 1 1.8 3

Urophycis chuss 1 1.8 1
Merlucciidae:

Merluccius bilinearis 3 5.6 17
Ammodytidae:

Ammodytes americanus 2 3.7 1
Pleuronectidae:

Pseudopleuronectes americanus 3 5.6 10
Unidentified pisces 11 20.8




TaBLE 3.—Estimated sizes of four fish prey species of harbor seals in Southern New
England, based on regression equations relating otolith length (OL) to fish fork length (FL).

Estimated prey size

Regression Jm_m)_
Species equation # n Range Mean
Melanogrammus aeglefinus FL = 3.4(0OL) - 8.32 0.97 45 110310 230
Merluccius bilinearis FL = 22.4(0L) - 1.44 0.98 34 30-460 170
Pollachius virens FL = 4.9(0OL) - 22.58 095 5 160-310 280
Urophycis chuss FL = 25.0(0L) + 0.63 0.96 2 340
Discussion 1980b). Retention of squid beaks will tend to over-

Analyzing stomach contents from stranded ani-
mals to determine prey preference or selection does
yield a partial list of prey species exploited; however,
several apparent biases prohibit the realization of ac-
curate quantitative results. Therefore, the utility of
this method is questionable.

The limited number of stomachs containing food
was likely due to the weakened condition of seals
prior to stranding and their inability to obtain food.
The stomachs that did contain food all came from
stranded animals, and therefore may not reflect on
what a healthy seal was feeding. The stranded seals
were generally animals with debilitating conditions
like lungworm and heartworm, and may not have
been able to feed in usual feeding areas, or secure
usual prey, and thus were probably less selective
about prey items.

For example, the shells found in the two stomachs
may represent prey items desirable only to a disease-
weakened seal. The size and number of these shells
suggest that they were not ingested incidentally.
Comparing the stomach contents to a “condition
index”, such as length vs. girth or blubber thick-
ness, might indicate whether the stranded animals
are less selective about prey species than healthy
ones.

The abundance of squid beaks found in the
stomachs suggests that squid are an important part
of the diet of harbor seals along coastal New
England; however, our own finding of squid beaks
in 56% of 63 stomachs may be inflated. Boulva and
MecLaren (1979) found squid remains in 20.6% of 279
stomachs examined from eastern Canada, and Pit-
cher (1980b) similarly found cephalopod beaks in
21.1% of 351 harbar seals collected in the Gulf of
Alaska. Seals have been shown to retain, then re-
gurgitate, cephalopod beaks rather than pass them
through their digestive tract (Miller 19783, Pitcher

sMiller, L. K. 1978. Energetics of the northern fur seal in rela-
tion to climate and food resources of the Bering Sea. Marine Mam-
mal Commission, Final Report, Contract MM5AC025. (Available

represent the utilization of squid as a prey species
(Pitcher 1980a). The retention of beaks during a
period of fasting prior to death may also account for
the large percentage (41%) of stomachs containing
squid beaks and no other type of prey remains.

Large fish may be underrepresented if the heads
(ie, otoliths) are not eaten (Boulva and McLaren
1979; Brown and Mate 1988). Pitcher (1980b) sug-
gested that seals often fragment large fish while
eating them, usually discarding the head.

Finally, the relationship between the time when
prey was eaten and when the stomach was collected
may determine what types of prey remains will be
recovered (Frost and Lowry 1980; Pitcher 1980a;
Brown and Mate 19883). For example, the low num-
ber of sand lance otoliths found in the stomachs may
not accurately represent the importance of sand
lance as a prey species of harbor seals in southern
New England because otoliths of the size of the ones
recovered are very small and delicate and may not
remain for long in the seal stomachs once freed from
the skull (Smith and Gaskin 1974).

Thus, using only frequency of occurrence as a
measure of prey preference or selection may be mis-
leading by overemphasizing the importance of some
species. For example, based on number, cephalopods
were the major prey item; however fewer otoliths
representing fish of greater weight may show that
fish indeed are more improtant. The full importance
of fish or squid in the diet of seals can be accurately
described only if quantitative assessments such as
weight or volume of food items in the stomachs can
be determined (Rae 1978; Frost and Lowry 1980).

In summary, given a large sample of animals the
analysis of stomach contents from stranded seals
does provide information on the types of prey
selected. However, the analysis of stomach contents
from stranded seals greatly overemphasizes cephal-
opod remains while likely underrepresenting most

National Technical Information Service, Springfield, VA 22151 as
PB-275 296, 32 p.)
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species of fish prey due to an extended period of
fasting prior to stranding. We consider comparative
frequencies of selected prey to be too biased to be
useful in any ranking of prey items. Therefore, this
technique of analyzing prey utilization should be con-
sidered only if the examination of feces or the
stomach contents from seals that were healthy when
collected are not possible options.
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SCAVENGER FEEDING BY SUBADULT
STRIPED BASS, MORONE SAXATILIS,
BELOW A LOW-HEAD HYDROELECTRIC DAM!

A spawning run of striped bass, Morone saxatilis,
has not been found in the Connecticut River, but
subadults from other rivers were reported in the
lower 100 km of the river in the 1930’s (Merriman

1Contribution No. 84 of the Massachusetts Cooperative Fishery
Research Unit, which is supported by the U.S. Fish and Wildlife
Service, Massachusetts Division of Fisheries and Wildlife, Massa-
chusetts Division of Marine Fisheries, and the University of
Massachusetts.
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1941). Subadults enter the river in the spring and
summer, often in enough abundance to support a
sport fishery in Connecticut (Moss 1960). No striped
bass were passed upstream in the two Holyoke Dam
fish lifts located at river km 140 from the initial
operation in 1955 until 1979, when 103 were lifted.
Each year from 1980 to 1984, 110-510 striped bass
have used the fish lifts (O’Leary 1985). In 1982,
83.5% of the fish were age II; 16.5% were age III;
and none were sexually mature (Warner 1983).

Because the striped bass did not migrate into the
river to spawn, they probably entered to feed. The
food of striped bass has been extensively studied,
but there is no published report about the food of
young fish that gather below a hydroelectric dam.
We studied the food of the striped bass that were
lifted at Holyoke Dam in 1982.

Methods

The stomachs of fish were removed and frozen, and
the contents were examined in the laboratory with
a dissecting microscope. Stomach contents were
classified as small forage fish, body parts of large
fish (ie. fish larger than the striped bass could eat
whole), insects, plant material, and empty. Body
parts were the scales, bones, flesh, and ovaries of
adult alosids (i.e, American shad, Alosa sapidissima,
and blueback herring, A. aestivalis), and pieces of
adult sea lamprey, Petromyzon marinus. The body
parts originated from the following sources: fish that
were injured or killed while attempting to pass the
dam or to use the fish lifts, American shad that were
discarded below the dam by sport fishermen, or
turbine-induced injuries or mortalities of fish that
passed through the hydropower turbine at the dam
(Bell and Kynard 1985).

When possible, small forage fish were identified
to species and measured for total length. Insects
were identified to order. We compared the frequency
of occurrence of the four foods eaten by striped bass
that were lifted early (25 May-14 June), when average
daily passage of adult alosids in the lifts was about
28,000, with the foods eaten by striped bass that
were lifted late (after 21 June), when the average
daily lift of alosids was about 3,000.

Results and Discussion

We examined 78 stomachs of striped bass—65
(83%) contained food. Sixty-nine percent of the
stomachs with food contained the body parts of large
fish (Fig. 1a). Of the stomachs with the body parts
of large fish, 98% contained the scales of adult

alosids, with many containing over 20 scales; 16%
contained the body parts of adult sea lampreys.

Small forage fish were second in the frequency of
occurrence at 61%, and insects were third at 21%
(Fig. 1a). Elvers of the American eel, Anguilla
rostrata, (96 mm mean total length, range: 70-125
mm, N = 24) dominated the small forage fish
category, occurring in 58% of the stomachs that con-
tained forage fish. Elvers, migrating upstream from
the ocean, may be delayed and concentrated by
Holyoke Dam; perhaps striped bass follow the elvers
upriver—both species occur in the fish lifts at the
same time. Cyprinids were identified in six of the
stomachs with forage fish. All had a 2,4-4,2 tooth
formula and were probably spottail shiners, Notropis
hudsonius, a commonly observed minnow. Insects in
stomachs were mayfly nymphs, order Ephemerop-
tera, but only one or two mayflys were found in any
stomach.

There was a significant difference in the frequency
of the four food groups in fish collected early and
late (2 = 12.6, P < 0.01). Fish parts dominated the
stomach contents of early-lifted fish, whereas in late-
lifted fish 54% contained parts of large fish, but 77%
contained small forage fish (Fig. 1b). Fifteen per-
cent of the stomachs of early-lifted fish were empty,
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FIGURE 1—Percent occurrence of the four major foods in the
stomachs of striped bass passed by the Holyoke fish lifts a) in all
of 1982 and b) in fish sampled early (25 May-14 June, N = 39) and
late (after 21 June, N = 26) 1982.
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and 19% of the stomachs of late-lifted fish were
empty.

Food of the striped bass at Holyoke Dam was
dominated by the body parts of adult American shad,
blueback herring, and sea lamprey when many in-
dividuals of these species were being lifted, and
dominated by forage fish and insects, when the
alosids and sea lampreys were scarce (Fig. 1b). The
reduced incidence of feeding on the body parts of
large fish by striped bass lifted after 21 June was
probably the result of a dramatic reduction in the
availability of this food that occurred when the run
of anadromous alosids diminished.

Hollis (1952) found alosid scales in the stomachs
of adult striped bass captured below Conowingo Dam
on the Susquehanna River in Maryland, but he dis-
missed these as accidental. In our study, alosid body
parts occurred in stomachs too frequently to be ac-
cidental. Many authors consider the food that is
selected by striped bass to be directly related to the
availability (Hollis 1952; Thomas 1967; Schaefer
1970). During the run of anadromous fish at Holyoke
Dam, the most abundant food that is available for
striped bass is likely the body parts of dead or in-
jured American shad, blueback herring, and sea lam-
prey, although we were not able to confirm this by
sampling below the dam. About 900,000 adult alosids
were passed upstream in the fish lifts in 1982, and
injuries and mortalities were commonly observed at
the dam and fish lifts. Subadult striped bass may
typically concentrate below hydroelectric dams and
feed on the parts of fish (anadromous or freshwater
species) that die or sustain injury while attempting
to move upstream or downstream of the dam.
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GENETIC CONFIRMATION OF SPECIFIC
DISTINCTION OF ARROWTOOTH FLOUNDER,
ATHERESTHES STOMIAS, AND
KAMCHATKA FLOUNDER, A. EVERMANNI

The uncertain taxonomie status of two morphologi-
cal types of Atheresthes (family Pleuronectidae) has
led to some problems in fisheries surveys and stock
assessments. Although data collection would be
simplified if these types were conspecific morphs,
a single classification would mask differences of
distribution and abundance if each type actually
represented a distinct species. Each type is deseribed
as a separate species: arrowtooth flounder, A.
stomias, and Kamchatka flounder, A. evermanni,
based on morphological differences in gill raker
count, dorsal and anal fin rays, caudal vertebrae
number, eye-dorsal fin distance, and relative position
of the upper eye (Norman 1934; Wilimovsky et al.
1967). However, the differences are subtle, and both
types have generally been considered A. stomias in
fisheries surveys (eg., Smith and Bakkala 1982).
Atheresthes stomiias occurs in the eastern Bering
Sea and eastern North Pacific Ocean from about St.
Matthew Island, southward through the eastern Ber-
ing Sea and Gulf of Alaska, and along the North
American coast to central California (Hart 1973).
Atheresthes evermanni is distributed in the western
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Bering Sea and western North Pacific Ocean from
the Anadyr Gulf, south along the Kamchatka Pen-
insula, through the Sea of Okhotsk, and to northern
Japan (Andriyashev 1939; Wilimovsky et al. 1967).
The geographic ranges of the two types overlap in
some areas of the Aleutian Islands and eastern Ber-
ing Sea.

Biochemical data have recently provided valuable
insights towards clarifying genetic relationships
among fishes. Findings have ranged from identify-
ing previously unknown species (e.g., Shaklee et al.
1982) to grouping taxa previously considered distinct
(e.g., Wishard et al. 1984). Biochemical data were
therefore used to clarify the taxonomic status of A.
stomias and A. evermanni through an electro-
phoretic examination of known individuals of both
types. The level of genetic difference observed in this
study is compared with that found between two
other groups of marine fishes of the Bering Sea and
the North Pacific Ocean.

Materials and Methods

Collections were made in the Bering Sea near
Unalaska Island by National Marine Fisheries Ser-
vice research vessels Oregon (lat. 58°45'N, long.
166°56'W, August 1980) and Miller Freeman (lat.
54°44'N, long. 166°29'W, February 1981). The 12
Kamchatka flounder (4 taken in 1980 and 8 in 1981)
included males and females with fork lengths
ranging from 24 to 43 cm. The 13 arrowtooth
flounder, taken only in 1981, also included both sexes
and ranged in fork lengths from 33 to 43 cm. Mor-
phological types were distinguished by the gill raker
counts and position of the upper eye. In specimens
identified as Kamchatka flounder, the upper eye did
not reach the edge of the head and the mean total
gill raker count was 12.4. The upper eye of specimens
identified as arrowtooth flounder reached the edge
of the head, breaking the dorsal profile, and the mean
total gill raker count was 15.3. Fish were frozen in-
tact at —20°C following collection and remained
frozen up to 30 mo until tissues were removed for
electrophoretic analysis.

Sample preparation and electrophoresis followed
methods given by Utter et al. (1974). Buffer systems
included 1) a discontinuous tris-citric acid (gel pH
8.2), lithium hydroxide-boric acid (tray pH 8.0) buf-
fer, described by Ridgway et al. (1970); 2) a tris-borie
acid - 0.004 M EDTA (pH 8.5) buffer, described by
Markert and Faulhaber (1965); and 3) an aminopro-
pylmorpholine-citric acid - 0.01 M EDTA (pH 6.5) buf-
fer, described by Clayton and Tretiak (1972).

Procedures of visualizing enzyme activities follow-

ing electrophoresis were those outlined by May et
al. (1979). We followed the criteria of Allendorf and
Utter (1979) for the inference of Mendelian inheri-
tance in the absence of breeding data. Genetic data
were collected from 22 protein systems (Table 1). A
system of nomenclature suggested by Allendorf and
Utter (1979) was used where the most common
allelic form of a locus was designated as 100, and
other allelic forms were assigned values based on
their mobility relative to the common form. Alleles
migrating cathodally were given negative values.
Phenotypic frequencies of the overall sample (all
specimens of both presumed species pooled together)
at each polymorphic locus were tested for expected
binomial (ie., Hardy-Weinberg) distributions using a
G statistic for goodness of fit (Sokal and Rohlf 1969;
Goodenough 1978). Multiple allelic cases were col-
lapsed to two allelic classes to allow for small sam-
ple sizes. A contingency table analysis of allelic fre-
quencies testing the null hypothesis of no difference
between the two groups also used the G statistic,

TABLE 1.—Protein systems used in this study inciuding tissues and
appropriate buffer systems for detection of suitable activity.

Enzyme
commission
Protein system number  Tissues' Buffer2

Acid phosphatase (ACP) 3.1.3.2 M,L,H 1,2,3
Adenosine deaminase (ADA) 3544 M,E 1
Alcohol dehydrogenase

(ADH) 1.1.1.1 L 3
Aldolase (ALD) 41213 M 1.3
Aspartate aminotransferase

(AAT) 26.1.1 M 1,2
Creatine kinase (CK) 2.73.2 M 1.3
Esterase (EST) 3.1.1.1 LH.E 3
General protein (GP) M,E 2,3
Glucosephosphate isomerase

(GPI) 5.3.1.9 M,E 1
Glyceraldehydephosphate

dehydrogenase (GAP) 1.2.1.12 E.M 1,3
Glycerol-3-phosphate

dehydrogenase (G3P) 1.1.1.8 M 3
Glycylleucine peptidase (GL) 3.4.11 E.M 1.2
Isocitrate dehydrogenase

(IDH) 1.1.1.42 MH,E 3
Lactate dehydrogenase (LDH) 1.1.1.27 M.E 3
Leucylglycyiglycine peptidase

(LGG) 3.4.11 M 1
Malate dehydrogenase (MDH) 1.1.1.37 HLEM 3
Malate dehydrogenase (ME)

(decarboxylating - NADP +) 1.1.1.40 M 2
Mannosephosphate

isomerase (MPI) 5.3.1.8 M 2
Phosphoglucomutase (PGM) 2.7.51 M 1
6-phosphogluconate

dehydrogenase (PGD) 11144 ME 3
Phosphoglycerate kinase

(PGK) 2723 M 3
Superoxide dismutase (SOD) 1.15.1.1 M,H 13

M = muscle, L = liver, H = heart, E = eye.
21 = discontinuous tris citrate, lithium borate; 2 = continuous tris, borate,
EDTA; 3 = continuous amine citrate, EDTA.
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with Yates correction for small sample sizes (Sokal
and Rohlf 1969). Nei’s (1978) measure of genetic
distance for small sample sizes was calculated be-
tween the two groups.

Results and Discussions

Data were collected from 22 enzyme systems en-
coding the following 32 presumed loci (polymorphic
loci having one or more variant alleles are indicated
by *): AAT*, ACP-1, ACP-2*, ADA*, ADH*, ALD,
G3P-1*, G3P-2, CK-1, CK-2, EST, GAP-1*, GAP-2,
GL-1, GL-2, IDH*, LDH-1*, LDH-2, LDH-3, LGG*,
MDH-1, MDH-2, MDH-3, ME, PGD*, PGM-1,
PGM-2, GPI-1, GPI-2*, PGK*, MPI, SOD.

Allelic distributions for the 18 polymorphic loci
indicate considerable similarity for most of the
systems but some distinct differences as well, based
on the contingency analysis (Table 2). The nonsig-
nificant differences observed at nine of the loci are
not highly informative given the limited number of
individuals that were sampled.

However, the differences that were statistically sig-
nificant provide considerable information. The most
striking difference is at the ADH locus, where no
alleles were shared between the 12 arrowtooth and
the 10 Kamchatka flounders. These data alone con-
firm the genetic distinctness of the two types. The
allelic distribution between the two forms is almost
as distinct at the GAP-1 locus; a lesser, but signifi-
cant difference also exists at the ACP-2 locus. Gel
banding patterns observed for these three loci are
shown in Figure 1.

Not surprisingly, the genotypic frequencies at the
ADH and GAP-1 loci also deviated significantly (P
< 0.001) from the ratios of a binomial expansion of
allelic frequencies (Hardy-Weinberg equilibrium ex-
pected in a single, randomly mating population). This
difference resulted from excesses of homozygous and
deficits of heterozygous classes, a situation expected
in population mixtures (i€, the Wahlund effect, see
Futuyma 1979).

The distinct genotypic distribution of the two
forms at the ADH and GAP-1 loci, coupled with their
sympatric occurrence and subtle but consistent mor-
phological identities, support their present tax-
onomic status as distinct congeneric species. How-
ever, the value of genetic distance observed, 0.052,
is rather low for distinct species suggesting recent
speciation (Avise 1976).

Recent genetic studies of two other pleuronectid
species sampled from the same geographic region
indicate only conspecific variation. The Alaska Pen-
insula separates two population groups of yellowfin
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sole, Limanda aspera, at a mean genetic distance
of 0.005 (Grant et al. 1983). No significant differences
of allelic frequencies were detected in Pacific halibut,
Hippoglossus stenolepis, sampled in the Bering Sea
and the North Pacific Ocean (Grant et al. 1984).
These various outcomes among confamilial group-
ings undoubtedly reflect the past and present actions
of numerous variables; two major factors are differ-
ing capabilities for gene flow based on distinct life
history patterns, and differing times and degrees of
isolation imposed by glaciation events within the past
2 million years (discussed by Grant and Utter 1984).

Finally, the possibility of hybridization and intro-
gression between the two species of Atheresthes
should be examined through more extensive sam-
pling of these two forms over a broader geographic
range. The distinct distribution of ADH alleles ex-
cluded a hybrid origin of any individuals in this study.

TABLE 2—Observed number and (in parentheses) within group fre-
quency of alleles of 13 polymorphic loci in samples of arrowtooth
and Kamchatka flounder.

Observed alleles
(frequencies)

Subunit
Locus Aliele Arrowtooth Kamchatka P1 structure?
AAT 92 2(0.100) no data d
100  10(0.500)
106  8(0.400)
ACP-2 100 20(0.769) 22(1.000) <0.05 m
109 6(0.231) 0(0.000)
ADA-1 100  24(0.923)  19(0.792) ns m
108 2(0.077) 5(0.208)
ADH -100 24(1.000) 0(0.000) <0.001 d
-75 0(0.000) 1(0.050)
-13  0(0.000)  19(0.950)
G3P-1 100  24(1.000) 19(0.950) ns d
150  0(0.000) 1(0.050)
GAP-1 13 0(0.000) 9(0.375) <0.001 t
70 0(0.000) 12(0.500)
100 26(1.000) 3(0.125)
GPI-2 100 25(0.962)  24(1.000) ns d
107 1(0.038) 0(0.000)
IDH 70  0{0.000) 3(0.125) ns d
100 26(1.000) 21(0.875)
LDH-3 100 26(1.000) 22(0.917) ns t
117 0(0.000)  2(0.083)
LGG 86  1(0.038) 0(0.000) ns d
100 25(0.962)  22(1.000)
PGD 75  4(0.154) 0(0.000) ns d
100 22(0.846)  22(1.000)
PGM-1 84  0(0.000) 1(0.042) ns m
100 23(0.885) 22(0.916)
105 3(0.115) 0(0.000)
113 0(0.000) 1(0.042)
PGK 100 26(1.000)  19(0.950) ns m
133 0(0.000) 1(0.050)

1Contingency tests of allelic frequencies using the G-statistic with Yates cor-
rection for small le sizes, ing all les drawn from the same
population; ns = not significant.

2Protein subunit structure based on observed banding patterns of variants;
m = monomer, d = dimer, t = tetramer.




£
- g
ha o
7 1
|
o.
Q
<
£
(=2
z 5
I
Q
<
£
— 2
x S
|
I
L
|
a
s |
(G

[+ [=]

——

ol
(= [=]

—|—

m,m
-
It
m|rn
I~
11

ole

™M

—l—

FIGURE 1.—Starch gel banding patterns of variants observed for three loci in Atheresthes; GAR1, ADH, and ACP.
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ERRATA

Fishery Bulletin: Vol. 83, No. 1

Pérez Farfante, Isabel. “The rock shrimp genus Sieyonia (Crustacea: Decapoda: Penaeoidea) in the
eastern Pacifiq” p. 1-79.

Page 4, figure legend was omitted and should be added as follows:

FIGURE 1.—Lateral view of generalized Sicyonia showing terms used in deseription.

Fishery Bulletin: Vol. 83, No. 3

Lester. R. J. G., A. Barnes, and G. Habib. “Parasites of skipjack tuna, Katsuwonus pelomis: fishery
implications,” p. 343-356.

Page 347; Table 2, No. 6, Syncoelium filiferum:

J should read 0.2 and K should read 6.9.
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COPEPODIDS AND ADULTS OF
LEPTINOGASTER MAJOR (WILLIAMS, 1907), A POECILOSTOMATOID
COPEPOD LIVING IN MYA ARENARIA L. AND
OTHER MARINE BIVALVE MOLLUSKS

ArTHUR G. HUMES!

ABSTRACT

The five copepodid stages and adults of Leptinogaster magor (Williams, 1907), a poecilostomatoid ecopepod
(family Clausidiidae) living in the mantle cavity of Mya arenaria L. and other marine bivalve mollusks
along the coast of eastern North America from Prince Edward Island, Canada, to Louisiana, are deseribed.
Copepodid I is Saphirella-like in body form. In the adult female the maxilliped is present though much
reduced. Sexual differentiation first occurs in Copepodid IV, where the male and female maxillipeds are

differently formed.

The poecilostomatoid copepod Leptinogaster (=
Myocheres) magor (Williams, 1907) has been reported
from the mantle cavity of various marine bivalve
mollusks along the eastern shore of North America,
from Prince Edward Island, Canada (J. C. Medcof
in correspondence with M. S. Wilson) to Louisiana
(Causey 1953). This copepod has undergone several
name changes, but it seems generally agreed now
that it properly belongs in the genus Leptinogaster
(see Bocquet and Stock 1958, and Table 1). The
seasonal population changes and host relationships
of this species have been described by Humes and
Cressey (1960), who listed as hosts Mya arenaria
L., Tagelus gibbus (Spengler), Venus mercenaria L.,
and Ensis directus (Conrad). Other hosts include
Mactra solidissimae Dillwyn (reported by Williams
1907), Dosinia gibbus Reeve (reported by Pearse

TaBLE 1—Taxonomic history of Leptinogaster major (Williams, 1807).

Lichomolgus major Williams, 1907, p. 77, pl. lli, 8 figs.; Sharpe 1910,
p. 408, placed in Lichomolgidae.

Myicola major, C. B. Wilson, 1932, p. 347, fig. 208, genus wrongly
assigned; Monod and Dollfus 1934, p. 316, placed in Clausiidae;
Deevey 1948, p. 22, 1960, p. 34; Sewell 1949, p. 156, placed in
Lichomolgidae; Causey 1953, p. 12.

Myicola spinosa Pearse, 1947, p. 5, figs. 26-31, placed in Myicolidae.

Myocheres major, M. S. Wilson, 1950, p. 299; M. S. Wilson and llig
1955, p. 136, 138; Allen 1956, p. 62, placed tentatively in Licho-
molgidae; Bocquet and Stock 1957a, p. 213, 221, placed in
Clausidiidae; Humes and Cressey 1958, p. 932, 934, placed in
Clausidiidae; Bfcescu and Por 1959, p. 20, placed in Clausi-
diidae; Humes and Cressey 1960, p. 307-325.

Leptinogaster major, Bocquet and Stock, 1958, p. 86-88, placed in
Clausidiidae; Gooding 1963, p. 132-136, pl.17, figs. a-n.

1Boston University Marine Program, Marine Biological Labor-
atory, Woods Hole, MA 02543.

Manuscript acce May 1985.
FISHERY BULLETIN: VOL. 85, NO. 2, 1986.

1947), and Pholas costata L. (reported by Causey
1953). For a list of bivalve hosts and localities see
Table 2.

The copepodid development of Leptinogaster has
not been fully described. Bocquet and Stock (1958)
mentioned finding copepodids of Leptinogaster
histrio (Pelseneer 1929) and figured the maxillipeds
of an unknown stage (their fig. 3d, e); they also
reported a Copepodid V of Leptinogaster sp. and il-

TABLE 2.—Localities and hosts of Leptinogaster major.

Locality Host(s) Source
Ellerslie, Prince Mya arenaria L. J. C. Medcof in
Edward Island, correspondence
Can. (23 May 1950)
with M. S. Wilson
Bideford River, Mya arenaria L. J. C. Medcof in
Prince Edward correspondence
Island, Can. (31 July 1948) with
M. 8. Wilson
Cotuit, MA Mya arenaria L. Humes and
Tagelus gibbus Cressey (1960)
(Spengler)
Venus mercenaria L.
Ensis directus
(Conrad)
Marthas Vineyard, in plankton Deevey (1948)
MA
Wickford and Mya arenaria L. Williams (1807)
Matunuck, RI Venus mercenaria L.
Mactra solidissima
Dillwyn
Delaware Bay in plankton Deevey (1960)
Beaufort, NC Tagelus gibbus Pearse (1947)
(Spengler)
Dosinia discus
Reeve
Venus mercanaria L.
Grand Isle, LA Pholas costata L. Causey (1953)
227



lustrated its maxilliped (their fig. 6b, ¢). Gooding
(1963) described features of Copepodid I of Leptino-
gaster magor.

Before her death Mildred S. Wilson had studied
specimens of Leptinogaster (= Myocheres) magjor
that had been sent to her from Rhode Island and
Prince Edward Island, and had prepared the first
draft of a redescription. She recognized the need for
a thorough redescription of this species whose
original description by Williams (1907) is very incom-
plete. Although she wrote (1950) that a detailed
description of adults and developmental forms was
then in preparation, this study apparently was never
completed. In a letter to J. C. Medecof dated 24
August 1948 she stated that she had found two early
stages of Myocheres. Presumably descriptions of
these copepodids would have been part of her pro-
jected study if she had lived.

During the study by Humes and Cressey (1960) a
large number of Leptinogaster magor (1,535) were
collected from Mya arenaria over a period of almost
2 yr at Cotuit, MA. The copepodids and adults
described below came from collections made during
the summer of 1957. All five copepodid stages,
distinguished on the basis of the number of body
segments, as well as adults, were obtained. This
paper deals with the detailed description of the ex-
ternal morphology of these immature stages and
adults.

Although the copepodids described here were not
obtained by rearing, it seems certain that the cope-
podids found in such large numbers are those of Lep-
tinogaster magor. No other species of copepods oc-
curred in the Mya arenaria examined.

MATERIALS AND METHODS

The copepodids and adults described here were
selected from a pool of 305 copepodids and 195
adults found in 125 Mya arenaria during May-
September at Cotuit, MA. The successive Cope-
podids IV and the adults were cleared in lactic acid
and sorted by size and external morphology into
their respective groups.

All measurements and dissections were made on
specimens cleared in lactic acid, following the
method of Humes and Gooding (1964). The body
length does not include the setae on the caudal rami.
The measurements of certain parts, such as the
length of the first antenna, maxilliped, and various
setae and claws, and the dimensions of leg 5, the
caudal ramus, and the urosomal segments, are based
on dissected specimens from which the drawings
were made, and may be considered representative
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of nearly average body size. Such measurements are
intended more to show relative changes in size dur-
ing successive instars rather than to represent ab-
solute size. The drawings were made with the aid
of a camera lucida. The abbreviations used are as
follows: A; = first antenna, A, = second antenna,
L = labrum, MD = mandible, MX; = first maxilla,
MX, = second maxilla, P; = leg 3, P, = leg 4, and
P; = leg 5.

DESCRIPTIONS

Copepodid I
Figures la-n, 2a-c

Size—Length 0.57 mm (0.45-0.60 mm) and
greatest width 0.17 mm (0.16-0.18 mm) based on 38
specimens.

Body form (Fig. 1a, b, c)—Saphirella-like, with
cephalosome bluntly pointed anteriorly. Five body
segments including and posterior to segment bear-
ing leg 1. Anal segment with 4 groups of spines, 2
ventral groups and 2 ventrolateral groups (Fig.
1d).

Caudal ramus (Fig. 1e)—Relatively short, 36 x 18
um, ratio 2:1, with 6 setae. Quter lateral seta 18 um,
dorsal seta 20 um, 4 terminal setae from outer to
inner 238, 17, 89, and 176 um, the last with minute
lateral spinules.

Rostrum (Fig. 1f)—Broad ridge, prominent in
lateral view (Fig. 1g).

First antenna (Fig. 1h)—Five-segmented, 83 ym
long. Armature: 2, 2, 3 + 1 aesthete, 2 + 1 aesthete,
and 5 + 1 aesthete. All setae smooth.

Second antenna (Fig. 1i)—Indistinctly 4-segment-
ed, last segment obscure. First segment with 1 distal
seta. Second segment with 1 seta and group of small
spines. Third segment with outer row of spines and
2 slender inner setules, with outer stout curved seta
having expanded serrate distal half and 1 short in-
ner blunt seta. Fourth segment small and indistinetly
set off from third segment, with 1 blunt short seta,
1 long stout smooth seta, 1 slender smooth seta, and
1 long stout seta with prominent lateral setules.

Labrum (Fig. 1j)—Broad, with ventral surface
bearing 2 medially interrupted rows of spines and
with posteroventral margin having row of small
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Ficure 1—Copepodid I of Leptinogaster major: a, dorsal (scale A); b, ventral (A); ¢ lateral (A); d, anal segment, ventral (B); e, caudal
ramus, dorsal (C); f, rostral area, ventral (D); g, rostral area, lateral (B); h, first antenna, dorsal (D); i, second antenna, dorsal (C);
j, labrum, in situ, ventral (C); k, mandible, ventral (C); 1, first maxilla, ventral (Cy; m, second maxilla, ventral (C); n, maxilliped, posterior
(C).
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spines, these spines becoming much larger at both
corners.

Mandible (Fiig. 1k).—Simple form, small, about 42
um long, with expanded base but slender distal por-
tion bearing 2 minute setae midway and having
minutely pectinate tip.

Paragnath.—Minute smooth lobe.
First maxilla (Fig. 11).—Small lobe bearing 6 setae.

Second maxilla (Fig. 1m).—Two-segmented, large
first segment with 2 setae, small second segment
with 3 setae.

Maxilliped (Fig. 1n)—Elongate, slender, 4-seg-
mented. First segment with 2 setae. Elongate second
segment with 2 setae and 2 small setules. Small third
segment with 1 long seta having few prominent
lateral setules. Fourth segment bearing 3 setae near
midregion and extended beyond as setiform process
with few minute barbs near tip,

Leg 1 (Fig. 2a)—Both rami 1-segmented. Formula
for armature: coxa 0-0; basis 1-0; exopod II1,14; endo-
pod 1,5,1. Exopod with 3 outer spines having prom-
inent lateral spinules and terminal outer spine and
adjacent seta with outer denticulations.

Leg 2 (Fig. 2b)—Both rami 1-segmented. Arma-
ture: coxa 0-0; basis 1-0; exopod IILI3; endopod
II1,2,1. Exopod spines with lateral spinules or den-
ticulations as in leg 1; endopod spines finely barbed.

Leg 3 (Fig. 2¢).—Consisting of 2 setae, 70 and 57
um, with 2 very small spines near their insertions.

Legs 4, 5, and 6.—Absent.

Copepodid II
Figures 2d-m, 3a-e

Size—Length 0.68 mm (0.59-0.72 mm) and
greatest width 0.19 mm (0.18-0.20 mm), based on 81
specimens.

Body form (Fig. 2d).—No longer Saphirella-like.
Suggesting form of later instars. Six body segments
including and posterior to segment bearing leg 1.
Segment bearing leg 4 ventrally with 2 transverse
rows of spines (Fig. 2e). Anal segment ventrally with
distal spines in addition to 4 groups of proximal
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spines. Ventrolateral areas of cephalosome at level
of mouthparts with strip of small spinules (Fig. 3a).

Caudal ramus.—Similar to Copepodid I but few
small ventral spines distglly.

Rostrum (Fig. 2f)—Suggesting rounded form seen
in later instars.

First antenna (Fig. 2g)—Five-segmented, 107 um
long. Armature: 2, 3,3 + 1 aesthete, 2 + 1 aesthete,
and 6 + 1 aesthete.

Second antenna (Fig. 2h).—Four-segmented. Third
segment with 2 strong recurved outer clawlike
spines. Small fourth segment with 4 smooth setae,
2 middle setae curved.

Labrum (Fig. 2i).—Posteroventral margin sharply
pointed. No surficial or marginal ornamentation.

Mandible (Fig. 2j)—Elongate, 43 um, distally with
3 elements, 2 helmet-shaped and 1 stoutly spiniform,
all with minute marginal barbs.

Paragnath.—As an adult (see Fig. 7).
First maxilla (Fig. 2k)—Small lobe bearing b setae.

Second maxilla (Fig. 21)—Two-segmented, its form
suggesting later instars. First segment expanded
with outer patch of small spines, Second segment
clawlike, 30 um long, with 1 inner seta.

Maxilliped (Fig. 2m)—Delicately sclerotized and
weakly 4-segmented, length 40 ym. Relative posi-
tions of maxillipeds and head appendages as in Fig-
ure 3a.

Leg 1 (Fig. 3b)—Both rami 2-segmented. Arma-
ture: coxa 0-0; basis 1-I; exopod I-0; IIL5; endopod
01; L5,

Leg 2 (Fig. 3c)—Both rami 2-segmented. Arma-
ture: coxa 0-0; basis 1-0; exopod I-0; I11,4; endopod
0-1; I11,3.

Leg 3 (Fig. 3d)—Both rami 1-segmented. Arma-
ture: coxa 0-0; basis 1-0; exopod III,4; endopod III,3.

Leg 4 (Fig. 8e).—Consisting of 2 setae, 52 and 39
um,

Legs 5 and 6.—Absent.
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FIGURE 2~Copepodid I of Leptinogaster major, a-c: a,leg 1 and intercoxal plate, anterior (scale B);, b, leg 2 and intercoxal plate, anterior
@B); ¢ leg 3, dorsal B). Copepodid II of Leptinogaster major, d-m: d, dorsal (E); ¢ body posterior to leg 4, ventral (F); {, rostral
area, ventral (B); g, first antenna, dorsal (D), h, second antenna, anteromesial (C); i, labrum, ventral (D); j, mandible, ventral (G); k,
first maxilla, anterior (C); ], second maxilla, posteroventral (C); m, maxilliped (C).
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Copepodid III
Figures 3£k, 4ad

Size—Length 0.85 mm (0.72-0.95 mm) and
greatest width 0.24 mm (0.21-0.26 mm), based on 87
specimens.

Body form (Fig. 3f)—Spinules on ventral surface
of segment of leg 5 (Fig. 3g) continuous across seg-
ment. Seven body segments including and posterior
to segment bearing leg 1. (One specimen, 0.62 x 0.24
mm, with segments behind leg 4 telescoped as in

Figure 3h.)

First antenna (Fig. 8i)—Five-segmented, 145 um
long. Armature: 3, 10, 3 + 1 aesthete, 2 + 1 aesthete,
and 7 + 1 aesthete.

Second antenna (Fig. 8j)—Similar to Copepodid
II but outermost seta on fourth segment longer and
recurved.

Maxilliped.—As in Copepodid II.

Leg 1 (Fig. 3k)—Both rami 2-segmented. Arma-
ture: coxa 0-0, basis 1-I; exopod I-0; ITI, 5; endopod
0-1; L6.

Leg 2 (Fig. 4a)—Both rami 2-segmented. Arma-
ture: coxa 0-0; basis 1-0; exopod I-0; 111,6; endopod
0-1; II14.

Leg 3 (Fig. 4b)—Both rami 2-segmented. Arma-
ture: coxa 0-0, basis 1-0; exopod 0-1; I1,5; endopod
0-1; TIL3.

Leg 4 (Fig. 4c)—Both rami 1-segmented. Arma-
ture: coxa 0-0; basis 1-0; exopod II4; endopod
IIL3. (Distal outer seta on exopod somewhat spini-
form.)

Leg 5 (Fig. 4d)—Represented by 2 setae, 42 and
29 um.

Leg 6.—Absent.

Copepodid IV, female
Figures 4e-k, 5a<c

Size—Length 1.19 mm (0.93-1.33 mm) and greatest
width 0.32 mm (0.28-0.35 mm), based on 42 speci-
mens.
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Body form (Fig. 4e)—Eight body segments in-
cluding and posterior to segment bearing leg 1.
Spinules on ventral surface of segment bearing leg
5 and on anal segment (Fig. 4f) as in Copepodid
III.

First antenna (Fig. 4g)—Five-segmented, 179 um
long, but slight notch on posterior edge of second
segment suggesting division of segment. Armature:
4, 15, 4 + 1 aesthete, 2 + 1 aesthete, and 7 + 1
aesthete.

Maxilliped (Fig. 4h)—Two-segmented, weakly
sclerotized, distal segment lobelike. Relative position
of maxillipeds as in Figure 4i.

Leg 1—Both rami 2-segmented. Armature (as in
Copepodid III): coxa 0-0; basis 1-0; exopod 1-0; II1,5;
endopod 0-1; L,6.

Leg 2 (Fig. 4j)—Both rami 2-segmented. Arma-
ture: coxa 0-0; basis 1-0; exopod I-0; IIL6; endopod
0-1; I1,6. Distalmost outer seta on endopod somewhat
spiniform.

Leg 8 (Fig. 4k)—Both rami 2-segmented. Arma-
ture: coxa 0-0; basis 1-0; exopod 1-0; I11,6; endopod
0-1; I1,5. Distalmost outer seta on endopod somewhat
spiniform.

Leg 4 (Fig. 5a)—Both rami 2-segmented. Arma-
ture: coxa 0-0; basis 1-0; exopod I-0; III,5; endopod
0-1; III,3.

Leg 5 (Fig. 5b)—Two-segmented, but first seg-
ment, armed with 1 seta, not clearly set off from
body; second segment oval, 60 x 30 um, bearing 3
spines and 1 seta, with few small spinules near in-
sertion of proximalmost and distalmost spines.

Leg 6 (Fig. 5c)—Represented by 1 seta 32 um long,
with minute spinules near insertion.

Copepodid IV, male

Figure 5d-g

Size—Length 1.07 mm (0.90-1.19 mm) and greatest
width 0.28 mm (0.25-0.31 mm), based on 38 speci-
mens. ‘

Body form—As in female, with same number of
body segments and similar arrangement of ventral
spinules (Fig. 5d).
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FiGURE 8—Copepodid II of Leptinogaster major, a-e: a, cephalosome, ventral (scale F); b, leg 1 and intercoxal plate, anterior (B);, ¢
leg 2 and intercoxal plate, anterior (B); d, leg 3 and intercoxal plate, anterior (B): e, leg 4, ventral (B). Copepodid III of Leptinogaster
major, £k: £, dorsal (E); g body posterior to leg 4, ventral (A); h, posterior part of body showing telescoped segments, dorsal (A),
i, first antenna, ventral (B);, j, second antenna, anteromesial (D); k, leg 1 and intercaxal plate, anterior (B).
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FicURE 4—Copepodid III of Leptinogaster major, a-d: 2, leg 2 and intercoxal plate, anterior (scale B); b, leg 3 and intercoxal plate,
anterior (B); ¢ leg 4 and intercoxal plate, anterior (B); d, leg 5, ventral B).  Copepodid IV of Leptinogaster magor, female, ek: ¢
dorsal (H), £, urosome, ventral (E); g, first antenna, ventral (B); h, maxilliped, ventral (C); i, ventral region from second maxillae to
first pair of legs, showing maxillipeds (F); j, leg 2 and intercoxal plate, anterior (F); k, leg 8 and intercoxal plate, anterior (F).
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FIGURE 5—Copepodid IV of Leptinogaster major, female a-c: 3, leg 4 and intercoxal plate, anterior (scale F); b, leg 5, lateral D) ¢
leg 6, ventral (D); male, d-g: d, urosome, ventral (A); e maxilliped, ventral (C); f, ventral region from second maxillae to first pair
of legs, showing maxillipeds (F); g, leg 5, dorsal (D). Copepodid V of Leptinogaster magor, female, h-m: h, dorsal (H); i, urosome,
ventral (E), j, first antenna, posteroventral (B); k, maxilliped, ventral (C); 1, leg 4 and intercoxal plate, anterior (A), m, leg 5, dorsal (F).
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Maxilliped (Fig. 5e)—Three-segmented, 50 um
long, with small pointed third segment weakly set
off from second segment and bearing 2 small se-
tae Relative position of maxillipeds as in Figure
5f.

Leg 5 (Fig. 5g)—Two-segmented. First segment
set off from body. Second segment 55 x 29 ym. Ar-
mature similar to female.

Leg 6 (Fig. 5d)—Represented by single seta.

Copepodid V, female
Figures 5h-m, 6a-c

Size—Length 1.62 mm (1.42-1.87 mm) and greatest
width 0.41 mm (0.37-0.44 mm), based on 13 speci-
mens. -

Body form (Fig. 5h)—Nine body segments in-
cluding and posterior to segment bearing leg 1. Seg-
ment of leg 5 and more posterior segments as in

Figure 5i.

Caudal ramus (Fig. 5i)—Noticeably longer than in
preceding instars.

First antenna (Fig. 5j)—Incompletely 6-segment-
ed. Armature: 5, 15 + 9, 4 + 1 aesthete, 2 + 1
aesthete, and 7 + 1 aesthete.

Maxilliped (Fig. 5k)—Reduced to slightly raised
lobe with 2 small setae,

Leg 1.—Both rami 3-segmented. Armature (as in
adult): coxa 0-0; basis 1-I; exopod I-0; I-1; I11,5; endo-
pod 0-1, 0-1; I5.

Legs 2 and 3—Both rami 3-segmented. Armature
(as in adult): coxa 0-0; basis 1-0; exopod 1-0; I-1; I11,6;
endopod 0-1; 0-2; ITL,3.

Leg 4 (Fig. 51)~—Both rami 3-segmented. Arma-
ture: coxa 0-0, basis 1-0; exopod 1-0; I-1; IIL,5; endo-
pod 0-1; 0-1; II1,2. Distalmost spine on exopod more
slender than other exopod spines; outer of 2 terminal
spines on endopod only about one-half length of
inner terminal spine.

Leg 5 (Fig. 5m)—Second segment 99 x 49 um.
Few outer spinules on first segment. Two groups of
spinules on inner side of second segment. Principal
armature as in Copepodid IV.
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Leg 6 (Fig: 5i)—Represented by 1 seta with minute
spinule near its insertion.

Copepodid V, male
Figure 6a-c

Size—Length 1.41 mm (1.22-1.57 mm) and greatest
width 0.34 mm (0.31-0.39 mm), based on 30 speci-
mens.

Body form.—As in female, with same number of
body segments. Similar arrangement of ventral spin-
nules on urosomal segments (Fig. 6a).

Maxilliped (Fig. 6b).—Four-segmented. First seg-
ment with 1 inner seta. Long second segment and
short third segment unarmed. Pointed fourth seg-
ment with 2 setae

Legs 1-4~Similar to those of female. Endopod of
leg 2 (Fig. 6c¢) not showing sexual dimorphism.

Leg 5—As in female; second segment 75 x 31 um.

Leg 6.—Represented by single seta with few very
small spinules near its insertion.

Adult Female
Figures 6d-m, 7a-1, 8a-e, 9a-j

Size—Length 2.18 mm (1.92-245 mm) and
greatest width 0.52 mm (0.47-0.56 mm), based on 10
specimens. Dorsoventral thickness at level of leg 1,
0.25 mm.

Body form (Fig. 6d, e)—Elongate and flattened
dorsoventrally. Nine body segments including and
posterior to segment bearing leg 1. Urosome 5-seg-
mented (Fig. 6f). Segment bearingleg5 220 x 319
um in dorsal view, smooth on dorsal surface, but ven-
tral surface with transverse groups of spines (Fig.
6g); dorsally this segment with posterodorsal hump
(Fig. 6e, h). Genital segment 270 x 264 um, wider
in anterior half than in posterior half. Three post-
genital segments from anterior to posterior 143 x
165, 143 x 160, and 200 x 143 um. Genital areas
situated dorsolaterally, each area (Fig. 6i) bearing
2 very small setae about 16 um long. Ventral sur-
faces of genital segment and first and second post-
genital segments smooth. Anal segment ventrally
with few small spines at postero-outer corners, with
row of 5 spines on each side distally, and with 2
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F1GURE 6—Copepodid V of Leptinogaster major, male, a-c: a, urosome, ventral (scale E); b, maxilliped, ventral (D); ¢ endopod of leg
2, anterior (F).  Adult female of Leptinogaster magjor, d-m: d, dorsal (I), e, lateral (I, f, urosome, dorsal (H); g. segment bearing
fifth pair of legs, ventral (A);, h, segment bearing leg 5, lateral (E); i, genital area, dorsal (B); j, patch of spinules and sclerotized area
on side of cephalosome, ventral (E); k. caudal ramus, dorsal (F); 1, anal segment and caudal ramus, ventral (F); m, egg sac, ventral (E).
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FIGURE 7—Adult female of Leptinogaster magor: 8, rostrum, ventral (scale F);, b, first antenna, posteroventral (F); ¢, second antenna,
posteromesial (B);, d, labrum, ventral (B); e mandible, anteroventral (C); f, paragnath, ventral (D); g, first maxilla, anterior (D); h,
second maxilla, posterior (B); i, maxilliped, ventral (D); j, ventral region from second maxillae to first pair of legs, showing maxillipeds
(E); k, leg 1 and intercoxal plate, anterior (F); 1, inner spine on basis of leg 1, anterior (G).

238



HUMES: COPEPODIDS AND ADULTS OF LEPTINOGASTER MAJOR

prominent groups of spines anteriorly. Cephalosome
ventrally with elongate oblique strip of small spines
between edge of body and region of mouthparts, and
with small elongate oval sclerotized area lateral to
level of maxillipeds (F'ig. 6j).

Caudal ramus (Fig. 6k, 1)—Elongate, 221 um long,
greatest width 44 ym, least width 35 um, ratio about
5.5:1, Outer lateral seta 50 um. Dorsal seta 26 ym.
Outermost terminal seta 52 ym. Innermost terminal
seta 26 ym. Outer of 2 median terminal setae 130
um and almost spinelike. Inner of 2 median terminal
seta 440 um, with extremely small lateral spinules.
Other setae smooth. Quter margin of ramus prox-
imal to outer lateral seta with 2 groups of spinules.
Distal end of ramus ventrally with patch of small
spines.

Egg sac (Fig. 6m).—Elongate, various sacs 693 x
209 um, 781 x 242 um, 860 x 220 um (as in figure),
and 1,023 x 231 um, average dimensions 839 x 226
um; containing many small eggs with diameter 47-57
um.

Rostrum (Fig. 7a)—Broad with weakly sclerotized
rounded posteroventral margin.

First antenna (Fig. 7b).—Six-segmented, 320 um
long. Lengths of segments (measured along their
posterior nonsetiferous margins): 29 (49 um along
anterior margin), 88, 55, 26, 36, and 52 ym, respec-
tively. Armature: 5, 15, 9, 4 + 1 aesthete, 2 + 1
aesthete, and 7 + 1 aesthete. All setae smooth.

Second antenna (Fig. 7c)—Four-segmented. First

segment with distal seta. Second segment with distal

seta and crescentic row of small spines. Third seg-
ment with outer marginal row of spines and 2 large
recurved clawlike spines, 34 and 70 ym. Small fourth
segment 138 x 21 um, bearing 3 long recurved almost
clawlike setae and 1 smaller inner seta.

Labrum (Fig. 7d)—Posteroventral edge sharply
pointed medially. No surface ornamentation.

Mandible (Fig. 7e)—Elongate with distal end bear-
ing 2 helmet-shaped elements and 1 stout pectinate
spine.

Paragnath (Fig. 7f)—Small lobe with few distal
spinules.

First maxilla (Fig. 7g)—Small lobe bearing 5 se-
tae

Second maxilla (Fig. Th).—Two-segmented. Large
first segment with patch of outer spinules (Fig. 7j).
Second segment clawlike and bearing 1 seta.

Maxilliped (Fig. 7i)—Reduced to 2 small setae,
located as in Figure Tj.

Legs 1-4 (Figs. 7k, 8a, b, c)—Intercoxal plates with
2 groups of spines on distal (ventral) margin. Exo-
pods and endopods 3-segmented. Armature as
follows (Roman numerals indicating spines, Arabic
numerals representing setae):
P, coxa 0-0 basis 1I exp I0; I1; II5
enp 01; 01; ILb
basis 10 exp I1-0; I1; IIL6
enp 01; 02; I3
basis 10 exp I0; I1; IIL6
enp 01; 0-2; IIL3
basis 1-0 exp 1-0; I1; IIL5
enp 01; 01; III2

P, coxa 0-0
P, coxa 0-0

P, coxa 00

Leg 1 (Fig. Tk)—Coxa with 2 groups of outer
spines. Basis with row of small spines between bases
of rami and another row near large inner spine. This
inner spine delicately barbed (Fig. 71) and 33 ym
long; smaller spines near its base 7.5 um. First seg-
ment of endopod with outer margin having hairlike
setules along proximal half but small spines along
distal half.

Leg 2 (Fig. 8a)—Basis without inner spine. First
segment of endopod with hairlike setules along outer
margin.

Leg 3 (Fig. 8b).—Fine ornamentation resembling
that of leg 2.

Leg 4 (Fig. 8c)—Coxa with only 1 group of outer
spines.

Leg 5 (Fig. 8d).—Two-segmented. First segment
130 x 125 um, with distal outer seta and group of
spines. Second segment elongate, 161 x 68 um, with
2 outer smooth spines, 52 and 55 um, distal smooth
seta 70 um, and terminal finely barbed spine 147 um.
These 3 spines with small spines near their inser-
tions. Two groups of small spines on inner side of
segment.

Leg 6 (Fig. 6i)—Probably represented by 2 setae
on genital area.

Color—Living specimens in transmitted light with
opaque gray body, eye red.
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FiGURE 8 —Adult female of Leptinogaster magor, a-d: a, leg 2 and intercoxal plate, anterior (scale F); b, leg 3 and intercoxal plate, anterior
(F). ¢ leg 4 and intercoxal plate, anterior (F); d, leg 5, lateral (A).  Adult male of Leptinogaster magor: e, dorsal (I).
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Adult Male
Figures 8e, 9a+

Size—Length 1.82 mm (1.70-2.04 mm) and
greatest width 0.43 mm (0.40-0.47 mm), based on 10
specimens.

Body form (Fig. 8e)—Similar to female but 10
body segments including and posterior to segment
of leg 1. Urosome (Fig. 9a) 6-segmented. Segment
ofleg5 135 x 236 uym in dorsal view, with spines
on ventral surface as in female. Four postgenital
segments from anterior to posterior 140 x 166, 135
x 143,118 x 128, and 151 x 109 um. Anal segment
with spines as in female. Cephalosome ventrally with
outer strip of small spines and small sclerotized area
as in female.

Caudal ramus (Fig. 9a2).—As in female but dimen-
sions 174 x 38 um, ratio 4.6:1.

Rostrum, first antenna, second antenna, labrum,
mandible, paragnath, first maxilla, and second max-
illa as in female.

Maxilliped (Fig. 9b)—Four-segmented. First seg-
ment with 1 inner smooth seta 50 ym. Elongate
second segment with 2 inner setae and 2 groups of
short spines. Small third segment unarmed. Claw
208 um, proximal part representing fourth segment
bearing 3 setae. Concave margin of claw stri-
ated.

Legs 1-4—With segmentation and armature as in
female, and ornamentation as in that sex except for
endopod of leg 2.

FIGURE 9—Adult male of Leptinogaster magor: a, urosome, dorsal (scale H); b, maxilliped, posterior (B); ¢ endopod of leg 2, anterior
(F); d, second segment of endopod of right leg, anterior (B); e second segment of endopod of left leg (same individual as in d), anterior
(B); f, second segment of endopod of leg 2, anterior (B); g, leg 5, dorsal (B); h, leg 5, ventrolateral (B), i leg 6, ventral (F); j, sperma-

tophore, attached to female, ventral (A).
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Leg 2 (Fig. 9¢)—Endopod showing sexual dimor-
phism in having variable nodose outer margin on
second segment (Fig. 94, ¢, ). Number of nodes from
4-6, and not always same in 1 individual, as in Fig.
9d, e

Leg 5 (Fig. 9g, h)—Resembling that of female.
Second segment in 2 individuals 101 x 47 um (Fig.
9g) with 4 major elements from proximal to distal
45, 42, 80, and 78 ym, and 86 x 42 um (F'ig. 9h) with
elements 22, 26, 65, and 73 um.

Leg 6 (Fig. 91))—Represented by single smooth seta
49 pm and adjacent group of small spines on corner
of genital area.

Spermatophore (Fig. 9j)—Elongate, approximately
220 x 78 um without neck.

Color—As in female.

DISCUSSION

This study permits certain observations to made
concerning the postnaupliar development of Leptino-
gaster magor. A summary of these is given in Table 3,

1) All five copepodid stages are present in the
mantle cavity of Mya arenaria.

2) The presence of Copepodid I in Mya suggests
that either the last nauplius molts outside the clam
and then enters, or that this nauplius enters the clam
and then molts.

3) Copepodid I is Saphirella-like in body form;
Copepodid II and later copepodids have a body form
more like the adult.

4) The number of body segments increases from
5 in Copepodid I to 9 in the adult female and 10 in
the adult male.

5) The armature of the caudal ramus remains
unchanged from Copepodid I onward, but the caudal
ramus lengthens in successive copepodid stages and
in the adults.

6) The first antenna is slow in reaching final
form, being 5-segmented in Copepodid I and not
reaching its fully 6-segmented condition until the
adult.

7) The second antenna has an indistinet fourth
segment in Copepodid I, but is clearly 4-segmented
thereafter.

8) The labrum of Copepodid I is broad and or-
namented with spines, but in Copepodid II and
subsequently it is pointed and smooth.

9) The mandible of Copepodid I is a simple
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blade, but in Copepodid II and succeeding stages
there are 3 terminal elements as in the adult.

10) The first maxilla of Copepodid I is similar to
that of Copepodid II and following stages.

11) The second maxilla has terminal setae in
Copepodid I but a terminal claw thereafter.

12) The maxilliped in Copepodid I is elongate and
4-segmented with long setae, but in Copepodid II and
Copepodid III it is small with 4 weak unarmed seg-
ments. From this point on, the maxilliped in the
female shows further reduction, while in the male
it undergoes enlargement and specialization. In the
female of Copepodid IV it is minute, 2-segmented,
and unarmed; in Copepodid V and in the adult it is
reduced to 2 small setae. In the male of Copepodid
IV the maxilliped is 3-segmented, pointed, with 2
setae; in Copepodid V it is 4-segmented, pointed,
with 3 setae; in the adult male it is 4-segmented with
a long terminal claw.

13) The full complement of 4 biramous 3-seg-
mented legs is not reached until Copepodid V.

14) The inner spine on the basis of the endopod
of leg 1 first appears in Copepodid II.

15) Leg b is absent in Copepodid I and Copepodid
11, is represented by 2 setae in Copepodid III, and
abruptly becomes 2-segmented with full armature
in Copepodid IV.

16) Sexual dimorphism in legs 1-4 occurs only in
the endopod of leg 2 in the adult male.

17) Sexual differentiation during copepodid
development first occurs in Copepodid IV, where
the male and female maxillipeds are differently
formed.

The maxilliped in the adult female is said to be
absent in Leptinogaster histrio (Bocquet and Stock
1958; Bicescu and Por 1959), in the genus Myocheres
(Wilson 1950), in Leptinogaster inflata (Allen 1956),
in Leptinogaster scobina (Humes and Cressey 1958),
and in Leptinogaster dentata (Humes and Cressey
1958). The maxilliped has now been traced through-
out copepodid development, and it is apparent that
a remnant of this appendage exists in the adult
female of L. major.

This discovery prompted a reexamination of adult
females of two species of Leptinogaster, L. scobina
and L. dentata. In both the maxilliped is represented
by two very small setae, as in L. major. It is not sur-
prising that these setae were overlooked, since they
are very minute and readily seen only in well-cleared
specimens.

Although the remaining species of Leptinogaster,
L. histrio (Pelseneer, 1929), L. pholadis (Pelseneer,
1929), L. inflaia (Allen, 1956), and a new species con-
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TaBLE 3—Comparison of selected external features during copepodid stages and adults of Leptinogaster major.

Copepodid IV Copepodid IV Copepodid V Copepodid V
Copepodid | Copepodid Il Copepodid Il Q [} Q [} Adult 9 Adult 6
No. of body
segments 5 6 7 8 8 9 9 9 10
First antenna 5-segmented 5-segmented 5-segmented 5-segmented 5-segmented incompletely incompletely 6-segmented 6-segmented
6-segmented 6-segmented
Second antenna indistinctly 4-segmented 4-segmented 4-segmented 4-segmented 4-segmented 4-segmented 4-segmented 4-segmented
4-segmented
Labrum broad, spined pointed, pointed, pointed, pointed, pointed, pointed, pointed, pointed
smooth smooth smooth smooth smooth smooth smooth smooth
Mandible simple blade 3 terminal 3 terminal 3 terminal 3 terminal 3 terminal 3 terminal 3 terminal 3 terminal
elements elements elements elements elements elements elements elements
Second maxilla terminal setae terminal claw terminal claw terminal claw terminal claw terminal claw terminal claw terminal claw  terminal claw
Maxilliped slender, 4- small, 4 weak  small, 4 weak minute, 2 weak 3-segmented, 2 setae on 4-segmented, 2 setae 4-segmented,
segmented, unarmed unarmed unarmed pointed, slight lobe pointed, long ter-
long setae segments segments segments 2 setae 3 setae minal claw
Rami of leg 1 1-segmented 2-segmented 2-segmented 2-segmented 2-segmented 3-segmented 3-segmented 3-segmented 3-segmented
Rami of leg 2 1-segmented 2-segmented 2-segmented 2-segmented 2-segmented 3-segmented 3-segmented 3 segmented 3 segmented,
sexual
dimorphism
in endopod
Rami of leg 3 2 setae only 1-segmented 2-segmented 2-segmented 2-segmented 3-segmented 3-segmented 3-segmented 3-segmented
Rami of leg 4 absent 2 setae 1-segmented 2-segmented 2-segmented 2-segmented 3-segmented 3-segmented 3-segmented
Leg 5 absent absent 2 setae 2-segmented 2-segmented 2-segmented 2-segmented 2-segmented 2-segmented
Leg 6 absent absent absent 1 seta 1 seta 1 seta 1 seta 2 setae on 1 seta
genital
area
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tained in Gooding’s thesis (1963) have not been re-
examined, it appears likely that the presence of a
very reduced maxilliped in the adult female is a
generic character in Leptinogaster.

Gooding (1963:218-220) discussed the generic
status of Saphirella T. Scott, 1894, pointing out that
species of Saphirella may represent Copepodid I
stages of clausidiids. In his thorough description of
Copepodid I of Leptinogaster a significant difference
seems to be in the body length, which Gooding gave
as 0.45 mm, while in this study the length is 0.57
mm (0.45-0.60 mm),

Although the genus Leptinogaster has been assign-
ed to various families (Table 1), its presently agreed
location appears to be in the Clausidiidae Embleton,
1901, along with Clausidium Kossmann, 1874, Con-
chyliurus Bocquet and Stock, 1957a, Giardella
Canu, 1888, Hemicyclops Boeck, 1878, Hersiliodes
Canu, 1888, and Hippomolgus G.O. Sars, 1917.
[According to the phylogenetic analysis of Ho (1984),
the genus Myzomolgus Bocquet and Stock, 1957,
should be removed from the Clausidiidae and placed
close to the Catiniidae Bocquet and Stock, 1957b.]
The family Clausidiidae, containing seven genera of
certain status, shows several features: first anten-
na 6- or 7-segmented; second antenna 4-segmented
with third segment having in some cases prehensile
elements and fourth segment without a strong claw;
mandible with spine (or spinelike process) and 2 or
3 accessory elements (setae, spines); labrum with
rounded margin, mostly entire without median in-
dentation, except triangular in Leptinogaster; first
maxilla often with 2 lobes, but with 1 lobe having
2 groups of setae in Leptinogaster and 1 lobe with
a few setae in Clausidium; maxilliped in female
mostly 2-, 3-, or 4-segmented, but in Leptinogaster
reduced to 2 setae; maxilliped in male 2- or 3-seg-
mented plus claw (in Hippomolgus male unknown);
legs 1-4 biramous and 3-segmented (endopod of leg
1 bearing suckers in Clousidium); leg 5 2-segmented
(though in some first segraent not clearly separated
from body).

Leptinogaster falls within this concept of the
family Clausidiidae. Neighboring families have fun-
damentally different features, eg., the Clausiidae
(first antenna 3-6 segmented; legs 1-4 showing
various degrees of reduction (as characterized by
Wilson and Illg (1955)), the Myicolidae (3-segmented
second antenna with strong terminal claw, max-
illiped in female a small unarmed lobe), and the
Ergasilidae (second antenna with a strong terminal
claw, maxilliped often absent in female, legs 1-4 with
some reduction). More information on the develop-
mental stages of the members of these families
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would contribute greatly to understanding their
interrelationships.
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