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Best NMFS Publications for 1982
The Publications Advisory Committee of the National
Marine Fisheries Service has announced the best publica-
tions authored by the NMFS scientists and published in
the Fishery Bulletin and the Marine Fisheries Review for
1982. Only effective and interpretive articles which sig-
nificantly contribute to the understanding and knowledge
of NMFS mission-related studies are eligible, and the
following papers were judged as the best in meeting this

requirement.
“Development of the vertebral X
o column, fins and fin supports, (“
( branchlostcgal rays, and squamation in the R
swordfish, Xiphias gladius™ by Thomas \.

Potthoff and Sharon Kelley appears in
Fishery Bulletin 80(2):161-186. Thomas
Potthoff, fishery biologist, and Sharon
Kelley, research assistant, are from the
Southeast Fisheries Center’s Miami
Laboratory, Miami, Fla.

“A review of the offshore shrimp
fishery and the 1981 Texas closure™ by
Edward E Klima, Kenneth N. Baxter, and
Frank J. Patella, Jr. appears in Marine
Fisheries Review 44(9-10):16-30. Edward
E Klima, Director of the Galveston
Laboratory, Kenneth N. Baxter,
supervisory fishery biologist, and Frank J.
Patella, Jr., fishery biologist, are also from
the Southeast Fisheries Center but from the
Galveston Laboratory, Galveston, Tex.
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DOCUMENTATION OF ANNUAL GROWTH LINES IN
OCEAN QUAHOGS, ARCTICA ISLANDICA LINNE

JOHN W. RoPES,! DOUGLAS S. JONES,* STEVEN A. MURAWSKI,!
FREDRIC M. SERCHUK,! AND AMBROSE JEARLD, JR.!

ABSTRACT

About 42,000 ocean quahogs, Arctica islandica Linné, were marked and released at a deep (53 m) oceanic site
off Long Island, New York, in 1978. Shells of live specimens recovered 1 and 2 years later were radially sec-
tioned, polished, and etched for preparation of acetate peels and examination by optical microscopy or micro-
projection; selected specimens were similarly prepared for examination by scanning electron microscopy.
Specific growth line and growth increment microstructures are described and photographed. An annual
periodicity of microstructure is documented, providing a basis for accurate age analyses of this commercially

important species.

Numerous bivalve species form periodic growth lines
in their shells (Rhoads and Lutz 1980). Internal
growth lines found in the shells of ocean quahogs,
Arctica islandica Linné, have stimulated interest in
using these markings to determine age and growth
(Thompson et al, 19804, b), since fishery exploitation
has increased significantly within the past decade
(Serchuk and Murawski 1980%).

Documentation of age and growth of ocean quahogs
has been incomplete. Some studies included no
account of aging methodologies (Thorson in Turner
1949; Jaeckel 1952; Loosanoff 1953; Skuladottir
1967); in others, concentric “rings” or “bands”
formed in the periostracum of small quahogs (<ca. 60
mm in shell length) were considered annuli, but
validation of the annual periodicity of these markings
was not provided (Lovén 1929; Chandler 1965;
Caddy et al. 1974; Chéné 1970%; Meagher and Med-
cof 1972%). Microstructure of ocean quahog shells
has been studied. but the analyses did not
specifically distinguish growth lines from growth
increments (Sorby 1879; Beggild 1930: Taylor et al.
1969, 197 3; Lutz and Rhoads 1977, 1980). A means

INortheast Fisheries Center Woods Hole Laboratory, National
Marine Fisheries Service, NOAA, Woods Hole, MA 02543,
g 2Department of Geology, University of Florida, Gainesville, FL

2611.

3Serchuk, F.M. and S.A. Murawski. 1980. Evaluation and status
of ocean quahog, Arctica islandice (Linnaeus) populations off the
Middle Atlantic Coast of the United States. U.S. Dep. Commer.,
NOAA, NMFS, Woods Hole Lab. Doc. 80-32, 4 p.

4Chéné, P.L. 1970. Growth, PSP accumulation, and other
features of ocean quahog (A retica islandica). Fish Res. Board Can.,
St. Andrews Biol. Stn., Orig. Manusecr. Rep. 1104, 34 p.

SMeagher, J.J., and J.C. Medcof. 1972. Shell rings and growth
rate of ocean clams (Arctice islandicn). Fish Res. Board Can., St.
Andrews Biol. Stn., Orig. Manuscr. Rep. 1105, 26 p.

Manuscript accep!ed?)uly 1983.
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of clearly separating such shell features was
needed.

Recent investigators of age phenomena in ocean
quahogs have microscopically examined the shells
and acetate peel images produced from sectioned,
polished, and etched shells. This method greatly
aided separating the many crowded growth layers in
the hinge plate and near the ventral valve margin of
large, old specimens. Lutz and Rhoads (1977) found
alternating bands of aragonitic prisms and complex-
crossed lamellar microstructures in the inner shell
layer of ocean quahog shells that they believed were
related to periods of aerobic and anaerobic respira-
tion. Thompson et al. (1980a, b) reported that inter-
nal growth bands corresponded to external checks on
the valves and that the internal growth bands were
formed by successive deposition of two repeating
growth layers or increments. Jones (1980) labelled
the growth increments (GI) as GI I and GI II, since
each was microstructurally distinct, had thickness,
and was formed within a time frame of several months.
For these reasons, he considered the GI I layer to be
unlike minute “growth lines” or “striations” appear-
ing as subdaily deposits in the shells of other bivalves
(Gordan and Carriker 1978); the GI II layer became
thinner and ill-defined from the GI I layer with
ontogeny.

Since growth bands in ocean quahog shells seem to
lack microstructures of possible subannual peri-
odicities, the definitions of a growth line and growth
increment formulated by Clark {1974a, b) have
general application. Clark (1974b:1) defined the for-
mer as “abrupt or repetitive changes in the character
of an accreting tissue™ and the latter as “the thick-

1



ness or volume of tissue formed by accretionary
growth between successive growth lines.” In fact,
Jones (1980:333) identified the layers as a “consist-
ently thin, dark gray, translucent increment” of pris-
matic microstructures which was “easily distin-
guished from™ homogeneous and crossed micro-
structural layers.

Assessment research on ages of ocean quahogs
requires accurate counts and measurements of
growth increments. Age observations are cus-
tomarily made of acetate peel images under optical
microscopes with transmitted light. An important
assessment requirement is that an annual increment
has a distinct beginning and end. The concept of a
growth line forming between successive growth
increments fulfills that requirement.

Counts of supposed annual growth bands seen in
the shells of ocean quahogs by Thompson et al.
(1980a, b) resulted in slow growth rates and an
extreme longevity estimate of 150 yr. Slow growth
rate and suspiciously long life for a bivalve seemed to
invalidate the thesis of only a single growth line and
growth increment being formed annually. Supportive
evidence included finding similar bands in surf
clams; finding a low number of bands formed during
the onset of sexual maturity that were not explained
by less than an annual frequency; finding an expected
number of bands in small specimens of known age;
finding an expected number of bands formed
sequentially in samples taken frequently during 2 yr
that had only an annual periodicity: finding a line
deposited during the fall-winter, a period coinciding
with spawning; and finding ages determined by
radiometric analyses that were comparable with
band counting. The latter three types of investigation
have been expanded by Jones (1980) and Turekian et
al. (1982) with the same results. As part of the study,
I. Thompson (pers. comm.) marked and released
ocean quahogs in the natural environment, but none
was recovered. Direct and readily comprehended
observations of shell growth after marking were con-
sidered to be important additional evidence in sup-
port of the thesis of an annual periodicity of growth
line and growth increment deposition.

In 1978, the National Marine Fisheries Service
marked large numbers of ocean quahogs for release
and recovery at a site 53 m deep and 48 km south-
southeast of Shinnecock Inlet, LongIsland,N.Y., (lat.
10°21’N, long. 72 24'W). Details of this project have
been reported in Murawski et al. (1982). Periodicity
of growth line formation and shell accretion after
notching of recovered ocean quahogs and the micro-
structure of unmarked and marked shells are de-
scribed herein with photographic documentation.

2
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A commercial clam dredge vessel, the MV Diane
Maria, was chartered for the marking operation dur-
ing 25 July to 5 August 1978. The knife of the hy-
draulic dredge was 2.54 m wide, and the cage was
lined with 12.7 mm square-mesh hardware cloth to
retain small clams. Ocean quahogs for marking were
collected within 9 km of the planting site and released
during a 10-d period (ca. 17,000 on 26 July, 3,000 on
2 August, and 21,000 on 4 August 1978). Two 0.7
mm thick carborundum discs, spaced 2 mm apart
and mounted in the mandrel of an electric grinder,
produced distinctive parallel, shallow grooves from
the ventral margin up onto the valve surface (Ropes
and Merrill 1970). Four operators of grinders marked
about 1,600 clams/h. Groups (ca. 3,000-8.000) of
marked clams were released at loran-C coordinates
within a rectangular area of about 3 by 6 us.

Marked clam recoveries were made in conjunction
with annual clam resource surveys. During recovery
operations, a Northstar 6000 loran-C unit and Epsco
loran-C plotter aided in a systematic search of the plant-
ing site. Marked clam recoveries were highly variable.
On 20 and 21 August 1979 and about 387 d after the
marking operation, 43 hydraulic dredge tows at the
planting site captured 14,043 ocean quahogs and 74
(0.5%) were marked; on 9 September 1980 and 773 d
after the marking operation. 1.899 ocean quahogs
were captured in 2 dredge tows and 249 (13.1%) were
marked. Some marked specimens were damaged,
but 67 recovered in 1979 and 200 recovered in 1980
were alive and had intact paired valves.

Recaptured specimens were frozen to prevent
periostracum loss from drying and to facilitate open-
ing without shell damage. Microscopic examination
of 267 notched shells was made to assess the effects
of marking and to obtain growth measurements.
Shell measurements were made to the nearest 0.1
mm by calipers; growth after marking was measured
to the nearest 0.01 mm by an ocular micrometer in a
dissecting microscope. Acetate peels of all marked
ocean quahogs were prepared hy the procedures de-
scrihedbyRopes(19827). Briefly,radial sectionsfrom
the umbo to ventral margin were produced on left
valves, oriented to include the broadest surface of the
single prominent tooth in the hinge. This exposed the
internal growth lines in the valve and hinge tooth for
later treatment. The paired notch marks in a valve

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

"Ropes, J. W. 1982, Procedures for preparing acetate peels of
embedded valves of Arctica islandica for aging. U.S.Dep. Commer.,
NOAA. NMFS. Woods Hole Lab., Doc. 82-18. 8 p.
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were not usually oriented in the above plane of radial
sections, so additional radial cuts were made to
expose growth lines in the notch area. Subsequently,
shells were embedded in an epoxy resin, and the cut
shell edge ground on wetable carborundum paper
and polished. Acetate peels were produced after
etching the shell cut surfaces in a 1% HCl solution for
1 min, followed by microscopic examination of the
peels that were sandwiched between slides.
Preparation of polished and etched radial sections
of marked and unmarked ocean quahog valves were
further examined by scanning electron microscopy
(SEM)%. These examinations included vertical tran-
sects from the periostracum to the shell’s interior and
specific sites affected by the marking operation.
Shell microstructure was diagnosed by using the
classification scheme of Carter (1980), wherein shell
microstructures are elucidated on the basis of their
major (ie., first-order) structural arrangement, inde-
pendent of genetic or optical crystallographic criteria.

RESULTS
Whole Shells

Notch marks showed clearly on wet shells but
periostracum obscured the ventralmost ends extend-
ing well beyond the ventral valve margin on all
specimens (Figs. 1-4). Cuts made in the shell-free
periostracum beyond the ventral margin of some
large quahogs had not been repaired after 2 yr (Fig.
4a); small individuals, however, had completely
formed yellowish-brown periostracum (grayish white
inthe photographs) over new shell growth, which con-
trasted sharply with darker, earlier deposition (Fig.
3a).

In some specimens, the mark formed U-shaped
notches at the marginal edge of the old shell. New
shell deposition was obviously disrupted for quahogs
with deep U-notches, since the marginal shell be-
tween the notches was outlined in relief over new
shell (Fig. 3b, c). Faint paired bulges were also found
on the ventral inner surface of the notched valve of a
few shells and occasionally the notches extended
part way onto the opposite valve. An occasional live
quahog was found with a cracked valve caused from
handling during the marking operation. The black-
ened margins of the cracks, suggestive of reducing
conditions, indicated that the cracks were old. There

*SEM work was performed on an ETEC Autoscan instrument at
the Dental Research Center. University of North Carolina, Chapel
Hill, N.C.: on the JEOLJSM-35 of the Biology Department, Princeton
University, Princeton, N.J.; and on the ISI 1200 of the Department
of Geology, University of Florida. Gainesville, Fla.

was no evidence of repair by shell covering the cracks
in quahogs recovered 2 yr after marking.

Sectioned Shells

An interruption of shell deposition from notching in
some sectioned shells was visible without magnifica-
tion in the cut surfaces. Microscopic examination
revealed a depression that curved dorsally back into
the shell from the external surface and became
increasingly attenuated until it was unrecognizable
from the usual shell features along the inner margin.
This type of interruption was greatest in shells of
small quahogs, probably due to some mantle tissue
incision. Periostracum penetrated into the interrup-
tion to a depth of about 1 mm. The thicker and
tougher periostracum of large clams was less easily
incised during marking and probably served to
minimize incision of mantle tissue.

Acetate Peels of Sectioned Shells

Acetate peels enhanced detection of interruptions
in shell deposition due to notching (Figs. 1d, 2d, 3d.,
4d). In small clams (<80 mm shell length), the
interruption was immediately followed by a line
similar to a succession of lines formed throughout the
valve before marking. No additional lines were evi-
dent thereafter to the marginal tip in shells examined
from the late August 1979 recovery, but in 34 shells
of small clams recovered in early September 1980, a
second line occurred about midway to the tip in all
shells and a third line had formed very near the
marginal valve tip and along the inner margin in 47%
(Fig. 3d). These were all considered to be annual
growth lines for reasons dicussed later. Shell deposi-
tion between growth lines in the outer layer had a
granular appearance, which was sometimes broken
by a faint line of uncertain origin (Figs. 1d, 3d). The
interruption of shell deposition from marking was
also evident in large ocean quahogs (Figs. 2d, 4d).
although an infiltration of the depression with perios-
tracum was not clearly evident. The separation of
shell deposits was more definite and extended
deeper into the shell of large clams, sometimes to a
depth of 2 mm (Figs. 2d, 4d). Growth lines were very
closely spaced (ca. 100 um) and the shell
depositional texture in between lines appeared
similar to that seen in smaller clams. In large ocean
quahogs, new shell was formed laterally beyond the
notch mark and was an indication that the notching
operation had little effect on shell deposition and
growth (Figs. 5a, 6a).

None of the marked quahogs had as severe an

3
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FIGURE 1.—(a) Right valve of an 18-yr-old ocean quahog.Arctica islandica, 71.4 mmin shelllength recovered
on21 August 1979. Estimated annual growth was 1.3 mm. The notch-mark area is shown before (b) and after
(c) peeling off the periostracum. (d) Optical photomicrograph (microprojector) of seven repetitive growth
lines in an acetate peel of the valve margin. An arrow points to an interruption of growth and growth line
formed at or soon after marking the clam in 1978. An internal line is evident between the mark-induced line
and the valve edge. This line is the normally occurring age mark probably formed in late autumn-early winter.
Scale bars of magnification are included.

FIGURE 2.—{a) Left valve of an ocean quahog, Arctica islandica,
about 110 yr old and 100.5 mm in shell length recovered on 20
August 1979. Estimated annual growth in 1 yr was 0.1 mm. The
notch-mark area is shown before (b) and after (c) peeling off the
periostracum. (d) Optical photomicrograph (compound micro-
scope) of many repetitive growth lines in an acetate peel of the valve
margin. An arrow points to an interruption of growth and growth line
formed at or soon after marking the clam. Scale bars of magnification
are included.
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imm d

FIGURE 3.—(a) Left valve of a 15-yr-old ocean quahog. Arctica islandica, 61.7 mm in shell length recovered on 9 Sep-
tember 1980. Estimated 2-yr growth increment was 3.2 mm. The notch-mark area is shown before (b) and after (c)
peeling off the periostracum. {d) Optical photomicrograph (microprojector) of five repetitive growth lines in an ace-
tate peel of the valve margin. An arrow points to an interruption of growth and growth line formed at or soon after
marking the clam. Two additional lines, one midway to the valve tip and one near the valve tip, were formed after
marking the quahog. Scale bars of magnification are included.

FIGURE 4.—(a) Left valve of an ocean quahog, Arctica islandica.
about 95 yr old and 91.7 mm in shell length recovered on 9 Septem-
ber 1980. Estimated 2-yr growth increment was 0.3 mm. The notch-
mark area is shown before (b) and after {(c¢) peeling off the
periostracum. (d) Optical photomicrograph (compound micro-
scope) of many repetitive growth lines in an acetate peel of the valve
margin. An arrow points to an interruption of growth and growth line
formed at or soon after marking the clam. Scale bars of magnification
are included.
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FIGURE 5.—(a) Optical photomicrograph {compound microscope) of an acetate peel at anotch-mark in the ocean quahog,
Arctica islandica, shown in Figure 2 (scale bar = 100 um). Note the single annual increment of growth formed laterally
beyond the notch-mark. (b) SEM photomicrograph of the same shell specimen (scale bar = 100 um). Abbreviatons of
shell microstructural terms in this and subsequent figures are expalined in this text. (¢) Transitional CA-CL microstruc-
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ture interrupted by an ISP band that extends from the notch-line seen in (b) (scale bar = 10 um). This photomicrograph
was taken beyond the field of view of (b), to the lower left and beyond the zone of epoxy penetration. (d) Enlargement of
epoxy penetration zone from (b) interrupts normal shell microstructure followed by a zone of cavernous, poorly
organized, disrupted shell growth (scale bar = 10 um).
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FIGURE 6.—(a) Optical photomicrograph (compound microscope) of an acetate peel at anotch-mark in a 100.3 mm long
ocean quahog. Arctica islandica, about 110 yrold recovered on 9 September 1980. Note two annual increments of growth
formed laterally beyond the notch-mark, estimated to be 0.1 mm (scale bar = 100 um). (b} SEM photomicrograph of the
same specimen (scale bar = 100 pm). The penetration of epoxy medium corresponds to the marking event. (¢) Tran-
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sitional CA-CL microstructure in the upper left interrupted by the penetration of epoxy into the shell along the line cor-
responding with the notching event (scale bar = 10 um). Beyond the zone of epoxy penetration this line is recognized as
an ISP band. Following this line is a zone of SphP disruption growth which gradually gives way to transitional CA-CL.
This photomicrograph was taken off the field of view of (b), to the lower left. (d) Disruption growth of SphP micro-
structure following the line which corresponds to marking of the clam (scale bar = 50 um).
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interruption in shell deposition as did a 66.4 mm
shell-length specimen collected during a 1980 winter
clam survey (Fig. 7 a, b). A depression outlined the
entire shape of the clam at the time of its formation
and at 25.9 mm shell length. The shell formed before
the depression wasraised laterally above that formed
afterwards in a shinglelike fashion. Both valves of the
clam showed the interruption. The smaller shell

FISHERY BULLETIN: VOL. 82, NO. 1

shape was only slightly atypical for ocean quahogs,
and no irregularity was found as an indication that an
injury had occurred. The ratio between the greatest
shell height (21.4 mm) and shell length (25.9 mm) of
the smaller shell was 0.826. and for the entire shell
{50.2 mm shell height; 66.4 mm shell length) was
0.756. These values suggest that growth after the
depression departed from the more typical, isomet-

FIGURE 7.—(a) Right valve of an ocean quahog, Arctica islandica, 23 yr old and 66.4 mm in shell length collected
near the marking site during 1980. An obvious interruption of growth (arrow) and radiating lines in the anterior
half of the valve are shown. (b) Optical photomicrograph (compound microscope) of an acetate peel of the sec-
tioned valve at the site of growth interruption. Scale bars of magnification are included.
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ric growth reported for ocean quahogs by Murawski
et al. (1982). Light radial lines extended from the
umbonal area to valve margin in the periostracum of
the anterior half of the shell formed after growth had
been interrupted, but their significance was not
evident.

Microstructure of Unmarked Shells

The ocean quahog shellis entirely aragonitic withan
inner and outer layer separated by an extremely thin
prismatic pallial myostracum. The latter is com-
posed predominantly of irregular simple prisms
(ISP) and occasionally a few fibrous prisms (FP).
Both principal shell layers contain two growth sub-
lavers: The thin annual growth line and the wider
annual growth increment. Significant variations were
found in the microstructure of each during
examinations by SEM.

The distribution of microstructures in a typical
ocean quahog shell may be seen by considering a
transect from the exterior to interior depositional
surfaces. The thick, dark brown or black perios-
tracum is an obvious exterior surface covering, but it
is intimately associated with the shell. Some
aragonitic shell material is invariably removed when
peeling off the periostracum and granules of
aragonite were found embedded in it during
examination of unetched thin sections under the
crossed nicols of a polarizing microscope. The
aragonite is dissolved by etching the polished sur-
faces of sectioned shells, leaving cavities, some with
angular faces in the periostracum (Fig. 8a).

Important microstructures for aging purposes are
found mostly in the outer shell layer. The dominant
growth increment sublayer beneath the perios-
tracum exhibits a granular homogeneous (HOM)
microstructure which is very cavernous and has
bleblike isolated crystal morphotypes (ICM) (Fig. 8b,
¢). These microstructures typically grade into
incipient ISP (Fig. 8d). Below the prisms is a layer of
crossed microstructures which appear to be tran-
sitional between simple crossed lamellar (CL) and
crossed acicular (CA) structures (Fig. 8d). The latter
predominates in the middle portion of the outer shell
layer with occasional occurrences of fine complex-
crossed lamellar (FCCL) microstructure. Tran-
sitional CA-CL microstructures are also seen in
Figure 8e.

In the thin growth lines of the outer shell layer, FP
near the external surface soon give way to very dis-
tinctive spherultic prisms (SphP) (Fig. 9a-d). These
SphP themselves grade into composite prisms
(CompP) which are comprised of first-order prisms

with the second-order prisms radiating toward the
depositional surface from a central, longitudinal axis.
Closer toward the inner shell layer the FP, SphP, and
CompP microstructures are gradually replaced by
ISP bands.

The inner shell layer is characterized by growth
lines composed of ISP which alternate with growth
increment bands of FCCL microstructures. The
hinge plate and tooth region have microstructures
recognizable as distinct sublayers that are important
for aging purposes. Here growth lines are construct-
ed of narrow ISP (Fig. 9e). These alternate with
growth increment bands that are composed of tran-
sitional CA-CL, FCCL. and HOM microstructures
(Fig. 9e).

In summary, ocean quahog shells are composed
largely of HOM, CA-CL, and minor amounts of
FCCL microstructures with prismatic bands of local
importance. The latter constitute the growth line
layer; the former the growth increment layer. Figure
10 is a diagrammatic sketch of the distribution of
microstructures in the two principal lavers of the
valve of a typical ocean quahog.

Microstructure of Marked Shells

Variations in the shell microstructure associated
with notching and subsequent shell growth of ocean
quahog specimens were studied by examining the
ventral margins of six quahogs. The same basic pat-
tern described for unmarked shells was observed in
these specimens. Optical and scanning electron
photomicrographs of two shells illustrate the salient
features (Figs. 5, 6).

The notching event in both shells was accompanied
by a disruption of the normal growth pattern and a
resumption of shell growth at a new orientation. This
is seen in Figures 5a and 6a as a prominent flattened
surface in the exterior shell surface from the marking
operation followed by a lateral extension of the shell
margin out beyond the notch mark and old shell sur-
face. The extension represents renewed growth at a
new orientation. Retraction of the mantle during the
marking process and resumption of shell growth at a
slightly new orientation resulted in a zone of either
loosely calcified or uncalcified shell paralleling the
shell margin and extending from the notch inward
toward the depositional surface. This zone is filled
with epoxy medium during the embedding process
and is seen in Figures 5b and 6b, ¢, and d as the resis-
tant, unetched material penetrating several milli-
meters into the outer shell layer. The penetration
zone disappeared shortly beyond the field of view in
Figures 5b and 6b. Where this happened (Fig. 5¢), a
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FIGURES.—M icrostructural variation in the shell of a 97.5 mm long, 92-yr-old ocean quahog, Arctica islandica. The central photograph is of an
acetate peel from a radial, polished, and etched section through the valve at the ventral margin. Black lines locate SEM photomicrographic
enlargements of specific polished and etched areas in the section valve (scale bar = 1 mm). (a) Periostracum (*‘P") with angular cavities and
HOM microstructure (scale bar = 10 um). (b) Cavities in HOM microstructure of outermost valve surface. White rectangle encloses are
enlarged in (c) (scale bar = 10 um). (¢) Cavities showing bleblike ICM structures (scale bar = 1 pm). (d) HOM microstructure at top trending to
ISP, then to transitional CA-CL toward the bottom. White rectangle encloses the area enlarged in (e) {(scale bar = 10 um). (e) Transitional CA-
CL microstructure at higher magnification (scale bar = 10 um).
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FIGURE 9.—Microstructural variation in the shell of ocean quahog,Arctica islandica, continued from Figure 8. (Central photograph scale bar =
1 pm). (a) Annual growth line sublayer (region between upper and lower-most dark bands) in outer shell layer, located beneath the CA-CL mi-
crostructure of Figure 8e. White rectangle encloses the area enlarged in (b) (scale bar= 10 m). (b) The center of the growth line sublayer show-
ing FP, SphP, and CompP microstructures (scale bar= 10 um). (c) Transitional CA-CL microstructure of the growth increment sublayer below
({b) (scale bar = 10 um). (d) ISP forming growth line sublayer within FCCL microstructure. Photomicrograph from area closer to the
depositional surface than previous photos (scale bar= 10 um). (¢) HOM microstructure interrupted by two prominent ISP bands from a section
through the hinge plate (scale bar = 10 um).
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FIGURE 10.—Idealized. partial. radial cross section through the shell of a typical ocean quahog. A rctica islandica,
showing the distribution of shell microstructures. Ventral margin is toward the left. Section is located inside the
pallialline. Legend of acronyms: ICM = isolated crystal morphotypes; FP = fibrous prisms; SphP = spherulitic
prisms; CompP = composite prisms; ISP = irregular simple prisms; HOM = granular homogeneous; CA =
crossed acicular; CL = crossed lamellar; FCCL = fine complex crossed lamellar.

growth line of ISP continued parallel to the earlier
growth lines.

Thetypical outer shell layer structure formed by the
time of marking is noted in Figures 5b and 6b. These
figures clearly show the alternation of the growth line
and growth increment sublayers. However. im-
mediately following the marking event all specimens
showed a disruption in microstructural development,
especially out near the shell surface. This coincided
with the presence of loosely organized SphP
immediately following the marking event line (see
particularly Fig. 6c, d). The disruption zone con-
sisted of cavernous, poorly organized. microstruc-
ture (Fig. 5d).

In all six shells examined, the growth line associated
with the marking event continued inward toward the
shellinterior, even beyond the zone of epoxy penetra-
tion (Figs. 5b, 6b). When this line was traced inward,
it wasindistinguishable from the many earlier formed
growth lines. Such a view is seen in Figure 5¢ located
well off the field of view Figure 5b, to the bottom left.
Here the growth line consisted of a diagonal ISP band
bounded on both sides by transitional CA-CL
microstructure.

DISCUSSION

The layering and separation between growth lines
and growth increments of small ocean quahogs (< ca
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60 mm shell length) are often visible macroscopically
onthe external surfaces of whole valves and in the cut
surfaces of radial sections. However, macro- or mi-
croscopic examinations of large ocean quahog
valves are consistently frustrated by a lack of clear
differentiation of the same growth phenomena. Pre-
paration of acetate peels of shell cross sections. as
has been described and photographically docu-
mented, greatly enhances discrimination of the lines
and increments of growth throughout the range of
shell sizes.

Past investigators of the microstructure of ocean
quahog shells described some of the basic com-
ponents, but did not clearly elucidate differences
between the lines and increments of growth. Sorby
(1879: 62) appears to have given the first description
of the structure of the Arctica (= Cvprina) islandica
shell: “In Cyprina islandica we have another extreme
case, in which the fibres perpendicular to the plane of
growth are so short as to appear like granules, though
the optic axes are still definitely oriented in the nor-
mal manner.” Boéggild (1930:286) reported that he
was unable to confirm Sorby’s observations. Instead
he stated that Arctica islandica belongs to a group of
species within the Arcticidae (= Cyprinidae) having
the least visible structure among all the bivalves. He
terms this structure homogeneous but suggests there
are small traces of other structures in the shell.
Baggild (1930) goes on to point out that the lower
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part of the shell (inner layer) is perhaps more
“...representative of the common, complex struc-
ture...and... there are alternating layers of more
transparent layers and finely grained ones.” More
recently Tayloretal. (1969, 1973) examined the shell
microstructure of Arctica islandica, which they adopt-
ed as their “type species™ to illustrate homogeneous
shell microstructure. Basically, the general picture
by Bgggild (1930) agrees with that of Taylor et al.
(1969), who used electron microscopy in their inves-
tigation. However, they disagreed sharply with
Bg¢ggild that the inner shell layer was “‘representative
of the common complex structure.” After examining
unetched fractured sections and polished and etched
sections of both shell layers, Taylor et al. (1969,
1973) concluded that both shell layers in Arctica
islandica are built of minute, irregular rounded
granules, quite variable in size (1.5-3 um across).
having highly irregular contacts with their neighbors
and being poorly stacked. Tavlor et al. (1969:51)
further reported: “In peels and sections of the inner
layer, within the pallial line there is a marked colour
banding, in greys and browns. The only fine structure
that can be resolved is a suggestion of minute grains,
which are most conspicuous in the translucent,
grey-colourless parts of the shell. These grains are
arranged in sheets parallel to the shell interior. In the
outer layer grains can also be resolved, but are
arranged in sheets parallel to the margin of the shell
and growth lines.” They also noted that these
features are more clearly seen in the umbonal region
where the orientation of grains normal to layering is
very conspicuous. Taylor et al. (1969) suggested that
the layering is a reflection of repeated (?diurnal)
deposition of carbonate (a prospect deemed very
unlikely by Thompson et al. 1980a). Also in the
umbonal region are thin (2-3 um) prismatic bands
which parallel the layering. Outside the pallial line,
Taylor et al. (1969) reported the outer shell layer to
be very dense and opaque, with the most obvious
structural features being fine grains arranged in
sheets giving the layer a finely banded appearance.

Analyses under SEM of oriented fractured, and
polished and etched sections of ocean quahog shells
revealed that microstructural variation is more com-
plex than had been proposed by Beggild (1930) or
Taylor et al. (1969, 1973). Thin sections of isolated
periostracal fragments examined under crossed
nicols confirmed the presence of embedded
aragonite granules in the periostracum of ocean
quahogs reported for other recent bivalves (Carter
and Aller 1975). These granules probably form a
layer like that described for the blue mussel, Mvtilus
edulis. by Carriker (1979). After special treatment of

the valves for examination by SEM, he found *‘a thin
discrete calcareous layer continuous over the outer
surface of the valves between the periostracum and
the outermost shell layer.” The layer is called mosaio-
stracum. The shell mierostructure in the growth incre-
ment sublayer beneath the periostracum is HOM., as
Boggild (1930) and Taylor et al. (1969, 1973) re-
ported. The “... minute, irregular, rounded gran-
ules. .. have highly irregular contacts...” (Taylor
et al. 1969:51) that are particularly well exposed in
fracture sections. An abundant transitional CA-
CL microstructure was found in the middle portion
of the outer shell layer and growth increment sub-
layer. This study confirmed its presence in ocean
quahogs as reported by Carter (1980). The growth
line sublayer of the outer shell layer had four
grades of prismatic structure (FP, SphP, ComP, and
ISP). Lutz and Rhoads (1977) examined the inner
shell layer near the umbo of ocean quahogs and found
bands of simple aragonitic prisms alternating with
complex-crossed lamellar and homogeneous struc-
tures. We found similar microstructures in the inner
shell layer of the valve of ocean quahogs. Our
analyses identified distinct microstructures, not
unlike those found in the valve for the growth line and
growth increment layers in the hinge plate.

Growth line deposition more nearly approximates
an annual event than any shorter or longer interval.
Marked clams recovered in late August 1979 had
formed only one growth line other than the mark-
induced check soon after the notching operation in
1978. They had been free about 22 d longer than a
calendar year. Those recovered in early September
1980 all had formed the growth line soon after the
notching operation, like those recovered in 1979, and
a second line appeared midway to the ventral valve
edge, which in all probability had been formed after
the late August 1979 recovery effort. These clams
were free about 33 d more than 2 calendar years since
the notching operation. A feature of the specimens
recovered in 1980 was that about half had formed a
third line very near the ventral valve edge and along
the inner margin. All of the narrow growth lines were
separated by relatively even, broad areas of growth
increment deposits suggestive of no more orless than
an annual interval for the deposition of growth lines,
even though the time of formation of such lines may
not correspond to an exact number of calendar days.
These observations confirm similar conclusions of an
annual periodicity of growth line formation by
Thompson and Jones (1977). Thompson et al
(19804, b), and Jones (1980).

Radiometric techniques for aging bivalve shells
have recently been applied to ocean quahogs.
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Thompson et al. (1980a) reported that the predicted
radiometric age of an ocean quahog having 22 bands
corresponded exactly to 22 yr when aged using ***Ra.
Turekian et al. (1982) concluded that age deter-
minations of ocean quahogs from radiometric
analyses are compatible with counts of bands formed
annually. Thus, radiometric studies support the con-
tention of an annual periodicity of growth lines in
ocean quahogs.

Various environmental disturbances have been
implicated in the formation of shell abnormalities
and atypical growth lines in other bivalve species
(Weymouth et al. 1925; Shuster 1957; Merrill et al.
1966; Clark 1968; Palmer 1980). It is therefore. con-
ceivable that the stress imposed by dredging, mark-
ing, and returning the ocean quahogs to the ocean
floor and their burrowing activities hastened the for-
mation of a growth line in 1978. Thereafter, natural
events affecting the metabolism of shell deposition
are more likely stimuli. Such events apparently did
not occur during the period after the formation of the
growth line in 1978 and recovery of clams in late
August 1979. Instead a growth line that in all prob-
ability had formed in 1979 was found in the shells of
clams recovered on 9 September 1980. Its formation
may have occurred in late August 1979, but the third
line found in half of the clams recovered on 9 Septem-
ber 1980 suggests the possibility of its formation in
early September 1980. By inference, then, growth
line formation in 1979 and 1980 occurred in
September.

The reported life span (150 yr, Thompson et al.
1980a) of ocean quahogs surpasses similar estimates
for other bivalves. Age and growth of the far east
mussel, Crenomytilus grayanus, have been deter-
mined from examinations of shell structure, an
oxygen-isotope method. and notching experiments
(Zolotarev 1974; Zolotarev and Ignat'ev 1977,
Zolotarev and Selin 1979). These investigations
indicated that longevity of the mussel may exceed
100 yr. Turekian et al. (1975) proposed a longevity of
about 100 yr for a deep-sea nucoloid, Tindaria callis-
tiformis, after determining ages by radiometric
means and counting regularly spaced bands in the
shell of one of the largest (8.4 mm in shell length). It
seems likely that longevity of ocean quahogs may
exceed 150 yr. Murawski and Serchuk (1979) report-
ed a maximum shell length of 131 mm for ocean
quahogs in extensive collections taken from the Mid-
dle Atlantic Bight. A specimen of this size is half
again as large as the 88 mm example of a 149-yr-old
ocean quahog reported by Thompson et al
(1980a).

In conclusion, the foregoing description of annual
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growth line formation in marked ocean quahogs and
analyses of growth in the same specimens by
Murawski et al. (1982) present significant supporting
evidence for the hypothesis of slow growth and a long
life span in the species. Ocean quahogs apparently
live longer than any other bivalve known to man.
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FOOD OF SILVER HAKE, MERLUCCIUS BILINEARIS

Ray E. BowmaN'

ABSTRACT

Stomach contents of 2,622 silver hake collected in the Northwest Atlantic have been analyzed. Fish were
collected on bottom trawl surveys conducted from 1973 to 1976. The mean fish fork length (FL) was 20 cm
and the average stomach content weight was 1.5 g. Silver hake <20 cm FL prey mostly on amphipods,
decapod shrimp, and euphausiids. Fish 20 cm FL and longer take increasing proportions of fish and squid as
part of their diet. Stomach contents of male and female fish of similar size indicate that females eat larger
quantities of food (particularly more fish) than the males. The females are also, on the average, longer than
the males. Silver hake feed primarily at night. Feeding begins near dusk and continues until just after mid-
night. In the spring a second feeding period seems to occur near noon. Silver hake feed intensively during
spring. Their stomachs contain almost twice as much food in spring as they do in autumn. Significant dif-
ferences were noted in the intensity of feeding between areas. Stomachs of fish, caught in the Middle Atlantic,
contain the largest quantities of food. The species of prey taken by silver hake are highly variable and likely
reflect prey availability during different years and seasons in various areas. When silver hake spawn, their
dietary intake is reduced. The diet of fish taken in deep water (>150 m) is mostly euphausiids and squid, and
the quantity of food found in their stomachs is less than that in stomachs taken from fish collected at depths

<150 m.

Silver hake, Merluccius bilinearis (Mitchill 1814),is a
Northwest Atlantic gadiform fish whose range ex-
tends from continental shelf waters off South Caro-
lina to the Newfoundland Banks. It is most abundant in
offshore waters extending from New York to Cape
Sable, Nova Scotia (Bigelow and Schroeder 1953).

Previous investigations have shown that large silver
hake eat mostly fish and/or squid, while smaller silver
hake feed on euphausiids, amphipods, and decapod
shrimp. Among the first to report these findings were
Nichols and Breder (1927), who noted 75 herring
about 7 cm long in the stomach of a 59 cm fish.
Bigelow and Schroeder (1953) reported that silver
hake are extremely voracious and will prey on smaller
silver hake or any other of the schooling fishes such as
voung herring, mackerel, menhaden, alewives, or silver-
sides. Evaluation of other studies on the diet of silver
hake caught in various areas and during different
years establishes that the prey of silver hake is very
predictable in that it is usually comprised of a variety
of fish, squid, and crustaceans (Jensen and Fritz
1960; Schaefer 1960; Vinogradov 1972; Noskov and
Vinogradov 1977; Bowman and Langton 1978; Lang-
ton and Bowman 1980). Investigations by Swan and
Clay(1979), Edwards and Bowman (1979), and Bow-
man and Bowman (1980) have shown that silver hake
feed mostly at night.

Until recently the potential impact of silver hake on

'Northeast Fisheries Center Woods Hole Laboratory, National
Marine Fisheries Service, NOAA, Woods Hole, MA 02543.

Manuscript accepted July 1983.
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the Northwest Atlantic ecosystem had not been de-
termined. Edwards and Bowman (1979) estimated
the annual consumption of the principal predators in
the Northwest Atlantic. They concluded that silver
hake alone could potentially consume almost 10% of
the standing crop of all fish within the study area an-
nually, the bulk of which would be small or juvenile
fish. They suggested that silver hake, more than any
other species, plays the principal predatory role in
regulating the Northwest Atlantic ecosystem. The
purpose of this report is to document the quantities
and types of food eaten by silver hake during the
years 1973-76, and further, to identify feeding trends
which may be of consequence when attempting to
precisely determine silver hake’s impact onother fish
populations.

METHODS AND MATERIALS

A total of 325 samples from 2,622 silver hake
stomachs was collected during eight MARMAP (Mar-
ine Resources Monitoring, Assessment, and Predic-
tion) bottom trawl survey cruises conducted by the
National Marine Fisheries Service during spring and
fall 1973-76 (Table 1). The cruise periods were as
follows: 16 March-15 May 1973; 26 September-20
November 1973; 12 March-4 May 1974; 20 Sep-
tember-14 November 1974; 4 March-12 May 1975;
15 October-18 November 1975; 4 March-8 May
1976; 20 October-23 November 1976. On spring
cruises atwo-seam modified Yankee No. 41 trawl was
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TABLE 1.—Number of silver hake stomachs examined from each
geographic area by year and season.

Southern

Year Season Middle Atlantic New England Georges Bank
1973 Spring 39 105 48
Falt 144 129 191
1974 Spring 189 93 103
Fall 54 117 157
1975 Spring 68 100 92
Fall 91 120 146
1976 Spring m 125 63
Fall 23 129 115
Totals 789 o18 915

fished, and during fall cruises a standard Yankee No.
36 was used. The cod end and upper belly of both
trawls were lined with 13 mm mesh netting to retain
smaller fish. A scheme of stratified random trawling
was conducted within the study area (Fig. 1), and
fishing continued over 24 h/d>. All tows were 30 min
in duration at a vessel speed of 3.5 kn in the direction
of the next station.

Sampling of stomachs was concentrated in three
areas: Middle Atlantic, Southern New England, and
Georges Bank (Fig. 1). Fish within two length groups
(=20 cm and <20 cm) were randomly selected (50
fish/group) during each cruise from the bottom trawl
survey catches in each area. At each station within a
particular area no more than 10 fish were taken for
each of the two length groups, and fish were not sam-
pled at two consecutive stations. The only exception
to this collection method occurred when it appeared
(during the cruise) that 50 large or 50 small fish would
not be collected within a particular area. In this case,
all fish caught were collected in an attempt to obtain
the minimum sample size. Stomachs of large fish
were excised aboard ship; individually wrapped in
gauze with a label denoting vessel, cruise, species,
fork length (FL), sex, and maturity; and preserved in
3.7% formaldehyde (small fish were preserved whole).

In the laboratory the preserved stomachs were in-
dividually opened, and their contents emptied onto a
0.25 mm mesh opening screen sieve to permit wash-
ing without loss of any food items. The stomach con-
tents were sorted, identified, counted, and damp
dried on absorbent paper. Major prey items and com-
monly occurring but relatively minor prey, in terms of
weight, were identified to species whenever possible.
The wet weight of all stomach content groups was
determined to the nearest 0.001 g and all information

2Further details of the bottom trawling techniques may be obtained
from the Resource Surveys Investigation, Northeast Fisheries Cen-
ter Woods Hole Laboratory, National Marine Fisheries Service,
NOAA, Woods Hole, MA 02543.
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recorded. A stomach was considered empty when no
food items could be identified and the material found
in the stomach weighed <0.001 g. Data were ana-
lyzed with FORTRAN IV programs written for use
on a Honeywell SIGMA 73 computer system located
in Woods Hole, Mass.

Food data are presented in terms of the mean
stomach content weight, adjusted stomach content
weight (discussed below), and the percentage weight

*Reference to trade names does not imply endorsement by the
National Marine Fisheries Service, NOAA.
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FIGURE 1.—Offshore areas sampled during bottom trawl surveys
conducted by the Northeast Fisheries Center between the years of
1973 and 1976, inclusive.
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each prey group made up of the total stomach con-
tents weight. All tables follow a standard format to
aid in making comparisons. In the tables, subtotals of
the percentage weight of major stomach content
groups are offset to the left. The minor prey groups
are discussed in further taxonomic detail in the text.
Adjusted stomach content weights are weights ad-
justed by a correction factor which allows direct com-
parison of the stomach content weights of different-
sized fish. Adjustment of the stomach content
weights was necessary, before any quantitative com-
parisons could be made between variables such as
sex or area. Observations on stomach tissue weight
(excluding contents), mean stomach content weight,
and whole fish weight (Fig. 2) revealed that neither
the mean stomach content weight nor the stomach
tissue weight is proportional to the body weight of
different-sized fish. Stomach tissue weights of 526
silver hake were gathered during a study jointly con-
ducted by American and Soviet scientists on Georges
Bank, September 1978, aboard the Soviet RV Belo-
gorsk (operated by the Atlantic Research Institute of
Marine Fisheries and Oceanography, Kaliningrad,
USSR). Mean stomach content weight data were
derived from the 1973-76 food data given in this
report, and the fish body weights were calculated us-
ing the silver hake length-weight equation described
bv Wilk et al. (1978). Silver hake weighing <100 g, or
>300 g, have larger stomachs (stomach tissue weight
being an indication of stomach size), and stomachs

which contain on the average more food in terms of
percentage body weight, than fish weighing between
100 and 300 g. Since both the stomach tissue weight
and the mean stomach content weight were dis-
proportionate when presented as percentage body
weight for different-sized fish (but were generally
proportionate relative to each other), and because
the mean stomach content weight data was much
more variable than the stomach tissue weight data,
the data adjustment was based on stomach tissue
weight rather than on body weight or mean stomach
content weight. The following equation was used to
adjust the stomach content weights:

l
il

2

ZL=

-~
=

where A, = Adjusted stomach content value.
The adjusted stomach content value
was converted to grams by multiply-

ing it by the stomach tissue weight of

a 30 cm FL fish.

%l = Mean stomach content weight of all
fish at a given length.

wl = Mean stomach tissue weight of silver
hake at a given length.

The adjusted stomach content data for fish 4 (0.3 g)
to 15 (21 g) cm FL and 24 (90 g) to 35 (292 g) cm FL
are presented separately in forthcoming sections.

3ol |
‘l ————
1o © ¥ STOMACH TISSUE WEIGHT/ BODY WEIGHT
i EXPONENTIAL CURVE FTT: r2 = 081, 6 =0.107, b 20 092
25 | o
{ .
i % STOMACH CONTENT WEIGHT/ BODY WEIGHT
a0k |} EXPONENTIAL CURVE FIT. r® = 0.94, a = 0.006,b=0 170
i \
\
da

% BODY WEIGHT

BODY WEIGHT (G}

FIGURE 2.—Percentage body weight made up by the stomach tissue weight and the stomach content
weight of different size silver hake. Area enclosed by solid lines represents more than 80% (excluding
juveniles) of the silver hake population (fish 2-7 yr old), based on survey data, Stomach tissue weight/fish
length and stomach content weight/fish length data were fit to an exponential curve (form y = aeb*), The
data are presented in terms of body weight for illustrative purposes.
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These two length groups were chosen because the
food consumption of fish <1 yr old (4-15 cm FL) dif-
fers substantially from the food consumption of older
fish (evident from Figure 2). In addition, too few fish
outside these length ranges were sampled to warrant
inclusion in any of the calculations dealing with com-
parisons between data sets. An analysis of variance
(one way) was used to test the observed differences
among sample means (e.g., between geographic
areas).

RESULTS

The contents of 2,622 silver hake stomachs, of
which 803 (30.4%) were empty, were analyzed. Fish
sampled averaged 20 em FL and had, including the
empty ones, a mean stomach content weight of 1.5 g.
Sources of potential variation in the data presented
below include size, sex, and maturity stage of fish, as
well as the time of day, area, year, season, bottom
depth, and temperature when or where the fish were
caught. Each variable considered in this analysis is
treated separately, i.e., the data were pooled over
other variables with no attempt to determine the
possible confounding effects of different variables on
the results. Dietary trends noted within each par-
ticular variable examined should be considered only
as preliminary observations.

Composition of the Diet

Overall, in terms of percentage weight, the diet of
silver hake consists almost entirely of fish (80.0%),
crustaceans (10.2%), and squid (9.2%), as can be
seenin Table 2. The importance of crustaceans to the
diet is overshadowed by the fish portion because
large silver hake eat heavier meals consisting pri-
marily of fish. However, Table 2 is useful because it
serves as a composite list of the prey types commonly
found in the stomachs of silver hake. Fish such as
silver hake, Merluccius bilinearis; Atlantic mackerel,
Scomber scombrus; butterfish, Peprilus triacanthus;
herring (Clupeidae); American sand lance, Am-
modytes americanus; scup, Stenotomus chrysops; At-
lantic saury, Scomberesox saurus; and longfin hake,
Phycis chesteri, each make up >0.1% of the stomach
contents. The “Other Pisces” category, most of
which could not be identified, accounts for a substan-
tial portion (52.0%) of the “‘Pisces™ group. Fishes
which could be identified within this category (all
contributed <0.1% to the diet) include summer
flounder, Paralichthvs dentatus; redfish, Sebastes
marinus; codfishes (Gadidae); and flatfishes (Pleuro-
nectiformes).
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Crustacea in the diet is represented principally by
euphausiids (mostly Meganyctiphanes norvegica, 3.7%,
and Euphausia, <0.1%) and decapods such as the
Crangonidae (mainly Crangon septemspinosa, 1.4%,
and Sclerocrangon boreas, <0.1%), Pandalidae (al-
most exclusively Dichelopandalus leptocerus, 2.0%,
although some Pandalus borealis, <0.1%, was also
found), Pasiphaeidae (only Pasiphaea multidentata,
0.1%), and other unidentified decapods (0.4%) which
were mostly shrimp (0.3%). Amphipods found in the
stomachs consist primarily of the families Ampe-
liscidae (<0.1% each of Ampelisca agaxxizi, A.
spinipes, A vadorum, and Byblis serrata),
Oedicerotidae (<0.1% of Monoculodes edwardsi and
M. intermedius), and Hyperiidae (exclusively the
genus Parathemisto, 0.1%). The remaining crusta-
cean groups are the Mysidacea (comprised of
Neomysis americana, 0.7%, and Erythrops, <0.1%),
Cumacea (mostly Leptocuma, <0.1%, and some un-
identified diastylids, <0.1%), Copepoda (almost all
identified as calanoids, <0.1%), and “Other Crus-
tacea” (all of which was well-digested crustacean
remains, 0.3%).

The only other stomach contents identified were
the cephalopods (Loligo pealei, 4.7%, and Rossia,

TABLE 2.—Dietary composition of 2,622 silver hake
caught in the Northwest Atlantic during the years
1973-76. (+ indicates <0.1%.)

Percentage
Prey weight
Polychaeta 0.1
Crustacea 10.2
Amphipoda 1.3
Ampeliscidae 1.0
Oedicerotidae 0.1
Hyperiidae 0.1
Other Amphipoda 0.1
Decapoda 3.9
Crangonidae 1.4
Pandalidae 2.0
Pasiphaeidae 0.1
Other Decapoda 0.4
Euphausiacea 4.0
Mysidacea 0.7
Cumacea +
Copepoda +
Other Crustacea 0.3
Cephalopoda 9.2
Loligo 7.6
Other Cephalopoda 1.6
Pisces 80.0
Scomberesox saurus 15
Clupeidae 27
Merluccius bilinearis 9.2
Phycis chesten 0.2
Ammadytes americanus 1.8
Scomber scombrus 7.5
Stenotomus chrysops 1.6
Peprilus triacanthus 35
Other Pisces 52.0
Miscellaneous 0.5
No. of stomachs examined 2,622
No. of empty stomachs 803
Mean stomach content weight (g) 1.477
Mean fish FL (cm) 20.3
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<0.1%), Polychaeta, and the ‘“Miscallaneous”
category, which eonsisted of small amounts (<0.1%)
of Echinodermata, Chaetognatha, unrecognizable
digested matter, and sand.

The percentage weights of various prey of silver
hake within specified length groups are listed in Ta-
ble 3. Silver hake <20 cm FL eat mostly crustaceans
(>80% on the average), whereas the food of in-
dividuals >20 ecm FL is mostly fish and squid
(average over 50%). Stomachs of silver hake 3-6 cm
FL contain the largest percentages of smaller crusta-
cean forms, such as amphipods and copepods.
Decapods, euphausiids, and mysids, which are
generally larger organisms (see Gosner 1971), make
up the largest percentage of the diet of fish 6-20
cm FL.

Diet Differences Between Males and
Females

The diet of male and female silver hake differs in
both quality and quantity of food (Table 4). The
stomachs of males have the largest percentage of
crustaceans, while those of females have the largest
percentage of fish and squid. The mean stomach con-
tent weight of the males is only about one-fifth that of
the females. Males also occur less frequently in the
samples (42% of the fish collected were males) and
are generally smaller than the females (mean FL
males, 28.4 cm; females, 32.1 cm). Since female fish
are, on the average, longer than the males, the dif-
ferences noted above had to be dealt with in con-
siderably more detail.

A comparison of the data in Tables 5 (food of males)
and 6 (food of females) indicates that males and
females within the same size groupings consume dif-
ferent types and amounts of food. The same dietary
patterns noted formale and female fish in the preced-
ing paragraph can be seen within most of the in-
dividual length groups in these two tables (e.g., when
males and females within the same size group are
compared, the stomachs of the females contain larger
quantities of food and higher percentages of fish and
squid). The number of males sampled generally ex-
ceeds the number of females for length groups <30
cm, while females dominate the length groups >30
cm.

A subset of the data were analyzed separately using
only fish lengths for which 20 or more individuals
each of males and females were sampled (Fig. 3). This
group of fish (ranging in FL from 24 to 34 cm) is fairly
representative of the adult silver hake population
sampled. The mean stomach content weight (Fig.
3A), percentage crustaceans (Fig. 3B), and per-

centage fish and squid (Fig. 3C) data presented
graphically illustrate the differences between the
diet of male and female silver hake of the same
length. The stomachs of females contain more food,
on the average, than those of males; the stomachs of
males contain higher percentages of crustaceans
than females; and the stomachs of females contain
more fish and squid than those of males. Adjustment
(by stomach tissue weight) of the mean stomach con-
tent weights given in Figure 3A revealed that the
stomachs of females contain, on the average, 1.5
times the quantity of food found in the stomachs of
males.
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FIGURE 3.—A) Mean stomach content weight of male and female
silver hake versus fish length, B) percentage of total stomach con-
tent weight made up by crustaceans for male and female silver
hake, C) percentage of total stomach content weight made up by
fish and squid for male and female silver hake.

Diurnal Variation in Feeding
Intensity

The adjusted mean stomach content weight data
presented in Figures 4 and 5 indicate the feeding
periods of silver hake vary by season and size of fish.
In autumn, the stomachs of larger fish (24-35 cm FL)
are fullestjust after midnight, while smallerfish (4-156
cm FL) have the fullest stomachs in late afternoon
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TABLE 3.—Percentage composition (by weight) of the diet of silver hake versus fish length for silver hake collected in the Northwest Atlantic from 1973 through 1976.
(+ indicates <0.1%.)

Length category {cm)

Prey 1-56 6-10 11-16 16-20 21-25 26-30 31-35 36-40 41-45 46-50 >50
Polychaeta —_ 04 0.5 — 0.1 0.3 0.2 + 0.1 - —
Crustacea 89.7 80.3 81.6 77.3 28.0 55.5 21.3 23 05 0.2 0.2

Amphipods 58.7 18.9 8.1 1.2 1.7 1.3 0.7 + + - +
Ampeliscidae 1.0 4.9 0.1 0.5 0.6 0.5 0.2 + - - +
Oedicerotidae 3.1 34 4.1 0.1 + 0.2 0.1 + _ — —_
Hyperiidae 421 6.2 03 0.4 0.6 0.4 0.3 —_ - - -
Other Amphipoda 25 4.4 1.6 0.2 0.5 0.2 0.1 + + —_ -

Decapoda 11.8 23.9 31.1 7.0 16.2 20.0 10.5 1.6 0.3 0.1 0.1
Crangonidae 7.7 16.0 18.7 3.7 4.3 6.1 4.3 0.3 0.1 +
Pandalidae - 1.7 5.3 21 10.7 12.0 43 1.2 0.2 — 0.1
Pasiphaeidae —_ _ - _ -— —_ 0.8 _ - —_ —_
Other Decapoda 4.1 8.2 71 1.2 1.2 1.9 1.1 0.1 0.1 —_

Euphausiascea 1.9 5.7 23.7 64.4 7.8 26.4 8.8 0.6 0.2 0.1 —

Mysidacea 4.2 221 128 3.9 0.2 6.7 0.6 + + - 0.1

Cumacea 0.8 1.1 0.2 + 0.2 + + _ - - -

Copepoda 1.7 + + _ + —_— -— _— —_ —_ _

Other Crustacea 10.6 8.6 77 08 19 1.1 0.7 0.1 + + +

Cephalopoda - - — _ 17.8 34 1498 143 0.1 120 -
Loligo - - - - 15.3 - 135 10.0 - 120 —
Other Cephalopoda —_ - - —_ 25 34 14 43 0.1 + —

Pisces 4.8 13.9 140 19.9 528 38.7 624 83.4 98.9 99.8
Scomberesox saurus — - - - — - - 5.6 — 878 —
Clupeidae -— - - - - 35 35 8.0 - —
Merluccius bilinaaris - 2.0 40 _ 221 5.0 6.9 24.2 5.9 - —_
Phycis chesten —_ - — - —_ _ 1.2 - _ - -
Ammodytes americanus - 8.3 2.0 - - + 3.1 0.4 7.7 - _—
Scomber scombrus et _ - - - 7.8 88 6.1 - 155
Stenotomus chrysops — —_ — —_ — - —_ _ 10.5 6.8 —_—
Peprilus triscanthus - - —_ - —_ — 2.7 34 - —_ 20.6
Other Pisces 4.8 5.6 8.0 19.9 30.7 33.7 37.2 375 60.7 —_ 63.7

Misceligneous 55 5.4 39 28 13 2.1 12 + 0.4 + 810 —

No. of stomachs examined 344 603 218 86 243 444 428 147 61 28 22

No. of empty stomachs 60 75 38 26 108 192 189 63 29 1 12

Mean stom. cont, wt. (g) 0.066 0.025 0.104 0.370 0.452 0.545 1.440 7.278 10.321 32.081 20.262

Maean fish FL (cm) 4.5 7.7 125 18.0 235 28.2 32.6 37.7 42,8 47.9 654.4

. 1°ON ‘28 "10A NILATING AYIHSIA
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and just after midnight (Fig. 4). During springtime,
large silver hake have substantial quantities of food
in their stomachs (almost twice as much as during
autumn) for two time periods, one near dusk and the
other just before noon. Smaller fish have the most
food in their stomachs just after midnight during
spring (Fig. 5). No indication of a particular prey
being eaten at a particular time of day was noted.

Diet Within Geographic Areas

Stomach content data for silver hake collected in

silver hake within all geographic areas. Silver hake
caught in the Middle Atlantic have the highest per-
centage of fish in their diet (Middle Atlantic, 87.5%;
Southern New England, 78.4%; Georges Bank,
76.4%), but most was unidentified (60.4%). Silver
hake (20.8%) and herring (Clupeidae, 3.2%) make up

TABLE 4.—Stomach contents of male and female silver hake
collected in the Northwest Atlantic during 1973-76. Data are
expressed as a percentage weight. (+ indicates <0.1%.)

various geographic areas (ie., Middle Atlantic, Prey Male Female
Southern New England, and Georges Bank) are pre- Zolvchm- o2 X
. .y e . rustacea . .
sented in Table 7. Fish is by far the dominant prey of ‘Amphipoda 06 02
Ampeliscidae 0.2 0.1
Oedicerotidae 0.1 +
Hyperiidae 0.2 0.1
Other Amphipoda 0.1 +
AUTUMN Decapoda 1.9 23
108 61 Crangonidae B.1 0.6
LARGE FISH Pendalidae 55 15
(24-35emfL) Pasiphaeidae — +
_ 1o Other Decapoda 1.3 0.2
° Euphausiacea 18.8 1.7
Mysidacea 2.7 0.2
osk ’ Cumacea + +
& g 98 49 Copepoda + -
E 72 2 Other Crustacea 1.0 0.1
——l_—l Cephalopoda 4.3 104
] Loligo 3.4 8.6
SMALL FISH Other Cephalopoda 09 1.8
{4-15emFL) Pisces 59.1 84.6
gozf 208 Scomberesox saurus - 18
5 10 n . Clupeidae - 3.2
3 12 Merluccius bilinearis 226 7.6
o4k n 194 Phycrs chesteri - 0.2
Ammodytes americanus 14 2.0
Scomber scombrus 38 8.4
o 2 " . 21 24 03 06 9 12 Stenotomus chrysops - 1.9
NOON ousK MONGHT DawN NOON Peprilus triacanthus 33 3.7
Other Pisces 28.0 55.8
Miscellansous 1.4 0.5
ae . " L .1 No. examined 613 842 -~
FIGURE 4.—Adj mean ¢ content weig (3(' large (24-35 No. of empty stomachs 252 364
cm FL) and small (4-15 cm FL) silver hake collected in the autumn Mean stom. cont. wt. {g) 0.863 4.204
versus time of day. The number of fish sampled in each time period is Mean fish FL (cm) 284 321
given just above the histogram. Length range {cm) 8-59 7-64
SPRING
520k LARGE FISH 49 &5
C (24-35cmFL)
E 101
E— 1.0 |- 66 34
§ 59 37
I
Fi
5 o5 smaLL FisH B 8 -
g | (a-15emFuL) 50 10
[ - 1
s} 57 L
3 0
12 15 18 21 24 03 06 09 12
NOON DUSK MIDNIGHT DAWN NOCN

FIGURE 5.— Adjusted mean stomach content weight of large (24-35 cm FL)
and small (4-15 ¢m FL) silver hake collected in springtime versus time of
day. The number of fish sampled in each time period is given just above the

histogram.
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TABLE 5.—Composition of the diet of male silver hake in terms of percentage weight versus fish length. (+ indicates <0.1%.}

Length group {cm}

Prey 5-10 11-15 16-20 21-25 26-30 31-35 36-40 >41

Polychaeta —_ - — 0.3 + 0.3 - -
Crustacea 19.2 64.1 97.2 29.3 73.1 32.7 3.8 1.9
ipoda - - 27 1.4 1.0 0.2 0.1 +
Ampeliscidae 1.9 0.8 0.4 +
Oedicerotidae - — 0.1 0.1
Hyperiidae 0.8 0.6 04 0.1
Other Amphipoda
Decapoda 0.3 1.9 11 10.7 19.1 16.0 2.6
Crangonidae
Pandalidae
Pasiphaeidas
Other Decapoda . .9 .
Euphausiacea - 50.3 92.7 14.2 41.4 15.9 + —_
Mysidacea 1.3 11.9 — - 10.4 0.8 0.2 0.4
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Cumacea — _ —_ 0.4 + + -
Copepoda _ —_ 0.7 + _— -_— —
Other Crustacea 7.6 - - 26 1.2 0.8 0.9
Cephalopoda —_ — - 4.4 0.2 8.3 25 —_
Loligo —_
Other Cephalopoda - g
Pisces 7.4 21.6 — 641 238 5§7.2 93.7
Scomberesox saurus -
Clupeidae -
Maerluccius bilinearis —_
Phycis chesten’ —_
Ammodytes americanus 50.8
Scomber scombrus -
Stenotomus chrysops -
Peprilus tnacanthus —_
Other Pisces 20.6 28
Miscellaneous 94 143 1.9 3.1 1.5 — -

No. examined 12 5 20 119 248 178 21 8

No. empty 4 4] 4 50 9 3
Mean stom. cont. wt. {(g) 0.030 0.435 0.414 0.400 0.456 1.215 3.565 7.282
Maean fish FL (cm) 8.4 134 19.1 23.7 28.5 32.2 371 50.9
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TABLE 6.—Composition of the diet of female silver hake in terms of percentage weight versus fish length. (+ indicates <0.1%.)

Length group {cm)

Prey 5-10 11-15 16-20 21-25 26-30 31-35 36-40 >41

Polychaeta - —_ —_ - 04 0.1 + +
Crustacea 8.7 100.0 75.2 279 39.9 13.0 2.0 0.2
Amphipoda 0.3 —_ 0.3 1.8 1.3 0.8 + +
Ampeliscidae - - — 0.7 0.5 0.2
Oedicerotidae — - — + 0.3 +
Hyperiidae 03 — 0.1 0.5 0.3 0.4
Other Amphipoda —_ —_ 0.2 0.6 0.2 0.2
Decapoda —_ 95.4 7.2 211 20.3 5.9
Crangonidae - 95.4 1.8 6.6 5.1 1.9
Pandalidae - — 4.7 129 133 3.1
Pasiphaeidae -_— _— _— _— _— +
Other Decapoda _ —_ 0.7 1.6 1.9 0.9
Euphausiacea 7.5 4.0 66.8 33 135 5.2
Mysidacea 0.9 -
Cumacea — -
Copepoda — — — - -— —_
Other Crustacea - 0. . K
Cephalopoda — —_ — 284 6.1 18.7 151 5.9
Loligo - - — 27.2 — 16.6 10.7 5.8
Other Cephalopoda —_ — — 1.2 6.1 21 4.4 0.1
Pisces 81.9 - 220 42.9 51.8 66.7 82.7 93.6
Scomberesox saurus -
Clupeidae —
Merluccius bilinearis —_
Phycis chesteri -
Ammodytes americanus 81.9
Scomber scombrus —
Stenotomus chrysops —_
Peprilus triacanthus — _ X
Other Pisces - 11.0 45.1 44.2 384 70.1
Miscellaneous 9.4 - 28 08 18 1.5 0.2 0.3

No. examined 9 3 22 113 202 259 126 103

No. empty 2 (o] 3 45 83 120 54 47
Mean stom. cont. wi. {g) 0.099 0.152 0.870 0.571 0.673 1.597 8.185 17.826
Mean fish FL (cm) 8.0 12.0 18.5 23.4 28.0 329 37.7 46.0
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TABLE 7.—Geographic breakdown of the prey found in the stomachs
of silver hake caught in the Northwest Atlantic during the years
1973-76. Data are expressed as a percentage weight. (+ indicates

<0.1%).

Prey

Middle
Atlantic

Southern
New England

Georges
Bank

Polychaeta
Crustacea
Amphipoda
Ampeliscidae
Oedicerotidae
Hyperiidae
Other Amphipoda
Decapoda
Crangonidae
Pandalidae
Pasiphaeidae
Other Decapoda
Euphausiacea
Mysidacea
Cumacea
Copepoda
Other Crustacea
Cephalopoda
Loligo
Other Cephalopoda
Pisces
Scomberesox saurus
Clupeidae
Merluccius bilinesris
Phycis chesteri
Ammodytes americanus
Scomber scombrus
Stenotomus chrysops
Peprilus triacanthus
Other Pisces
Miscellaneous

0.1
7.3
0.5
0.1
0.2
0.1
0.1
4.9
24
1.8
0.4
0.3

20.8

0.1
73
0.2
0.1

0.1

26
1.0
1.2

04
34
0.7
0.1

Q3
13.7
13.0
0.7
78.4

1.3
79

0.4
6.0
4.1
2.2
56.5
0.5

0.1
16.4
0.4

79

° -
at+i

8.7

76.4
6.1
5.0
0.4
08
4.8
211

8.9
293
0.4

No. of stomach examined
No. of empty stomachs
Mean stom. cont. wi. (g)

789
180
1.544

918
357
1.815

915
268
1.080

Mean fish FL (cm) 175 225 208
Length range {cm) 3-67 3-59 3-84

the majority of the identified fish prey. The stomachs
of silver hake caught in Southern New England con-
tain fairly high percentages of silver hake (7.9%),
Atlantic mackerel (6.0%), and scup (4.1%). Silver
hake caught on Georges Bank eat mostly Atlantic
mackerel (21.1%), butterfish (8.9%), Atlantic saury
(6.1%), herring (Clupeidae, 5.0%), and American
sand lance (4.8%). Evidence of the cannibalistic na-
ture of silver hake is seen in all three areas. In addi-
tion, silver hake taken as prey comprise the highest
percentage of identified fish in both the Middle
Atlantic and Southern New England (Table 7).
Crustaceans are most important in the diet of silver
hake collected from Georges Bank (16.4%). Eu-
phausiids (7.9%), decapods (mostly pandalid
shrimp, 4.4%, and crangonid shrimp, 1.3%), and
mysids (1.2%) account for the majority of crustacean
prey consumed on Georges Bank. In the Middle
Atlantic and Southern New England, Crustacea is of
equal importance (7.3%) as a food. For Middle Atlan-
tic fish, decapods (4.9%) and euphausiids (1.2%)
make up the majority of crustacean prey identified in
the stomachs. In Southern New England, eu-

phausiids (3.4%) and decapods (2.6%) account for
most of the Crustacea.

The Cephalopoda was the only other prey group
recognized as an important food of silver hake. Fish
in Southern New England eat the largest quantities of
squid (13.7%). Silver hake sampled on Georges Bank
and in the Middle Atlantic also take fairly large
amounts of squid as prey (6.7% and 4.3%,
respectively).

A comparison between the quantities of food in the
stomachs of fish from each area revealed that Middle
Atlantic silver hake have about two to three times
more food in their stomachs (on the average) than fish
from Southern New England or Georges Bank.
Stomach content data for fish 24-35 cm FL from each
area were adjusted for fish length; the adjusted mean
stomach content weights were Middle Atlantic,
1.328g; SouthernNew England, 0.593 g; and Georges
Bank, 0.707 g. The quantity of food in the stomachs
of Middle Atlantic silver hake is significantly
different (with 95% confidence) from the quantity
in the stomachs of fish from Southern New England
(F = 6.862 exceeds Fy 45 15, = 4.32). The adjusted
mean stomach content weights of small (4-15 cm FL)
silver hake from each area were Middle Atlantic,
0.149 g; Southern New England, 0.198 g; and
Georges Bank, 0.214 g.

Yearly and Seasonal Differences

Percentages of various prey categories in the silver
hake diet between years, seasons, and geographic
areas indicate the stomach contents are quite vari-
able (Table 8). For example, in the Middle Atlantic,
the Crustacea portion of the diet of silver hake varies
from 3.1% (spring 1973) to 70.0% (fall 1976). Similar
variability can be seen in the percentages listed for
most of the prey categories. Much of the observed
variation is probably due to differences in predator
lengths (note mean fish FL's given at the bottom of
Table 8). Only one prey, the American sand lance,
was noted as being unique in the diet of silver hake.
American sand lance was only found in the stomachs
of silver hake collected in the spring during 1975 and
1976. The largest percentage weights of American
sand lance were derived from samples collected only
during the spring of 1976 in all three areas. Another
observation is that fish sampled in the spring tend to
be larger (see mean lengths at bottom of Table 8)
than those collected in the autumn,

The adjusted stomach content data for large and
small silver hake from all areas and years combined
indicate that about twice as much food is found in the
stomachs during spring than in autumn. The adjust-
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TABLE 8.—Annual and seasonal breakdown of the stomach contents for silver hake collected in the Middle Atlantic, Southern New England,
and Georges Bank. Data are expressed as a percentage weight for fish collected during the spring (S) and autumn (F) of 1973-76. (+ indicates
present but <0.1%.)

1973 1974 1975 1976

Prey

MIDDLE ATLANTIC
Polychaeta
Crustacea
Amphipoda
Ampaeliscidae
Qedicerotidae
Hyperiidae
Other Amphipoda
Decapoda
Crangonidae
Pandali
Pasiphaeidae
Other Decapada
Euphausiacea
Mysidacea
Cumacea
Copepoda
Other Crustacea
Cephalopoda
Loligo
Other Cephalopoda
Pisces
Scomberesox saurus
Clupeidae
Merluccius bilinearis
Phycis chesteni
Ammodytes americanus
Scomber scombrus
Stenotomus chrysops
Peprilus triacanthus
Other Pisces
Miscellaneous

14
1.0

0.1

0.4
0.2

0.1
0.1

0.5
24

0.4

o| ++0
w N

149
124
25

9.7

795

1.2

3.7

11
0.1

20

14.4

2.7
0.3

21

0.3
0.4

0.3

0.1

atl

93.7

33

52

o]
~n

248

No. examined

No. empty

Mean stom. cont. wt. (g)
Mean fish FL (em}
Length range [cm)

5-44

11

0.606
21.7
8-57

93

0.075
16.9
3-35

SOUTHERN NEW ENGLAND

Polychaeta
Crustacea
Amphipoda
Ampeliscidae
Qedicerotidae
Hyperiidae
Other Amphipoda
Decapoda
Crangonidae
Pandalidae
Pasiphaeidae
Other Decapoda
Euphausiacea
Mysidacea
Cumacea
Copepoda
Other Crustacea
Cephalopode
Loligo
Other Cephalopoda
Pisces
Scomberesox saurus
Clupeidae
Merluccius bilinearis
Phycis chesten
Ammodytes americanus
Scomber scombrus
Stenotomus chrysops
Peprilus triacanthus
Other Pisces
Miscellaneous

78.9

18.2

0.5
0.3

0.2

eleo +1 11
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0.7

Irretld
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14,7

85.9
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20.2

70.1
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0.8
0.1

0.2

0.5
0.1

0.4
9.1

0.2

49
0.9

0.7

82.9

w
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0.2
19.8
0.2

0.1

0.1
5.5

4.7

08

9.9
38

0.4

798

0.2

[+ 13

o+ +

23

0.5

No. examined

No. empty

Mean stom. cont. wt. (g}
Mean figsh FL {(cm)
Length range {cm)

105

2.4086
159

6-47

119

0.401
27.5
4-49

117

0.107
16.8
4-37

100

0.952

244

120

0.5681
18.1
4-55

126

2181
23.0
3-53

140

1.970
229
4-54
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TABLE 8. -Continued.

1973 1974 1975 1976

Prey S F S

GEORGES BANK
Polychaeta - -
Crustacea 08 15.0 41.8
Amphipoda 1.4 0.4 0.3
Ampeliscidae 0.1 0.3 +
Oedicerotidae - + +
Hyperiidae . —_ —
Other Amphipoda 1.3 0.1 0.
Decapoda 80.7 13.9 25
Crangonidae 1.9 2.0 1
Pandalidae 44.5 11.6 -
Pasiphaeidae — —_ 0.
Other Decapoda 14.3 0.3 1
Euphausiacea
Mysidacea
Cumacea
Copepoda
Other Crustacea
Cephalopoda e _— _—
Loligo
Other Cephalopoda
Pisces 23.7 84.9 57.9
Scomberesox saurus
Clupeidae
Merluccius bilinearis
Phycis chesten
Ammodytes americanus
Scomber scormnbrus
Stenotomus chrysops
Peprilus triacanthus —_
Other Pisces 23.7
Miscellaneous 55 0.1
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No. examined 48 198 103
No. empty 24 39 39
Mean stom. cont. wt. {g) 0.340 1.029 0.998
Mean fish FL {cm) 31.4 16.6 24.2
Length range {cm}) 27-42 4-54 8-49

167 92 146 63 115

0577 2.629 0.908 2.478 0.767
186.0 245 18.1 29.7 223
4-40 11-54 4-48 10-64 3-55

ed mean stomach content weights are presented in
Table 9 for each season, year, and geographic area. In
almost every year, in all areas, the stomachs of similar-
sized fish contain larger quantities of food in the spring

than in the fall. Only two exceptions were noted to this
trend (for which there is no ready explanation): Large
fish collected on Georges Bank in 1973 and small fish
collected on Georges Bank in 1974.

TABLE 9.—Annual and seasonal breakdown of the adjusted mean stomach content weight data of large (24-
35 cm FL) and small (4-15 cm FL) silver hake gathered from three geographical areas in the Northwest Atlan-
tic during 1973-76. (8 = spring, F = autumn.)

1973 1974 1975 1976 Averages
Area S F S F S F S F S F
Middle Atlantic
Large fish
Adjusted weight (g) 5.645 1.081 0.995 0.325 2.203 0.912 0.936 0.149 2.420 0.617
Number in sample 28 68 44 9 28 29 38 43
Small fish
Adijusted weight (g) - 0.108 0.180  0.096 0.148 0142 0207 0.155 0.178  0.131
Number in sample - 61 136 33 N 45 47 42
Southern New England
Large fish
Adijusted weight (g) 0.242 0.122 0.488 0.303 0.694 0.857 0.987 0.976 0.603 0.515
Number in sample 17 67 51 33 47 49 63 58
Small tish
Adijusted weight {g) 0.256 0.036 0.200 0.074 0.414 0.184 0.205 0.149 0.269 0.111
Number in sample 73 15 4 49 35 62 39 58
Georges Bank
Large fish
Adjusted weight (g) 0.400 0.743 0.918 0.576 1.239 0.506 0.735 0.734 0.823 0.640
Number in sample 43 58 50 53 32 57 27 51
Smali fish
Adijusted weight {g) - 0.140 0321 0.325 0.566 0.106 0473  0.117 0.453 0.183
Number in sample — 119 36 95 16 80 9 50

Ave. large fish adj. wt. 1,282 0.591
Ave, small fish adj. wt. 0.300 0.142
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Maturity Stage Versus Diet

Information on maturity was gathered in conjunc-
tion with food data for 759 adult silver hake (Table
10). Gonads were classified as 1) resting - gonad
small in size and relatively translucent, 2) developing
- gonad enlarged and either cream (males) or yellow-
orange (females) colored, 3) ripe - gonad fills most of
gut cavity, reproductive material either runs freely
from an incision in the gonad or is extruded with pres-
sure on abdomen of fish, 4) spent - gonad is flaccid.
hemorrhaging is often evident.

FISHERY BULLETIN: VOL. 82, NO. 1

depth range (0.1 g). The quantity of food found in
stomachs of large fish is variable; it steadily de-
creases between the 27-37 m and 74-110 m depth
ranges; increases at the 111-146 m range; and from
111-146 m to 257-293 m continues to decrease (Ta-
ble 12). Overall, the trend is for fish sampled at
deeper depths to have less food, on the average, in
their stomachs. It should be mentioned here that
silver hake are known to regurgitate part or all of their
stomach contents when they are retrieved from deep
water depths (pers. obs.). Although fish which show
obvious signs of regurtitation (e.g., everted stomach)

TABLE 10.—Relationship between the adjusted stomach content weight and
maturity stage of silver hake. Fish were caught on spring and autumn bottom
trawl survey cruises conducted in the Northwest Atlantic from 1973 to 1976.

S ity stage: R g D ing Ripe Spent
data Adj. weight {g): 0.826 1.004 0.122 1.292
No. of fish examined 379 297 29 54
Mean fish FL (cm) 28.6 30.6 31.3 31.2
Length range (cm) 24-35 24-35 27-34 25-35

No particular prey type is found in the stomachs of
fish in specific maturity stages; all mature silver hake
eat mostly fish. However, the stomachs of spawning
(ripe) silver hake contain an average of about nine
times less food than the stomachs of fish otherwise
classified (Table 10). During pre- and postspawning
periods, stomachs contain the largest quantities of
food (1.0 and 1.3 g, respectively).

Influence of Depth

Analysis of samples from silver hake caught at dif-
ferent bottom water depth ranges (27->365 m)
revealed that the average length of fish, food type
consumed, and quantity of food in the stomachs,
varies with depth (Table 11). The majority (69.4%) of
silver hake were caught at depths between 38 and
110 m. Considering only the depth ranges where
more than 50 fish were sampled (i.e., 27-220 m, and
representing 95.6% of all silver hake collected) the
mean FL of fish increases with an increase in depth.
Also, the percentage weight of euphausiids and squid
in the stomachs tends to increase at deeper bottom
depths, while the percentage weight of fish in the diet
shows a corresponding decrease. The adjusted mean
stomach content data for both small and large fish are
givenin Table 12. The data are from only those depth
ranges from which more than 20 fish (within a size
group) were collected. The adjusted stomach content
weight of small silver hake steadily decreases from
the 27-37 m depth range (0.3 g) to the 111-146 m
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are not sampled on survey cruises, some fish may
regurgitate and not be discernable from those which
did not. This phenomenon, in part (other factors such
as the decrease in abundance of typical prey of silver
hake with an increase in depth or decrease in bottom
water temperature may also be important in this
regard, see Williams and Wigley 1977) could explain
the decrease noted in stomach content weights with
an increase in water depth.

DISCUSSION

The diet of silver hake consists almost exclusively of
a combination of fish, crustaceans, and squid. The
relative importance of each particular prey group asa
food of silver hake is, for the most part, dependent on
the size of the predator and/or the availability of the
prey (Bigelow and Schroeder 1953; Jensen and Fritz
1960; Fritz 1962; Dexter 1969; Vinogradov 1972).

The composition of the diet of male and female
silver hake is known to differ (Vinogradov 1972; Bow-
man 1975). The present investigation confirms
earlier reports that females feed predominantly on
fish and that males eat mostly crustaceans. In addi-
tion, it has been established that the stomachs of
females contain larger quantities of food than the
amounts in the stomachs of males of similar size. Since
the rate of growth in fishes is directly related to their
dietary intake, it is not surprising that females grow
faster than males (Schaefer 1960).

Bowman and Bowman (1980) studied diurnal varia-
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TABLE 11.—Breakdown by depth range of the stomach contents of silver hake caught at bottom water depths ranging from 27 to 365 m. Data expressed as a percentage
weight. (+ indicates present but <0.1%).

Prey

Bottom depth range {m)

27-37

38-73

74-110

1

11-146 147-183

184-220

221-258 257-293 294-329 330-365

Polychaeta
Crustacea
Amphipoda
Ampeliscidae
Oedicerotidae
Hyperiidae
Other Amphipoda
Decapoda
Crangonidae
Pandalidae
Pasiphaeidae
Other Decapoda
Euphausiacea
Mysidacea
Cumacea
Copepoda
Other Crustacea
Cephalopoda
Loligo
Other Cephalopoda
Pisces
Scomberesox saurus
Clupeidae
Maerluccius bilinesris
Phycis chesten
Ammodytes americanus
Scomber scombrus
Stenotomus chrysops
Paprilus triacanthus
Other Pisces
Miscellaneous

04
14.1
0.5
0.1
0.3

0.1
8.2

0.4

+
6.6
0.4

43

24

0.5

+
6.1
0.5
0.1
0.1
0.2
0.1
43

9.4
7.4
20

83.8

4.2
0.8
224
9.9

45.5
0.7

71 185

92.9 27.2

0.2 0.1
.2 +

0.
+ 0.1
+ -—

1.5 0.3

0.1
371

0.3

7.8

8.2

0.3
5.8

1.7

N

218 83 4.3 34.0
0.2 + - 0.7
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93.
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0.7 0.t 2.5 0.2

No. examined

No. empty

Maeaan stom. cont. wt. (@)
Moean fish FL {cm}
Length range (cm)

1,136
282
1.630
18.0
3-57

752
262
1.232
20.7
3-64

50 45 9 15

20 20 1 4
1.185 1.885 4.129 0.768

211 31.8 32.2 28.0
9-49 12-51 31-34 21-34

TABLE 12.—Adjusted mean stomach content data for large
{24-35 cm FL) and small (4-15 em FL) silver hake sampled
within various ranges of bottom water depth. All samples
were obtained during bottom trawl survey cruises and con-
ducted in the Northwest Atlantic.

Large fish (24-35 cm FL)

Small fish 14-15 cm FL)

Bottom

depth Adj d of Adj d of
range (m} weight (g) fish weight {g) fish

27-37 1.240 85 0.252 190

38-73 1.020 384 0.183 600

74-110 0.612 295 0.138 334
111-146 1.260 a3 0.116 25
147-183 0.946 94 - -
184-220 0.296 44 - —
257-293 0.082 25 - -
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tion in the feeding intensity of silver hake on Georges
Bank in September 1978. They found that silver
hake feed more intensively at night than during
daylight. The findings of the present study are similar
to those reported earlier (for the same size fish col-
lected in autumn), but alsoindicate that an additional
feeding period may occur around noon during
springtime. No such pattern of feeding has been
noted for adult silver hake in the past.

Differences in the composition and/or quantity of
food in the stomachs of silver hake collected within
various geographic areas have been observed pre-
viously by Schaefer (1960), Vinogradov (1972), and
Langton and Bowman (1980). Two items are par-
ticularly noteworthy concerning the diet of silver
hake in the different geographic areas studied here.
The first is the large quantity of food in the stomachs
of silver hake from the Middle Atlantic (on the
average two or three times more than the quantities
in the stomachs of Southern New England and
Georges Bank fish). The second is the high percent-
age weight (20.8%) of silver hake in the diet of silver
hake caught in the Middle Atlantic. Of interest is that
Langton and Bowman (1980) also found that silver
hake caught in the Middle Atlantic area (during the
period 1969-72) are more cannibalistic than silver
hake in other areas of the Northwest Atlantic.

Vinogradov (1972) concluded that the differences
he observed in the feeding of silver hake in the
Northwest Atlantic during 1965-67 were *“due to
variations from area to area in the species composi-
tion of the fish food and the rate of feeding.”
Vinogradov’s mention of “the rate of feeding”
referred to the variation in feeding intensity of silver
hake throughout the year. He found silver hake feed
most intensively in the spring-summer and autumn
periods. During the summer (when silver hake
spawn) and winter, he noted that the feeding rate
diminishes. The data presented here, in conjunction
with other published and unpublished data, tend to
corroborate Vinogradov's conclusions. Silver hake
caught in spring have twice as much food in their
stomachs as those caught in fall (data from present
study for 24-35 cm FL fish—1.3 g, spring; 0.6 g, fall).
The stomachs of spawning silver hake contain small
quantities of food (0.1 g) compared with fish with
developing (1.0 g) or spent (1.3 g) gonads (data from
present study). Fish >20 cm FL collected during late
summer-early autumn have small quantities of food
(mean stomach content weight of 0.2 g) in their
. stomachs (Bowman and Bowman 1980). The
stomach contents of silver hake collected on Georges
Bank during the winter (December-January) of
1976-77 were analyzed by Bowman and Langton
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(1978). They found the mean stomach content weight
of fish 20 cm FL and larger to be 0.4 g. The stomachs
of silver hake (all >29 cm FL) collected in February
(late winter) of 1977 on Georges Bank, by American
and Polish scientists aboard the Polish RV Wieczno
{conducting research in conjunction with the Woods
Hole Laboratory), contained an average of 0.1 g of
food (unpublished data available from the author).
The pattern of feeding intensity for silver hake
throughout the year, based on the above information,
is intensive feeding in the spring and early summer;
curtailment of feeding in summer and early autumn
(during spawning); resumption of feeding in the
autumn, but to alesser degree than in the spring; and
finally a reduction in feeding throughout the winter.
Somewhat similar feeding patterns have been es-
tablished for other species of marine fish (Tyler
1971).

Grosslein et al. (1980) reported an increase in bot-
tom trawl survey catches of American sand lance in
1976 in the Northwest Atlantic. The population up-
surge of American sand lance combined with the high
percentage weights of American sand lance found in
silver hake stomach contents during 1976 is an in-
dication of silver hake’s opportunistic predatory
behavior. Availability of prey is probably one of the
most important factors in determining what types
and how much food silver hake eat.
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ABUNDANCE AND VERTICAL DISTRIBUTION OF FISHES IN

A COBBLE-BOTTOM KELP FOREST OFF
SAN ONOFRE, CALIFORNIA

RALPH J. LARSON' AND EDWARD E. DEMARTINI?

ABSTRACT

Using visual belt transects on the bottom and vertically stratified belt transects taken with movie cameras in
the water col we d the sp composition, vertical distribution, and standing stock of fishesina
forest of giant kelp and a nearby kelp-depauperate area off San Onofre, California. The volume of water-
column “cinetransects” was calibrated for water clarity. Species such as garibaldi, blacksmith, and various
rockfishes, which depend on high-relief rocky substrates, were rare or absent in these low-relief, cobble-
bottom habitats. The species present in the kelp forest apparently did not depend on high-relief rock, atleast
in the presence of kelp. These species fell into three groups, based upon their vertical distributions: **canopy™
species (kelp perch, giant kelpfish, and halfmoon), which occurred mainly in the upper water column; “*cos-
mopolites™ (kelp bass, white seaperch, and sefiorita), which occurred throughout the water column; and “bot-
tom” species (California sheephead and various seaperches), which occurred mainly near the bottom.
Despite the absence of reef-dependent species, estimated standing stocks of 388-653 kg/ha in the San
Onofre kelp forest were as large or larger than estimates made by others in kelp forests located on higher
relief bottoms. The kelp-forest areas at San Onofre also supported a larger standing stock of fishes (other
than barred sand bass) than the adjacent area with little kelp. The relatively large standing stock of fishes in
the kelp forest can be attributed to the presence of kelp and to the depth of the kelp forest. Located in
relatively deep water (15 m), this kelp forest possessed an extensive midwater zone. The attraction of fishin
moderate densities to the midwater zone of this kelp forest contributed substantially to overall biomass. We

conclude that kelp per se can enhance the standing stock of fishes on a temperate reef, at least in areas of low

bottom relief.

Rocky reef and giant kelp, Macrocystis pyrifera,
habitats off the coast of southern California supporta
diverse and abundant assemblage of fishes (Lim-
baugh 1955; Quast 1968 a, b; Feder et al. 1974; Ebel-
ing et al. 1980 a, b). Much of the richness of this
ichthyofauna has been attributed to the rocky sub-
strate; areas with a rugose, rocky bottom and little
kelp seem to support more fish than areas with a flat
bottom and dense kelp (Quast 1968 a, b; Ebeling et
al. 1980a). However, kelp itself also provides a uni-
que habitat for some fishes (Coyer 1979; Ebeling et
al. 1980a) and a point of orientation in the water
column for others (Quast 1968 a, b; Bray 1981). The
kelp canopy may also serve as a nursery area for some
species of fish (Miller and Geibel 1973; Feder et al.
1974; M. Carr® Unpubl. data).

Several approaches have been used to assess the
influence of habitat on the abundance and composi-

'"Marine Science Institute, University of California, Santa Barbara.
Calif.; present address: Department of Biological Sciences, San
Francisco State University, San Francisco, CA 94132.
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tion of fish assemblages in nearshore kelp and rock
habitats off California. Perhaps the best analytical
approachis experimental, as employed by Miller and
Geibel (1973), Bray (1981), and Carr (footnote 3) ;
however, the comparative approach of Limbaugh
(1955; also reported in Feder et al. 1974), Quast
(1968 a, b), and Ebeling et al. (1980a) is also of value.
Based on observations in a variety of areas, Lim-
baugh described the habits and habitats of many
nearshore fishes. Quast and Ebeling et al. employed
broad-scale quantitative sampling of fish assem-
blages in different areas. Quast’s interpretation of
data extended Limbaugh’s natural history approach,
and added to it the actual comparison of abundances
in different habitats. Ebeling et al. (1980a) employed
a multivariate analysis of habitat characteristics and
relative abundances of species to define subassem-
blages of fishes, and also compared abundances in
areas of different habitat characteristics.

In this paper we examine the abundance, vertical
distribution, and species composition of noncryptic
fishes in a forest of giant kelp near San Onofre, Calif.
We also report the abundance and species composi-
tion of fishes in a nearby area with little kelp. This
study, undertaken initially to predict the effects of a
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possible loss of kelp (Dean®) on the indigenous fish
fauna, also allowed us to extend the comparative
approach of Quast and Ebeling to assess two features
of kelp-forest fish faunas and to further evaluate a
sampling technique.

The portion of the kelp forest we examined was
located in relatively deep water (15 m) and was
anchored on a low-relief cobble bottom. Since it
lacked a highly heterogeneous substrate, we were
able, by comparison, to further evaluate the effects of
kelp per se on nearshore fishes. Because the kelp
forest was in deep water, we also had the opportunity
to examine the vertical distribution of fishes in
greater detail than other workers, by sampling four
vertical strata, rather than the two strata (canopy and
bottom) sampled by Quast (1968b) and Ebeling et al.
(19804, b).

Besides visual transects to sample fish on or near
the bottom, we used underwater movies (“cinetran-
sects”) to estimate the abundance of fishes in the
water column above the bottom. Alevizon and
Brooks (1975) and Ebeling et al. (1980b) discussed
the advantages and disadvantages of cinetransects,
but provided only rough estimates of the area
sampled in a cinetransect. In this paper we more
carefully evaluate cinetransect volume, emphasizing
the effect of underwater visibility on cinetransect
width.

Our objectives in this paper are 1) to estimate cine-
transect volume as a function of underwater
visibility: 2) to examine the vertical distribution of
fishes in a deep-water kelp forest; 3) to estimate the
overall abundance and biomass of fishes, integrated
over depth, in this kelp forest; and 4) to evaluate the
importance of kelp to nearshore fishes, by comparing
our data from the San Onofre kelp forest with that
from an adjacent kelp-depauperate area and with
other published data from kelp forests located on
more rugose substrates.

MATERIALS AND METHODS
Study Areas

This study was conducted in and near the offshore
portion of a giant kelp, Macrocystis pyrifera, forest
near the San Onofre Nuclear Generating Station,
between San Clemente and Oceanside, Calif. (Fig. 1).

“T.A.Dean. 1980. The effects of San Onofre Nuclear Generating
Station on the giant kelp. Macrocystis pyrifera. Annual report of the
Kelp Ecology Project, January-December 1979, to the Marine Re-
view Committee of the California Coastal Commission. Unpubl.
rep.. 189 p. Kelp Ecology Project, Marine Science Institute,
University of California, Santa Barbara, CA 93106.
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San Onofre kelp (SOK) varied in areal extent from
<5 to 95 ha during the mid- to late 1970's, and
covered about 75 ha during the fall of 1979 (Dean
footnote 4). SOK occupied a shallowly sloping, low-

" relief (<1 m) cobble and sand substrate between the

depths of about 10 and 15 m. Two relatively perma-
nent, offshore portions of SOK, and an area with little
kelp located <100 m upcoast from SOK, served as
our study areas. The upcoast (SOK-U) and
downcoast (SOK-D) areas within SOK, and the kelp-
depauperate area (*kelpless” cobble), were all about
15 m deep and 2-3 km from shore. Because of its
depth, low relief, and periodic inundation by sand,
the cobble substrate in all areas was relatively bare of
understory algae and sessile invertebrates. However,
some stands of the 1 m tall laminarian kelp
Pterygophora californica were present, especially
along the fringes of the Macrocystis forest and
throughout the kelpless cobble area.

Sampling Methods

Our general sampling plan was to stratify fish cen-
suses by depth and to replicate these samples over
several dates. In the two kelp-forest areas, we cen-
sused each of three, equally spaced strata in the
water column. plus a bottom stratum, Only the bot-
tom stratum was censused at the kelp-depauperate
area, since few kelp-associated fishes were observed
above the bottom in this area. Sampling at each
stratum was replicated hierarchically: A number of
replicate transects were made within an area on a
given sampling day, and counts from these transects
were averaged. This was repeated on 4 or 5 d at each
site. The daily averages at each stratum and area
were themselves used as replicates that provided
reasonably precise estimates of means per stratum
and that allowed estimates of variability due to sam-
pling error. Because of time and manpower con-
straints, the various study areas were usually
sampled on different dates. All three water-column
strata in a given area were sampled on the same day:
the bottom stratum, however, was usually sampled
on a different day.

All sampling took place from October through
December 1979. This time of year offers the most
consistently clear and calm water conditions. Since
most migratory and transient species were excluded
from analysis (see below), our fall study should
reasonably characterize the general distribution and
abundance of “resident”, kelp-associated fishes at
SOK. Within this period, sampling was generally
limited to dates when horizontal visibility exceeded 3
m.
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In each area, two permanently buoyed stations
served as foci for sampling. At each station, we deter-
mined a range of suitable compass headings for tran-
sects. To assure complete coverage of the area, we
divided each range of suitable headings into five
equal subarcs and randomly chose transect headings
from each subarc. Headings were selected separately
for each sampling stratum. One transect per subarc
was made on each sampling day for bottom sampling.
In the water-column strata, where fish patchiness
necessitated more samples, we made one transect in
each subarc and added another transect from one of
the subarcs (randomly chosen). Thus, five transects
were usually made from each station per date on the
bottom, and six at each station and depth stratum in
the water column, Regardless of sampling method,
transects began 7-10 m from the station hub. Tran-
sects were taken from both sampling stations on a
sampling day. Data from the two stations at an area
were pooled, since the abundances of major species
were generally indistinguishable between stations in
an area on a given date.

On the bottom, fish sampling was conducted
visually in 75 m long strip transects. Divers (one per
station) counted fish in bands estimated to be 3 m
wide and 1.5 m high, while reeling out 75 m long lines
along the predetermined compass headings. All non-
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cryptic fishes within this band were identified and
counted, with separate tallies kept for juvenile, sub-
adult, and adult members of each species (Table 1).
All subadult and adult Macrocystis plants >1 m tall
(Dean footnote 4) were counted in the same 3 m wide
band while reeling in the transect line on the
return trip.

Transects inthe water column at the two kelp-forest
areas were made with underwater movie strips, using
Elmo Super 311 Low Light* movie cameras (F/1.1),
Giddings Cine-Mar housings, and Kodak Ekta-
chrome 164 super-8 film cartridges. At 18 frames/s,
the transects lasted about 8 min. Divers swam pre-
determined compass headings and photographed
fish occurring in a 120° horizontal arc about the tran-
sect axis and 1.5 m above and below the diver's
depth. The transect ended when the film cartridge
was exhausted. Water-column transects were made
in three depth strata: 3 m, 7.6 m, and 12 m (Table 2).
Horizontal visibility was measured with each set of
transects (at a depth on a sampling date), as the dis-
tance at which an olive-tan colored, 10 cm long float
{“fish mimic”) became indistinct. Films were later
viewed in slow motion by at least two observers, at

‘Reference to trade names does not imply endorsement by the

National Marine Fisheries Service, NOAA.

TABLE 1.—Common and scientific names of fishes observed at the San Onofre kelp bed and adjacent kelpless cobble area during fall 1979 with
the estimated weight of juveniles, subadults, and adults. Body weights for teleosts were estimated from average observed lengths, converted to
weights using the length-weight regressions of Quast (1968a: Appendix B), after adjusting for the bias (underestimate) from the use of average
body length to predictaverage body weight (see Pienaar and Ricker 1968). Weights of elasmobranchs were estimated from fishes trapped inthe
intakes of the San Onofre Nuclear Generating Station, Unit 1, during 1976-79.' Asterisks indicate species not included among kelp-bed

“residents.”” Common names after Robins et al. (1980).

Weight (g)

Family and Species Juvenile Subadult Adult

Weight (g)
Family and species Juvenile Subadult Adult

Serranidae

Paralabrax clathratus, kelp bess 7 200 1.050

Paralabrax nebulifer, barred sand bass 20 300 1,500
Embiotocidae

Brachyistius fréhatus. kelp perch —_ - 25

Embiatoca jacksoni, black perch 10 75 350

Ph don fe . white h 10 50 175

Damalichthys vaccs, pile perch 15 175 500

Rh hil i parch 15 150 700

Hyp caryi, h 10 60 180
Labridae

Oxyjulis californica, seiiorita 0.5 5 55

Semi puicher. California sh head 50 250 875

Halichoeres semicinctus, rock wrasse 25 100 250
Girellidae

Girella nigricans, opaleye —_- -— 950
Scorpididae

Mo cdind L _ _ 250
Pomacentridae

Chromis punctipinnis, blacksmith 2 —_ —_

l; bicund. ibaldi 25 120 500
Clinidaa

[, , giant i 3 30 175
Cottidae

S hys s - - 1.500

Scorpaenidae

Scorpaena guttata, California scorpionfish - — 550
Sebastes rastrelliger, grass rockfish? - - 400
St ides, olive rockfish? 4 175 —
Si spp., juvenil figh 1 —
Sciaenidae
*Cheilotrema sstumum, black croaker - — 225
Pristopomatidae
*Xenistius californiensis, salema - —_ 75
Atherinidae
“silversides spp. - — 20
Carangidae
“Trach jack — 115 -
Sphyraenidae
*Sphy , Pacitic b d - 180 -
Carcharhinidae
*Triakis semifasciata, \eopard shark - — 2,000
Rhinobatidae
*Platyrhinoides triseriata, thornback —_ - 240
Myliobatidae
*Myliobatis californica, bat ray - — 6,700
Torpedinidae
*Torpedo californica, Pacific electric ray . - - 9,450

1E, DeMartini and R. Larson. 1980. Predicted effects of the operations of San Onofre Nucler Generating Station Units 1, 2, and 3 on the fish fauna of the San Onofre
region. Report submitted to the Marine Review Committee of the California Coastal Commission. Unpubl, rep.. 27 p. Marine Science Instituta, University of California, Santa

Barbara, CA 93108,

d under "’

tables.

2Members of the genus S will be g spp.” In
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TABLE 2.—Bathymetric sampling strata at the San Onofre kelp bed.
Weighting factors (W,) are shown for the above-bottom strata and
for the above-bottom versus bottom strata.

Sampling Depth Range Extent of W), (above- W), (all
depth (m) represented {m) range {m) bottom only) strata)
3 0-5.3 5.3 0.3926
7.6 5.3-9.8 4.5 0.3333 0.9
12 9.8-13.5 3.7 0.2741
16 (bottom) 13.5-15.0 1.5 - 0.1
0-15 1.0 1.0
1 factor for above-bottom strata inad

which time fish that were distinguishable on film
were identified, counted, and assigned to maturity
classes as above.

Transect Volume

The volume of visual bottom transects was con-
sidered to be fixed, and the volume of water-column
cinetransects to be dependent on underwater
visibility. The volume of bottom transects was fixed
at 75 mX 3 mX 1.5 m= 337.5 m?®, since the length of
transects was measured, and the height and width of
transects were fixed at values less than horizontal
visibility. Cinetransect length was taken as the
average distance covered in simulated, 3-min cine-
transects swum by three divers over a metered line.
Eachdiver swam two simulations against the current,
and two with the current. The cross-sectional area of
a cinetransect was treated as an ellipse with a minor
(vertical) axis of 1.5 m, the distance above and below
the diver that fish were photographed. The major
axis of the ellipse was a function of camera range, the
distance at which fish could be distinguished on film.
The particular function was cos 30° X camera range,

since divers photographed fish within a 120° arc (60°
on each side of the transect axis) (Fig. 2). Thus, the
volume of cinetransects at a given depth on a given
day was calculated as

V=1.5nL (cos 30° X CR),

where V was cinetransect volume in cubic meters;
1.5, the minor axis of the ellipse; L, the cinetransect
length as determined above; and CR, the camera
range at that depth on that day. Camera range itself
was estimated as a function of the horizontal
visibility at a depth on a sampling date.

The relationship between camera range and
horizontal visibility was estimated empirically under
different conditions. The main “other condition”
that we evaluated was the orientation of the camera
to the sun. In trials run at different visibilities, two
fish of similar appearance (usually a kelp perch,
Brachyistius frenatus, and a white seaperch,
Phanerodon furcatus) were held on a spear by one
diver and photographed with our usual equipment by
another diver at distances decremented from the
limits of horizontal visibility (measured as described
above). At each visibility, trials were run with the
camera facing into the sun and with the camera facing
away from the sun. Two observers viewed the film
from each trial and determined camera range as the
greatest distance at which the two fish could be dis-
tinguished on film. The criteria for distinguishability
were the same as those used in evaluating whether or
not to count a fish when we viewed regular
cinetransects.

Data for camera range versus horizontal visibility
were fit to several asymptotic functions. The fitting

CINETRANSECT VOLUME

A. CINETRANSECT

Camera Range

SHAPE
B. CINETRANSECT
CROSS SECTION
- ‘
N, (I

FIGURE 2.—A. Estimated shape of area sampled in under-
water transects taken with motion pictures (cinetransects).
The length of 76 m was estimated from simulated tran-
sects. B. Elliptical cross section of a cinetransect, with
minor axis (a) of 1.5 m and major axis (b) calculated from
camera range when divers surveyed a 120° horizontal arc

about the central axis of the transect.
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routine was BMDP program P3R, nonlinear regres-
sion {Dixon and Brown 1979). The function with the
smallest residual mean square was selected to repre-
sent the relation between camera range and horizon-
tal visibility, and was employed in estimating camera
range at a depth on a sampling date.

Data Analysis

We reduced data into two general forms: densities
(number or biomass per unit volume) in different
strata, and abundances integrated throughout the
entire water column. The first was used to examine the
vertical distribution of individual species or of the
entire assemblage and to compare the relative abun-
dances of species in a stratum. The second was used
to estimate the overall abundance of the assemblage
and to compare the overall abundances of different
species. In both cases, the final point and interval
estimates were based on the means and variances,
over dates, of daily means.

The daily estimate of density (per 1,000 m®) for each
species in a depth stratum was estimated as the mean
number or biomass per transect on that day, times
the ratio (1,000/transect volume), where transect
volume was estimated as above. Biomass of a species
on a given transect was estimated by counts of
individuals in different maturity classes, converted
to wet weights by the key in Table 1.

Our estimate of a species’ density in a depth
stratum was calculated as the mean of the daily den-
sity estimates in that stratum. Similar estimates were
made for the sum of all “resident” teleosts. Excluded
from the analysis of total fish density and abundance
were elasmobranchs and certain teleosts (silver-
sides, jack mackerel, Pacific barracuda, black
croaker, and salema) that were rare at SOK, are
seasonal visitors to kelp beds, or are not primarily
associated with rock reefs and kelp forests (Feder et
al. 1974). Species such as white seaperch and barred
sand bass often occur in other habitats, but were
included in our analysis because they may have at
least a marginal association with kelp-rock habitats
and were frequently encountered and abundant in
our samples.

By weighting the average density of a species (or the
assemblage) in a stratum by the volume of water rep-
resented by samples in that stratum, we were able to
obtain estimates of abundance integrated from sur-
face to bottom (Snedecor and Cochran 1980:444).
The sampling day was an integral component of our
analysis, but only the above-bottom strata were
sampled on the same day at a given site. To obtain
accurate estimates of variance for integrated abun-
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dances, then, we assembled our integrated estimates
intwo stages. We first estimated stratified mean den-
sity for the above-bottom strata on each day and
averaged these values over days. We also computed
mean density (over days) in the bottom stratum.
Secondly, we computed stratified mean density (and
its standard error) for the above-bottom and bottom
strata, using the means and variances calculated
above. The stratified mean density estimates for the
entire water column were then scaled to represent
abundances over 100 m? of bottom.

Samples in each stratum were assumed to represent
a range of depths extending to the midpoints be-
tween strata, with the 3 m stratum also extending to
the surface (Table 2). Weighting factors for the strata
were determined from the relative extents of the
depth ranges represented. Among the above-bottom
strata, relative weighting factors were the vertical
ranges of these strata divided by 13. 5 m. For the bot-
tom versus above-bottom strata the depth ranges
were divided by 15 m.

Daily estimates of stratified mean density in the
above-bottom strata were calculated as

D

we

= % WhDh’

where D, was the estimate of stratified mean density
in the 3 m, 7.6 m, and 12 m strata; W,,, the weighting
factor; and D,, the mean density on that day in
stratum 4 (Snedecor and Cochran 1980). The mean
(D,..) and variance (S2,,) of these daily estimates were
then computed. The mean (D,) and variance (S?,) of
estimated daily densities on the bottom were also
calculated.

Stratified mean abundance throughout the entire
water column was estimated as

- 1,500
Ao = ( 71,000 ) % WD,
where A, was the stratified mean estimate of
integrated abundance over 100 m? of bottom, W, was
the weighting factor, and D, was the mean density in
either the above-bottom strata (D,) or in the bottom
stratum (D,). The term in the summation is the
estimate of stratified mean density (per 1,000 m?)
over all strata, and the ratio (1,600/1,000) converts
this value to abundance over 100 m? of bottom.
The standard error of A, was calculated as

5= \/

where S?, was the variance of daily density estimates
in either the above-bottom (8?%,,) or bottom (S2)

1,500

1.000 ~oo0) WS/
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strata; W,, the weighting factor; and n,,, the number of
days sampled in stratum h. The portion of the for-
mula included in the summation is the usual estimate
of variance for stratified means (Snedecor and
Cochran 1980), and the root of this sum is the stan-
dard error of mean density (per 1,000 m?) throughout
the water column. Multiplying by (1,500/1,000)2
adjusts the standard error for the larger volume of
water in the column over 100 m2.

Estimates of integrated abundance at the kelp-
depauperate site were obtained by converting mean
density on the bottom to mean density over 100
m?,

Arithmetic means (of untransformed data) were
used for all estimates of density and abundance.
Geometric means (obtained by back-transforming
the means of log-transformed data) underestimate
absolute densities in a manner proportional to their
variances. Adjustments for this underestimation
(Elliott 1971) are usually based on the assumption of
log-normal distributions, and we could not make such
an assumption. However, some statistical com-
parisons were made with log-transformed data to
avoid the problem of heterogeneous variances.
These were comparisons of mean numbers and
biomass on the bottom, where varying transect
volume did not confound the calculation of variance.
Other comparisons, however, were made with
untransformed data. These included tests for dif-

ferences in numbers or biomass in the above-bottom
strata arld in the entire water column. When all three
areas were compared, a one-way ANOVA was used if
variances were not heterogeneous. T-tests for un-
equal variances (Bailey 1959) were used for pairwise
comparisons of areas when variances were un-
equal.

RESULTS
Cinetransect Calibration

We estimated cinetransect length to be about 76 m.
Six down-current trials averaged 78.3 m in length
(standard error (SE) = 1.5 m, range = 74-82 m), 6
upcurrent trials averaged 72.8 m in length (SE = 2.3
m, range = 67-82 m), and the overall average was
75.6 m (SE = 1.5 m).

Camera range was an asymptotic function of
horizontal visibility, with little increase in camera
range at visibilities beyond 7-9 m (Fig. 3). Camera
range was appreciably lower when the camera was
facing the sun than vice versa, particularly at greater
visibilities. This was reflected in each of the curves fit
(Table 3). Since divers did not record whether actual
transects faced into or away from the sun, we used the
curve fit to all camera range-horizontal visibility
values to calibrate cinetransect volume. The logistic
equation provided, by slight margin, the best fit to

S S
Y=10.284+1.893(0.582)%

CAMERA RANGE (m)

0 T T T T T

e INTO SUN

> AWAY FROM SUN

0 1 2 3 4 5

6

~T T T T T T T

7 8 9 10 n 12 13

HORIZONTAL VISIBILITY (m)

FIGURE 3.—Relation of camera range (the distance at which fish could be distinguished on film)
and horizontal visibility. Points are observations of maximum camera range at different visi-
bilities with the camera facing into and away from the sun. The equation and line show the logistic
function fit to these points.
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these data (Table 3) and was the one employed in
calculating cinetransect volume.

Distribution and Abundance of Fishes

Five sets of bottom transects were made in each
study area. Water-column samples were taken on five
dates at SOK-U and on four at SOK-D. Transect

TABLE 3.—Functions fit to camera range (Y) versus horizontal visi-
bility (X) relationship, and the best fit parameters as determined by
BMDP program P3R (Dixon and Brown 1979). Also noted are the
asymptotes calculated for each equation and data set, and the resid-
ual meansquares. Into= trials made withthe camera facing into the
sun; Away = trials made with the camera facing away from the sun;
All= curves fit to all data. P,,P,, and Py are arbitrary symbols for
the parameters of each function; there is no implied correspondence
between the numbered parameters of different functions.

Asymp- Residual

Function name Set of tote mean
and formula trials Py Pzz Py {m) square
Logistic Al 0.284 189 0.582 3.52 0.389
Y Awagy 0.269 2.63 0.560 3.86 0.250

Y=1/{P, + P3) Into 0.317 1.20 0.618 3.15 0.355
Gompentz All 1.27 -3.19 0.647 3.56 0.370
b +p Fx) Away 137 -—3.88 0.648 3.94 0.255
y=olPt ¥ P, Fy Into  1.15 -235 0656 3.16  0.354
Von Bertalanfty Al 3.60 0.334 143 3.60 0.372
PX =P Away 4.03 0.301 1.62 4.03 0.261

Y=P,(1-e ¥ 37 Into 317 0.361 1.07 3.17 0.353
Michaslis-Menton Al 421 1.92 2.03 4.21 0.377
P {X—-P) Away 494 1.9 2.79 4,94 0.269
=1 __2 Into  3.51 201 128 351 0354

P,+X—P,
All 0.194 1.06 - 5.15 0.388
Beverton-Holt Away 0.158 1.7 6.33 0284

Into 0.241 0.92 415 0.352

Y=1/P, + P,/X)

TABLE 4.—Sampling dates, b
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number and visibility at depth on each date are
shown in Table 4.

Of the 28 species recorded in this study, 19 were
“resident” teleosts. Of these, 13 species were record-
ed on more than two transects in the two kelp-forest
areas (Table 5). These 13 common species could be
assigned to bathymetric categories, based on their
vertical patterns of frequency of occurrence (Table
5) and density (Tables 6, 7) within SOK.

Kelp perch, halfmoon, and giant kelpfish were most
common in the upper strata and are designated
“canopy” species. While halfmoon and giant kelpfish
were observed in all strata, all three species were
most abundant in the 3 m stratum. Only halfmoon
reached moderate abundances at 7.6 m in the SOK-D
area (Tables 5, 6, 7).

Sefiorita, white seaperch, and kelp bass were com-
mon throughout the water column (Tables 5, 6, 7) and
are designated *‘cosmopolites”. These three species
were among the most common and abundant fishes in
all strata. The white seaperch was the most cos-
mopolitan of the three in 1979, its density and fre-
quency of occurrence on transects varying little with
depth. The sefiorita was the most abundant species
in nearly all strata. The kelp bass was also abundant
at all depths. Its numerical density varied little
among the water-column strata, but was generally
greater on the bottom. Its biomass was greater in the
lower strata (Tables 6, 7). Young kelp bass concen-
trated in the upper water column {Table 8), con-
tributing to the relatively low biomass per fish for
kelp bass in the 3 and 7.6 m strata. Our data indicate

of transects, and visibilities measured during fall 1979 sampling in two areas within

the kelp bed at San Onofre {SOK-U and SOK-D) and in a nearby cobble-bottom area with little kelp (Cobble). Horizontal

visibility (vis.) measured in meters

SOK-U

SOK-D Cobble

3m 7.6 m 12m Bottom

3m 76m 12m Bottom Bottom

Date v vis. v vis. v vis. v vis.

v vis. v vis, v vis. v vis. v vis.

10 Oct. 10 295

15 Oct.

17 Oct. 9 289

22 Qct. 10 275

24 Oct.

26 Oct.

31 Oct. 10 3.85
7 Nov.

12Nov. 12 730 12 510 12 475

14 Nov.

16 Nov.

21 Nov. 10 8.75

26 Nov.

28 Nov.

30 Nov. 12
5 Dec.
7Dec. 12

10 Dec.

12Dec. 12 945 12 695 12 850

19Dec. 13 1050 12 850 12 5.25

1256 12 7.05 12 315

1050 12 585 12 510

9 214
7 300
9 342
11 14.00 12 850 11 3.50
10 3.90

10 5.50
10 4.50 10 4.85

12 1025 12 700 12 4.00
10 4.0
12 16.00 12 13.75 12 7.256

12 825 12 780 12 6.9

Total 61 60 60 49
Mean 10.08 6.69 5.35 4.24

47 48 47 48 a7
12.13 9.26 5.41 3.59 4.19
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that the upper kelp canopy serves as a nursery for tion of size classes only for kelp bass. This is because
young-of-the-year kelp bass, and these cryptic fish our 1979 data were too few to evaluate vertical
were probably much more abundant there than segregation by size that has since been noted for two
shown by our counts. We examined vertical segrega-  other species (sefiorita and blacksmith) in several

TABLE 5.—Percent of transects on which species were observed during fall 1979, in two portions of a kelp forest near San
Onofre, Calif. (SOK-U and SOK-D) and in a nearby kelpless cobble area (Cobble). Species’ ranks are shown in
parentheses. Number of transects is noted in the column heading.

SOK-U SOK-D Cobble
3m 7.6m 12m Bottom 3m 7.6 m 12m Bottom Bottom

Species n=61 n=60 n=60 =49 n=47 n=48 n=47 n=48 n=47
kelp bass 52(3) 5013) 80{1.5)  61{2.5) 74{2) 77(2) 81{1) 81(2) 26{(4.5)
barred sand bass 2(10) 8{4.5) 59(4) 9(8) 58(5} 53(1)
kelp perch 59(2) 13(4) 2(13) 49(3) 10(6.5) 98}
black perch 8(4.5) 41(5) 9{8) 65(3) 26(4.5)
white seaperch 41(4) 58(2) 60{1.5)  39(6.5) 40{4) 56(3) 62(3) 44(7.5) 15(8)
pile perch 2(10) 3(10) 20{9) 449) 17(5) 42(9) 11(9)
rubberlip seaperch 3(10) 16{10) 19(10) 4{12.5)
rainbow seaperch 39{6.5) 44{7.5) 19(6.5)
seAorita 93(1) 87(1) 58(3) 81(2.5) 96(1) 94(1) 66(2) 63(4) 43(2)
California sheephead 5(7.5)  58{1) 2(10.5) 19(5) 36(4) 90{1) 36(3)
rock wrasse 29(8) 2(9.5) 4{10) 46(8) 8{10.5)
opaleye 3(8) 2(15)
halfmoon 16(6.5) 76) 2(13) 2(14) 36(5) 38(4) 11(6) 4{12.5) 19(6.5)
blacksmith 2(10) 2(11.5)
garibaldi 4{12.5)
giant kelpfish 24(5) 8(5) 7(6) 3(11) 21(6) 10{6.5) 412.5)
cabezon 2(14) 2(16.5)
California scorpionfish 2(16.5) 4{12.5)
rockfish spp. 3(10) 2(14) 8(10.5)
black croaker 2(16.5)
salema 4{12.5)
silversides 16{6.5) 19{7)
jack mackerel 2{9.5) 3(7.5) 5{7.5) 17(8) 8(8) 2(11.5)
Pacific barracuda 2(10.5) 2(9.5)
leopard shark 2(14)
thornback 2(15)
bat ray 2(14) 2{16.5)
Pacific electric ray 2(9.5) 3(7.5) 2{13) 2(15)

TABLE 6.—Mean numerical and biomass densities (per 1,000 m3) of fishes observed in n daily samples per depth stratum at the SOK-U area in
the San Onofre kelp bed during fall 1979. Values are the grand means (+1 standard error) of the daily means (adjusted for transect volume) over
transects taken each sampling day.

SOK-U
Numerical density (no./1,000 m3} Biomass density (kg/1,000 m®)
3m 76m 12m Bottom 3m 76m 12m Bottom
{n=5) (r=5) {n=56) {n=5) (n=5) {n=5) (n=5) (n=5)
Species H SE 1 SE i SE X SE x SE x SE x SE i SE
kelp bass 1.57 0.87 2.67 1.19 2.48 0.93 4.76 1.20 0.091 0.071 0.418 0171 0.664 0.270 1.372 0.372

o

barred sand bass 0.02 0.02 0.13 0.04 3.30 0.70 0.024 0024 0.173 0.046 4.434 0.930
kelp parch 1.39 0.26 0.23 0.13 0.02 0.02 o 0.035 0.007 0.006 0.003 neg. 0o

black perch 0.12 0.07 2.25 0.65 0.046 0.028 0.717 0.209
white seaperch 1.9 1.1 3.16 1.20 2.33 0.86 3.07 0.59 0.319 0.210 0491 0.209 0.287 0.106 0.376 0.108

o

(=]
o
o
(-]

pile perch 0o 0.02 0.02 0.08 0.05 0.66 0.11 0 0.009 0.009 0.039 0.025 0.263 0.079
rubberlip seaperch [+] 0 0.04 0.03 1.08 0.35 0 (4] 0.028 0.017 0.634 0.265
rainbow seaperch [+] 0 [+] 2.02 0.92 o] 0 0 0.167 0.068
seforita 26.95 6.53 24.45 5.78 4.66 2.22 14,16 5.95 0.950 0.223 1.103 0.225 0.241 0.110 0.566 0.237
California sheephead o] 0 0.13 0.06 4.87 1.16 [} 0 0.058 0.040 1.581 0.338
rock wrasse [+] 4] [+] 1.20 1.24 0 0 0 0.237 0.022
opaleye 0.03 0.03 0 [+] ] 0.033 0.033 0 ] [+]
halfmoon 0.27 0.20 0.08 0.05 0.02 0.02 0.06 0.06 0.068 0.050 0.020 0.012 0.008 0.006 0.015 0.015
blacksmith 4] 002 0.02 4] ] ] neg. 0 [+]
garibaldi 0 0 [} [+] 0 [} 0 o]
giant kelpfish 0.35 0.08 0.09 0.04 0.08 0.04 0.18 0.12 0.018 0.007 0.004 0.003 0.015 0.008 0.014 0.012
cabezon 1] ] [} 0.06 0.06 0 0 [} 0.089 0.089
Calif. scorpionfish [+] [+] 0 [+] [+] 0 1] 1]
rockfish spp. 0 o] 0.04 0.02 0.06 0.06 0 0 0.003 0.003 0.024 0.024
black croaker (o] o] 0 [+] ] 0 0 [¢]
salema 0 o] ] o 0 4] 0 [+]
silversides 4.21 1.54 [s] 0 o] 0.092 0.029 0 0 [+]
jack mackerel 0.09 0.90 8.77 8.74 0.50 0.36 1] 0.010 0.010 1.008 1.005 0.057 0.041 [+]
Pacific barracuda o] o] 0 [+] ] 0 0 [+]
lsopard shark [¢] ] 0 0.06 0.08 0 ] ] 0.119 0.118
thornback ] 0 0 [+] [+] ] [+] ]
bat ray [+] 0 [} 0.06 0.06 o] V] [+] 0.397 0.397
Pacific electric ray 0.01 0.01 0.03 0.02 0.02 0.02 [+] 0.136 0.136 0.320 0.196 0.154 0.154 [+]
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TABLE 7.—Mean numerical and biomass densities (per 1,000 m3) of fishes observed in» daily samples per depth stratum at the SOK-D area in
the San Onofre kelp bed during fall 1979. Values are the grand means (+1 standard error) of the daily means (adjusted for transect volume) over

transects taken each sampling day.

SOK-D
Numerical density {no./1,000 m?) Biomass density (kg/1.000 m?)
3m 7.6m 12m Bottom 3m 7.6m 12m Bottom
(n=4) {n=4) (n=4) (n=5) (r=4) {n=4) (n=4) {n=5)
Species 1 SE x SE x SE X SE H SE ¥ SE x SE 2 SE
kelp bass 4.23 0.63 461 1.09 4.84 1.07 12.87 3.95 0.726 0.162 1.101 0440 1.621 0.672 2.363 0.675
barred sand bass Q Q Q.12 0.02 3.14 029 [+] 0 0.178 0029 3446 0577
kelp perch 0.83 0.20 0.19 0.09 0.11 0.08 o] 0.021 0.005 0.005 0.002 0.003 0.002 0
black perch ] ] 0.18 0.1 477 0.63 0 o] 0.040 0.017 1.401 0.089
white seaperch 3.50 2.38 415 1.52 4.83 0.94 3.64 148 0.582 0407 0.681 0.269 0.693 0.180 0.399 0.137
pile perch 0.04 0.04 0 0.23 0.13 1.74 0.18 0.013 0.013 1] 0.105 0.068 0.682 0.056
rubberlip seaperch [+] 0 [+] 0.64 0.24 (] [+] [+] 0.447 0.165
rainbow seaperch ] 0 [+] 249 oNn (V] [+] 1] 0.238 0.053
senorita 19.46 2.82 21.04 357 5.68 1.82 13.31 7.77 0.569 0.078 1.039 0.158 0.312 0.100 0.435 0.205
Califomia sheephead 0.02 0.02 0.860 0.23 1.52 0.42 13.66 1.29 0.017 0.017 0.181 0.119 0.770 0.386 4.990 0.322
rock wrasse 0 0.02 0.02 0.06 0.03 1.86 049 [¢] 0.005 0.005 0.028 0.004 0.405 0.110
opaleye [+] 1] 0 ] (4] (4] (4] [+]
halfmoon 1.09 0.44 292 1.83 0.35 0.19 0.12 0.12 0.237 0.110 0.730 0.457 0.087 0.047 0.030 0.030
blacksmith V] [+] 0.03 0.04 ] V] 0 neg. [+]
garibaldi [¢] ] [+] 0.12 0.07 [¢] 0 ] 0.014 0.009
giant kelpfish 0.28 0.06 0.10 0.02 [+] 0.12 0.07 0.024 0.007 0.008 0.004 [»] 0.012 0.010
cabezon [+] [+] [+] 0.07 0.06 [¢] [+] [+] 0.099 0.099
Calif. scorpionfish [+] [+] o 0.06 0.06 V] [+] 0 0.033 0.033
rockfish spp. o ] 1] ] [+ 0 o 1]
black crosker (4] [} 1] 11.86 11.85 [+] V] [+] 2.667 2.667
salema [¢] ] 0 8.89 5.93 0 0 [} 0.667 0.444
silversides 5.99 3.96 [} ] ] 0.120 0.079 0 0 [}
jack mackerel 20.96 9.05 19.34 17.69 3.32 3.32 [+] 2,410 1.040 2.224 2,035 0.381 0.381 0
Pacific barracuda 013 0.13 0.61 0.61 1] [+] 0.019 0.019 0.092 0.092 ] ]
leopard shark o 0 0 o 0 [+] 0 0
thomback [+] 0 0 0o 0 0 [s] [+]
bat ray V] [+} ] 012 0.2 1] 0 [¢] 0.794 0.794
Pacific electric ray [+] 4] 0 [+] [} 0 [+] [+]

TABLE 8.—Mean numerical densities (per 1,000 m3) of young-of-
the-year (yoy), all juveniles (including yoy), subadult, and adult kelp
bass in n daily samples per depth stratum at SOK-U and SOK-D
during fall 1979. Grand means calculated as in Tables 6 and 7.

Numerical density {no./1.000 m3)

were much more abundant on the bottom. Pile perch
were seen, at one site or the other, in all strata, but
were most abundant on the bottom and at 12 m.
Barred sand bass also concentrated on the bottom
and, to alesser degree, at 12 m. California sheephead

Smin=5 76m=5 12m@n=5 Botomi=5  were ohserved as shallow as 3 m at SOK-D, but no
f:vx-u 0’?65 oson 0’;3 OS'IE2 OiO 08:5 0,?24 05:4 Shallower than 12 m at SOK-U-
all juvs. 123 062 085 034 09 038 136 0.76 Species composition and relative abundance in
by« S v oA O S 44 each stratum reflected the distributional patterns of

T =N T8mpea iZmm=4 Bemomu=5) the species (Tables 9, 10). The three cosmopolitan
SOK-D P T T T species were among the three to five most abundant
voy 0.88 042 033 013 020 009 0.12 012 species in every stratum, particularly above the bot-
timdiu 252 088 a8 o8y 230 084 672 aos  tom. At3and 7.6 m, they made up 89-99% of total
adults 0.20 0.12 049 028 1.08 049 094 018

kelp beds off northern San Diego County (DeMartini
et al.f),

Seven of the 13 common species were most abun-
dant near the bottom (Tables 5, 6, 7). Rainbow
seaperch and rock wrasse rarely, if ever, strayed
above the bottom. Black perch and rubberlip
seaperch were recorded occasionally at 12 m, but

‘E. DeMartini, F. Koehrn, D. Roberts, R. Fountain, and K. Plum-
mer. Variations in the abundances of fishes within and between
stands of giant kelp (Macrocystis pyrifera) during successive years.
Manuscr. in prep. Marine Science Institute, University of Califor-
nia, Santa Barbara, CA 93106.
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numerical density. The remaining fish in these strata
were mainly upper water-column species, with a few
of the more errant bottom species (such as California
sheephead and pile perch) entering at 7.6 m. The
three cosmopolites again dominated the assemblage
at 12 m, forming 86-94% of fish numbers. A few
individuals of canopy species were present at 12 m,
however, and a greater number of bottom species
were observed. The bottom stratum contained the
greatest number of recorded species, and individuals
were distributed more evenly among these species.
The cosmopolites were still among the most abun-
dant species on the bottom, but several of the
bottom-zone species (such as California sheephead,
black perch, and barred sand bass) were also abun-
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TABLE 9.—Percent contribution of species to total numerical and biomass density at the SOK-U area of the San Onofre kelp bed during fall
1979. Percentages are given by stratum and for abundance integrated throughout the water column. Only those species contributing 1% or
more are listed. Stratum values are based on data in Tables 6 and 7; integrated abundances on Table 11.

3m 76m 12m Bottom Integrated
Species % Species % Specias % Species % Species %
SO0K-U Numbers
seiiorita 83.0 senorita 79.5 senorita 486.0 senorita 375 senorits 720
white seaperch 59 white seaperch 10.3 kelp bass 245 Calif. sheephead 129 white seaperch 9.3
kelp bass 48 kelp bass 8.7 white seaperch 23.0 kelp bass 126 kelp bass 9.1
kelp perch 4.3 barred sand bass 1.3 barred sand bass 8.7 kelp perch 21
giant kelpfish 11 Calif. sheephead 13 white seaperch 8.1 Calit. sheephead 2.0
black perch 1.2 black perch 6.0 barred sand bass 1.4
rainbow seaperch 54
rock wrasse 3.2
rubberlip seaperch 2.9
pile perch 1.7
SOK-U Biomass
sefiorita 82.7 sefiorita §3.2 kelp base 426 barred sand bass 424 sefiorite 30.2
white seaperch 211 white seaperch 23.7 white seaperch 184 Calif. sheephead 149 barred sand bass 19.1
kelp bass 6.0 kelp bass 20.1 senarita 165.4 kelp bass 13.1 kelp bass 17.7
halfmoon 45 barred sand bass 1.2 barred sand bass 1.1 black perch 68 white seaperch 14.2
kelp perch 23 halfmoon 10 Calif. sheephead 3.7 rubberlip seaperch 6.1 Calif. sheephead 6.6
opal 2.2 black perch 29 sefiorita 54 black perch 3.2
giant kelpfish 1.2 pile perch 25 white seaperch 36 rubberlip seaperch 2.7
rubberlip seaperch 1.8 pile perch 2.5 pile perch 1.5
iant kelpfish 10 rock wrasss 23 halfmoon 1.2
rainbow seaperch 1.6

TABLE 10.—Percent contribution of species to total numerical and biomass density at the SOK-D area of the San Onofre kelp bed during fall
1979. Percentages are given by stratum and for abundance integrated throughout the water column. Only those species contributing1% or
more are listed. Stratum values are based on data in Tables 6 and 7: integrated abundances on Table 11.

3m 76m 12m Bottom Integrated
Species % Species % Species % Species % Species %
SOK-D Numbers

seforita 66.1 sefiorita 62.6 senorita 316 Calif. sheephead 233 sefiorita 51.7
kelp bass 144 kelp bass 13.7 kelp bass 270 seforita 227 kelp bass 174
white seaperch 1.9 white seaperch 123 whita seaperch 27.0 kelp bass 22.0 white seaperch 131
halfmoon 3.7 halfmoon 8.7 Calif. sheephead 8.5 black perch a.1 Calif. sheephead 6.3
kelp perch 28 Calif. sheephead 1.8 halfmoon 1.9 white seaperch 6.2 halfmoon 4.4
pile perch 13 barred sand bass 5.4 black perch 1.7
black perch 1.0 rainbow seaperch 4.2 kelp perch 1.2
rock wrasse 3.2 barred sand bass 1.1

pile perch 3.0

rubberlip seaperch 1.1

SOK-D Biomass

kelp bass 32.6 kelp bass 29.4 kelp bass 42.2 Calif. sheephead 333 kelp bass 28.2
white seaperch 26.2 senorita 27.7 Calif. sheephead 20.1 barred sand bass 23.0 Calif. sheephead 17.2
sefiorita 25.8 halfmoon 195 white seaperch 18.1 kelp bass 15.8 senorita 14.5
halfmoon 123 white seaperch 18.2 seforita 8.1 black perch 93 white seaperch 14.3
giant kelpfish 1.1 Calif. sheephead 48 barred sand bass 4.6 pile perch 45 barred sand bass 8.9
pile perch 2.7 rubberlip seaperch 3.0 halfmoon 7.8
halfmoon 23 sanorita 29 black perch 34
black perch 1.0 rock wrasse 2.7 pile perch 23
white seaperch 2.7 rock wrasse 1.1
rainbow seaperch 1.8 rubberlip seaperch 1.0

dant. The gradual change in species composition that
occurred between the water-column strata became
more abrupt at the bottom.

The vertical profile of total numerical density
reflected changes in the abundance of the most
numerous species, sefiorita, and the increase in
species number on the bottom. Numerical density
was about the same at 3 and 7.6 m, dropped at 12 m,
and peaked on the bottom (Fig. 4). Small differences
inspecies compositionat 3 and 7.6 mled to only small
differences in the abundances of noncosmopolites,
and the cosmopolites (particularly sefiorita) had
similar densities in these strata (Tables 6, 7). Despite

increased abundances of bottom species at 12 m, the
loss of upper water-column species and the decline in
abundance of sefiorita led to low overall numerical
densities in this stratum (Tables 6, 7). Sefiorita
became more abundant again in the bottom stratum,
kelp bass reached peak density, and the bottom
species became abundant (Tables 6, 7), leading to
high numerical densities on the bottom (Fig. 4).
Biomass density did not differ among the water-
column strata, but reached an exaggerated peak on
the bottom (Fig. 5). At 12 m, the increase in size of
kelp bass, and the addition of large-bodied species
like California sheephead, barred sand bass, and
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FIGURE 4.—Vertical distribution of the numerical densities of all
resident teleosts in two areas within the San Onofre kelp bed during
fall 1979, Points are mean densities over sampling dates at each site
and stratum, and bars represent one standard error of the mean.

various embiotocids compensated for the decline in
abundance of seforita (Tables 6, 7). The higher
numerical densities of these large fishes on the bot-
tom contributed most to the peak biomass densities
in this stratum.

Weighting densities for the size of stratum, we
estimated that on average about 40 and 46 fish
occurred over 100 m? at SOK-U and SOK-D, respec-
tively, with corresponding biomass values of 3.9 and
6.5 kg/100 m® (Table 11). About 66% (SOK-D) to
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FIGURE 5.— Vertical distributions of the biomass density of all resi-
dent teleosts in two areas within the San Onofre kelp forest during
fall 1979. Points are mean densities over sampling dates at each site
and stratum, and bars represent one standard error of the mean.

77% (SOK-U) of all individuals occurred in the upper
two strata, 9% (SOK-U) to 14% (SOK-D) at 12 m.and
14% (SOK-U) to 19% (SOK-D) on the bottom. The
small vertical extent of the bottom stratum
diminished its contribution to the abundance of fish
integrated over the entire water column. About 44-
45% of fish biomass occurred in the two upper strata,
15% (SOK-U) to 22% (SOK-D) occurred at 12 m, and
34% (SOK-D) to 40% (SOK-U) on the bottom. Thus
much of biomass was near the bottom, but because of

TABLE 11.—Abundance of resident teleosts, based on densities integrated through the water column over 100 m?
of bottom. The standing stock in numbers and biomass is given for each of two areas (SOK-U and SOK-D) within
the San Onofre kelp bed, and for an adjacent area of cobble bottom with little kelp (Cobble}, for samples taken in

fall 1979.
Numbers per 100 m?2 Biomass (kg) per 100 m®
SOK-U SOK-D Cobble SOK-U SOK-D Cobble
Species X SE % SE £ SE i SE i SE X SE
kelp bass 366 1.02 8.04 080 0.25 0.14 0.67 0.15 1.83 0.41 0.12 0.04
barred sand bass 055 0.1 0.52 0.04 1.16 0.37 0.74 0.14 0.58 0.09 1.69 0.55
kelp perch 0.85 0.20 0.57 0.05 o} 0.02 0.01 0.01 0.01 0
black perch 0.38 0.10 0.78 0.10 0.54 0.32 0.13 0.03 0.23 0.02 0.19 0.11
white seaperch 3.76 143 6.05 154 0.46 0.31 0.55 0.24 0.93 0.30 0.07 0.06
pile perch 0.14 0.03 0.37 0.07 0.05 0.02 0.06 0.02 0.15 0.03 0.02 0.0t
rubberlip seaperch 0.18 0.05 0.10 0.04 0.03 0.02 0.11 0.04 0.07 0.02 0.02 0.0t
rainbow seaperch 0.30 0.4 037 o1 0.01 0.12 0.03 0.01 0.04 0.01 0.01 0.01
senorita 28.86 4.63 23.88 2.06 2.16 0.77 1.17 0.21 0.95 0.05 0.06 0.04
Calif. sheephead 0.78 0.8 289 030 0.61 0.20 0.26 0.056 1.12 0.17 0.18 0.06
rock wrasse 0.18  0.04 031 008 0.03 0.01 0.04 0.01 0.07 0.02 0.01 0.01
opaleye 0.02 0.02 0 0.01 0.0t 0.02 0.02 [+} 0.01 0.01
halfmoon 020 013 2.04 1.03 0.11 0.05 0.05 0.03 0.51 0.26 0.03 0.01
blacksmith 0.01 0.01 0.01 0.04 4] neg. neg. [+]
garibaldi [+] 0.02 0.01 4] neg. 0
giant kelpfish 0.28 0.07 0.21 0.04 0 0.02 0.01 0.02 0.01 0
cabezon 002 001 0.01 0.01 [} 0.01 0.01 0.02 0.02 0
Calif. scorpionfish 0 0.01 0.01 0.02 0.0t neg. 0.01 0.01
rockfish spp. 0.02 0.01 ] 0.04 0.03 0.01 0.01 0 0.01 0.01
All residents 404 6.0 48.2 4.1 5.6 0.94 39 0.5 6.5 0.7 24 0.6
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their more extensive bathymetric ranges, the low
biomass-d ensity upper strata still contributed nearly
one-half of total biomass.

The most abundant species at SOK were the cos-
mopolites (Tables 9, 10, 11). Sefiorita, kelp bass, and
white seaperch comprised 82 and 90% of all
individuals in the kelp forests at SOK-D and SOK-U,
respectively. These species also contributed strongly
to overall integrated biomass, although large species
like California sheephead, barred sand bass, and
halfmoon were also important. As a result, the dis-
tribution of biomass among species was more even
than the distribution of numbers (Tables 9, 10, 11).

Two relatively large fishes were more abundant at
SOK-D than SOK-U during fall of 1979, contributing
to the differences (see below) in our estimates of total
biomass at each site (Table 11). The integrated abun-
dance of kelp bass was significantly higher, or nearly
so, at SOK-D (Numbers: t =3.37,df=7,0.01<P<
0.02; Biomass: ¢t = 2.65, df = 4, 0.05 < P < 0.1).
California sheephead were also more abundant at
SOK-D, as tested with log-transformed bottom data
(Numbers: t = 4.81, df = 6, P < 0.01; Biomass: t =
3.35, df = 5, 0.02 < P < 0.05) and with integrated
abundances (Numbers: ¢t = 6.03, df = 5, P < 0.01;
Biomass: ¢t = 4.92, df = 4, P < 0.01). Halfmoon
seemed to be more abundant at SOK-D, but the dif-
ference was not significant (Numbers: t = 1.78, df =
3,P> 0.1; Biomass: t = 1.78,df = 3, P > 0.1).

At the kelpless cobble site, most fish were bottom
species and cosmopolites (Tables 5, 11). While
barred sand bass, black perch, and California
sheephead were fairly abundant in this area, the
average abundances of other species were less than
in the kelp-bed areas. The integrated numerical
abundance of all fishes was significantly lower in the
kelpless cobble area (cobble vs. SOK-U:t =5.71, df
=4,P<0.01; cobblevs. SOK-D:t=9.42,df=3,P<
0.01; SOK-Uvs. SOK-D: t=0.79,df=7,P> 0.4). A
one-way ANOVA of log-transformed counts on the
bottom showed significant differences among the
three areas (F, ;= 9.42, P < 0.01), but an a priori
comparison of SOK-U and SOK-D versus the cobble
area was not significant (F, ,, = 1.207, P > 0.25).
Thus, the lower overall numerical abundance at the
kelpless cobble area was due largely to the presence
of fish above the bottom at SOK. The integrated total
biomass of fish did not differ significantly among the
three areas (F, ,, = 0.25, P > 0.75), even though the
point estimate of 2.4 kg/100 m? at the cobble area
was lower than both values at SOK. However, barred
sand bass made up over 70% of fish biomass in the
cobble area, so most other species were much less
abundant there.

We estimated the density of Macrocystis plants >1
m tall to be 7.51 = 0.71 (1 SE) plants/100 m? at the
“kelpless” cobble area, 23.11 + 1.47 plants/100 m? at
SOK-U, and 30.18 + 1.69 plants/100 m?at SOK-D.
Thus, some kelp was present at the cobble area, but
the density of subadult-adult plants there was 25-
32% of density in our kelp-bed areas.

DISCUSSION
Sampling

Regardless of water clarity, our camera and film
were unable to resolve fish beyond 3-4 m; this set an
upper limit of just over 1,000 m* to cinetransect
volume. Alevizon and Brooks (1975) noted that in
very clear, shallow waters, fish seemed difficult to
distinguish on film beyond 5 m. Ebeling et al. (1980b)
found camera range to be 3-3.5 m at horizontal
visibilities of 4 and 15 m, and concluded that there
was essentially no relation between camera range
and horizontal visibility. Our data show this to be true
at visibilities >7-9 m. The fixed focal length of the
camera, shallow depth of field at maximum aperture,
and quality of film account for the limited camera
range, as discussed by Ebeling et al. (1980b).
However, our data show that camera range decreases
when visibility decreases to values that approach
maximum camerarange. Corrections for visibility are
common in terrestrial line transects, whether the
areaof a given transect is taken as fixed throughout or
as variable (Caughley 1977; Burnham et al. 1980).
We regarded the volume of a given cinetransect to be
fixed, its width determined by visibility.

The relatively low upper limit to camera range may
help to make cinetransects in the water column more
accurate than visual censuses. Searching efficiency
would likely be poorer for broad visual transects
made to the limits of visibility. Furthermore, it is dif-
ficult to judge arbitrary smaller distances in open
water, unless they are only a meter or two on either
side of the diver. Cinetransects provide an almost
automatic upperlimit to transect width, and this limit
is wide enough (about 3 m to either side in mod-
erately clear water) that a substantial volume of
water is censused.

We have not verified the exact volume sampled in
each of our cinetransects, nor are we able to compare
densities measured in cinetransects with actual den-
sities (Brock 1982), since the latter have not been
measured by any method. To our knowledge, only
Keast and Harker (1977) have actually marked the
outside boundaries of visual underwater transects.
However, Terry and Stephens (1976) and Stephens
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and Zerba (1981) utilized two divers, swimming
parallel, unmarked courses and counting fish be-
tween each other, to sample rocky-reef fishes.
Perhaps such a method could be used to evaluate
densities estimated in cinetransects.

Species Composition, Distribution,
and Abundance

The species observed in the San Onofre kelp forest
were a subset of the species found in other nearshore
areas of hard substrate and vegetation off southern
California. Many reef-dependent fishes that are very
common in other kelp forests were either rare or
unrecorded at San Onofre. Species such as black-
smith and opaleye (Ebeling and Bray 1976; Hobson
and Chess 1976), garibaldi (Clarke 1970), painted
greenling (DeMartini and Anderson 1979), and some
species of Sebastes (Larson 1980) depend on rugose
reefs for shelter or spawning sites. Some turf-grazing
and otherwise bottom-feeding species of embi-
otocids also appeared to be less abundant at San
Onofre than in other areas. Our estimates of 14-37
kg/ha of pile perch, 38-78 kg/ha of black perch, and
10-18 kg/ha of rubberlip seaperch were mostly
smaller than the estimates of Ebeling et al. (1980b)
off Santa Barbara and Santa Cruz Island. The rarity and
low abundance of all these species markedly alters
the character of the fish assemblage at San Onofre.

The abundant species at San Onofre kelp forest
either are less dependent on rock reefs (at least, if
kelp is present) or associate preferentially with low-
relief substrates. The former group might include the
canopy species, the cosmopolitan kelp bass and
sefiorita, and perhaps the epibenthic California
sheephead. The latter group might include barred
sand bass and white seaperch. These two species
(and perhaps sefiorita) were more common at San
Onofre than others (Ebeling et al. 1980a, b) have
reported in kelp forest anchored on high-relief sub-
strates. Barred sand bass occurred in over half of the
bottom transects at SOK, but in no more than 12% of
bottom transects near Santa Barbara (Ebeling et al.
1980a). We found white seaperch in 40-60% of our
transects, while Ebeling et al. (1980a) saw them on 7-
42% of all transects (but 20-42% of “sandy margin”
transects). Both of these species have been reported
as associating with sand or the sand-rock interface
(Quast 1968a; Feder et al. 1974; Ebeling et al
1980a). Moreover, barred sand bass have a
warmwater affinity (Frey 1971) and on average
should be more abundant farther south in the
Southern California Bight. The abundance of white
seaperch at SOK may be unusually high during the
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fall. At this time, white seaperch appear to use the
SOK habitat for mating as well as feeding. While
some individuals of white seaperch are found in kelp
forests all year, much of their populations in kelp
beds off northern San Diego County move offshore
after fall (authors’ observations).

The vertical distributions of species present at the
San Onofre kelp bed were similar to patterns de-
scribed in other kelp forests. Kelp perch, giant
kelpfish, and, to a lesser extent, halfmoon have been
recognized as water-column and canopy species
(Quast 1968a; Feder et al. 1974; Bray and Ebeling
1975; Ebeling and Bray 1976; Hobson and Chess
1976; Coyer 1979; Ebeling et al. 19804, b). Kelp bass
and white seaperch have been described as members
of a vertical “commuter” group of fishes in kelp
forests near Santa Barbara (Ebeling et al. 1980a).
The term “cosmopolite” better describes the habits
of these two fishes. Sefiorita also fell into Ebeling et
al.’s “canopy” group, but its occurrence throughout
the water column was recognized by Hobson (1971),
Ebeling and Bray (1975), Bernstein and Jung (1979),
and others. We feel that it too should be considered a
cosmopolite. Pile perch and rubberlip seaperch were
also assigned to the commuter group of Ebeling et al.
(1980a) and did appear above the bottom at San
Onofre. However, the dense midwater aggregations
of these species observed elsewhere were not present
at San Onofre. Perhaps the relatively low density of
these species at San Onofre was responsible for the
absence of these aggregations. On the other hand,
our fairly frequent observation of California
sheephead well above the bottom is apparently new.
Quast (1968a), in fact, noted that sheephead seem
“reluctant” to leave the bottom. Barred sand bass,
black perch, rainbow seaperch, and rock wrasse
occurred almost exclusively on the bottom, and have
been generally recognized as bottom dwellers.

Our estimates of vertically integrated standing
stock were surprisingly high. Most estimates of fish
biomass on tropical and temperate reefs fall into the
range of a few to several hundred kg/ha (Brock 1954;
Bardach 1959; Randall 1963; Quast 1968b; Talbot
and Goldman 1972; Miller and Geibel 1973; Jones
and Chase 1975; Russell 1977). Itis encouraging that
our estimates of 3.88-6.53 kg/100 m? (388-653 kg/
ha) fell within this range. Furthermore, our density
estimates for fall 1979 are generally similar to subse-
quent estimates made for canopy and bottom strata
during the fall periods of 1980 and 1981 (E. DeMar-
tini’ Unpubl. data). In particular, the densities of resi-

E. DeMartini, Marine Science Institute, University of California,
Santa Barbara, CA 931086.
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dent species (kelp bass and California sheephead)
that contributed most to biomass estimates for fall
1979 were not consistently larger or smaller, if dif-
ferent atall, at SOK duringfall 1980 and 1981. Hence
we feel that our estimates for fall 1979 are typical for

. SOK during this season. Furthermore, while species
such as kelp bass and sheephead were most abun-
dant at SOK-D during fall 1979, this was not always
true in 1980 and 1981; the site of greater abundance
switched between SOK-U and SOK-D for many
species over the period of 1979-81 (DeMartini et al.
footnote 6). Thus we also conclude that apparent dif-
ferences between SOK-U and SOK-D during fall
1979, although perhaps statistically real, are not
meaningful for our general characterization of stand-
ing stock at SOK. For this reason, we have provided
data for the areas separately as brackets for our
estimates of conditions in the San Onofre kelp bed in
general, and do not specifically attribute the greater
abundance of fishes at SOK-D to greater numerical
density of giant kelp plants >1 m tall.

The surprising aspect of our standing-stock
estimates is that they are as large or larger than those
of Quast (1968b) in nearshore areas of greater bot-
tom relief. Subtracting elasmobranchs, “nonresi-
dent” teleosts, and cryptic bottom species, his
estimates of standing stock at two sites near San
Diego were about 366 kg/ha for Del Mar and 299 kg/
ha for Bathtub Rock. Thus, even though our areas at
San Onofre lacked many individuals of such great
contributors to biomass at Quast’s sites as opaleye,
blacksmith, kelp rockfish, and garibaldi, our brack-
eted values of biomass were of the same order to
nearly twice Quast’s estimates. Below, we examine
three possible reasons for this perceived disparity:
Bias due to sampling methods, bias due to the times
and places sampled, and the possibility that there
really was arelatively large standing stock of fishes at
San Onofre.

Our sampling methods may have led to over-
estimates, or Quast’s (1968b) to underestimates, of
standing stock. Quast’s quantitative collection at Del
Mar lacked a wall net, so some fish may have escaped.
Although he used transect densities for three of the
abundant species in his corrected estimates, his tran-
sect method of counting fish to the limits of visibility
may have led to reduced searching efficiency (as dis-
cussed above). Itisless likely that we counted fishina
larger volume than we think, We may have inflated
our estimates of integrated abundance by sampling
the bottom stratum on different days than the water-
column strata, so that the same individuals could
have figured into average density in more than one
stratum as distributions changed from day to day.

Such errors would have been most serious in the cos-
mopolitan species, and perhaps in large bottom
species (like California sheephead) that also
occurred in the water column. However, even inour 3
m stratum, the average numbers of sefiorita and
white seaperch per transect (uncorrected for
visibility) were greater than similar averages
obtained by Ebeling et al. (19804, b) in cinetransects
off Santa Barbara, implying that these species really
were abundant during the fall at San Onofre. For kelp
bass, the average standing stock above the bottom
was 48 T 13 (SE) kg/ha at SOK-U and 148 + 40 at
SOK-D. These values are large fractions of our total
respective estimates of about 69 and 183 kg/ha.
Similarly, our estimates of sheephead biomass on the
bottom alone were 23 = 5 kg/ha at SOK-Uand 75+ 5
kg/ha at SOK-D, compared with our total estimates
of about 26 and 112 kg/ha at the respective areas. We
conclude that, while sampling problems may have
contributed some bias to both our estimates and
those of Quast’s, much of the difference between
Quast’s estimates and ours is real, and fish really
were relatively more abundant in the areas we sam-
pled at SOK during the fall.

Our selection of sampling times and places could
have led to estimates that are somewhat unrep-
resentative of conditions in general at San Onofre.
Seasonal factors might be involved for some of our
“resident” species. Dense concentrations of some
fishes (notably white seaperch) may be atypically
high at SOK and perhaps other kelp beds during the
fall, when these areas are used for breeding. Many
species of fish can be found in kelp beds all year, but
their abundances might nevertheless fluctuate
greatly as individuals move among areas within kelp
beds, between different kelp beds, and perhaps be-
tween different nearshore habitats. We feel that our
samples accurately characterize the standing stock
of fishes at San Onofre kelp in the fall, but cannot
extend our observations to other seasons.

Horizontal patchiness in the distribution of fish may
also have affected our estimates. Qur kelp-forest
sampling areas were near the offshore edge of a large
area of surface canopy, and fish often were quite
dense at the actual edge of the kelp forest. Limbaugh
(1955), Quast (1968a), Feder et al. (1974), Hobson
and Chess (1976), Bray (1981), and others have dis-
cussed this “edge effect”. Although many of our tran-
sects did not (by chance) sample the edge of the bed,
the averages we calculated nonetheless may have
overestimated the density of some species through-
out the entire bed. However, our estimates of fish
density at the particular study areas should be
relatively unbiased. Quast’s (1968b) Del Mar collec-
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tion was also made at the edge of a kelp forest, so
comparison with our areas is warranted.

The comparatively large standing stock of fishes at
SOK in part reflects the nature of the kelp forest off
San Onofre. This kelp forest was located inrelatively
deep (15 m) water, and was of moderate (0.1 adult
plant/m?; Dean footnote 4) kelp density, with a sur-
face canopy. Both of Quast’s (1968b) sites were
located in relatively shallow (7.6-10.7 m) water.
Furthermore, Quast’s Bathtub Rock site lacked a
surface kelp canopy. A substantial part of the fish
biomass we observed at San Onofre was in the exten-
sive canopy and midwater zones. Nearly half of the
biomass occurred in the upper two strata at each site,
and about one-quarter occurred in the midwater (7.6
m) stratum alone. The contribution of the upper
water column to overall standing stock is also illus-
trated by the relative importanceof the cosmopolitan
species. Ranging throughout the water column, kelp
bass, white seaperch, and sefiorita comprised about
60% of total biomass at the San Onofre kelp bed. The
relative contribution of water-column species to
overall standing stock would be lower in kelp forests
anchored on high-relief rock, because reef-de-
pendent species would be more abundant thanat San
Onofre. However, the presence of an extensive
bathymetric zone from the canopy into midwaters
provided space, forage, and orientation for a substan-
tial standing stock of fishes in the San Onofre kelp
bed. The lack of such an extensive midwater zone
may have limited the abundance of canopy and cos-
mopolitan species at Bathtub Rock and Del Mar,
accounting, in part, for the relatively low estimates of
standing stock in these areas.

Our study, then, suggests that kelp per se can
enhance the potential standing stock of fishes in an
area. Our kelp-forest areas lacked a high-relief bot-
tom and the species of fish that depend on it. The
remaining fish were those that either tolerate or are
not influenced by a cobble bottom, and those that
depend intimately on kelp. Yet the standing stock of
fishes at the San Onofre kelp bed was substantial.
The reduced numerical abundance of fishes and
smaller biomass (excluding barred sand bass) in our
kelp-depauperate area further indicates the impor-
tance of kelp at San Onofre. Experimental manipula-
tion of kelp density is probably the best test of the
influence of kelp on fish abundance (Miller and
Geibel 1973; Bray 1981; M. Carr footnote 3). We also
recognize that large-scale oceanographic factors may
strongly affect survivorship of planktonic larvae and
the subsequent abundance of juvenile and adult
fishes (Stephens and Zerba 1981; Parrish et al.
1981). However, our comparisons indicate that giant
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kelp, even in only moderate density, was necessary
for the existence of a large standing stock of diverse
fishes in cobble-bottom areas. We conclude that,
while rock reefs enhance the fish fuana of an area
whether or not there is kelp, the presence of kelp inan
area of low-relief bottom also augments the abun-
dance of juvenile and adult fish on a local scale. Kelp
may also contribute strongly to the standing stock of
fish in areas of high-relief bottom, but no one to date
has adequately evaluated this hypothesis. We pre-
dict that the densities of canopy species and cos-
mopolites like kelp bass and sefiorita will also prove
to be related to the density of giant kelp on high-
relief bottoms.
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THE INVERTEBRATE ASSEMBLAGE ASSOCIATED WITH THE
GIANT KELP, MACROCYSTIS PYRIFERA, AT SANTA CATALINA
ISLAND, CALIFORNIA: A GENERAL DESCRIPTION WITH
EMPHASIS ON AMPHIPODS, COPEPODS, MYSIDS, AND SHRIMPS!

JAMESs A, COYER?

ABSTRACT

The motile invertebrate assemblage associated with the giant kelp. Macrocystis pyrifera. fronds was
examined monthly from June 1975 through December 1976, at Santa Catalina Island, California. Replicate
samples were collected from each of three vertical zones (canopy [C). middie [M], bottom [B]).

The number of species collected from all zones was 114 and ranged from 51 to 75 for any given month.
Amphipods, copepods, mysids, and shrimps comprised the majority of invertebrate abundance (86 [C], 92
M|, 93% |B|) and biomass (90 |C|. 89 [M], 86% [B]). Gammarid amphipods dominated the assemblage in
numbers (34 |C|, 60 [M]. 51% |B]), biomass (34 [C], 68 [M], 67% [B|). and number of species {20).

The assemblage displayed three patterns of vertical stratification within the Macrocystis forest: 1) The
mean number of species progressively decreased from the bottom to the canopy (several species displayed
zone preferences); 2) more individuals and a greater total biomass were present in the lower zones than in the
canopy; and 3) the mean lengths of gammarids, mysids, and shrimps were significantly larger and propor-
tionately greater numbers of large individuals were present in the canopy than in either of the lower

zones.

Subtidal forests of giant kelp have long attracted the
interest of biologists, beginning with Darwin’s (1860:
240) description of the organisms associated with the
giant kelp forests off Tierra del Fuego. Since the
advent of scuba techniques in the mid-1950’s,
several studies have examined in detail the attached
and/or motile species of invertebrates associated
with surfaces of the giant kelp, Macrocystis pyrifera
(Limbaugh 1955; Clarke 1971; Ghelardi 1971; Jones
1971; Wing and Clendenning 1971; Miller and
Geibel 1973; Lowry et al. 1974; Bernstein and Jung
1979; Yoshioka 1982 a, b). Few, however, have
attempted a long-term and comprehensive examina-
tion of the entire assemblage of small and motile
invertebrates found with the giant kelp. The as-
semblage is important for several reasons, notably as
the major source of food for most fishes residing
within the kelp forests (see fish diet studies by Quast
1968; Hobson 1971; Bray and Ebeling 1975; Hobson
and Chess 1976).

The present report examines the composition, pat-
terns of vertical stratification, and seasonal dynamics
of the small and motile invertebrate assemblage
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associated with the fronds of M. pyrifera. A general
overview of the assemblage and a detailed examina-
tion of the amphipods, copepods, mysids, and
shrimps are presented.

STUDY AREA

The study area was Habitat Reef, located in Big
Fisherman Cove, Santa Catalina Island, Calif. (lat.
33°28'N, long. 118°29'W). Habitat Reef is a
fingerlike extension of bedrock ranging in depth from
2 to 18 m and is bounded on the three outer margins
by an expansive area of shelly debris substrate. The
western and northern sides of the reef slope sharply
to a depth of 20-25 m, whereas the eastern edge
slopes gradually to a shallower area ranging from 8 to
19 m. Water temperatures at Habitat Reef ranged
from 13.6° to 21.2°C during the study, warmest dur-
ing July through September and coolest from
December to February.

The algal community of the shoreward portion (<3
m depth) of Habitat Reef was dominated by Phyllo-
spadix torreyi, Eisenia arborea, Cystoseira neglecta,
and Sargassum muticum (seasonally). The outermost
portion (>3 m depth) was dominated by Macrocystis
and the understory algae in this area was sparse,
although small patches of Dictyopteris zonarioides
and C. neglecta were present in some areas.
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MATERIALS AND METHODS
Zonation and Kelp Density

The kelp forest at Habitat Reef was divided into
three vertical zones: Canopy (C). middle (M), and
bottom (B). The canopy extended from the water sur-
face to a depth of 1 m, the bottom ranged from just
above the kelp holdfasts to 2 m above the substrate.
and the middle included the area between the canopy
and the bottom. Holdfasts were not examined. Kelp
density was measured by randomly establishing 25
circular 1 m? plots within the study area during
November 1975 and October and December 1976.
The number of enclosed plants and the number of
fronds/plant were determined.

Sampling Procedure

Samples were collected monthly from plants in the
central portion of the kelp forest (7-9 m depth) during
tidal heights ranging from +1.0 to +1.3 m mean
lower low water. From June through September
1975, three replicate samples were collected from
each zone; from October 1975 through December
1976. five replicates were collected. Only one sample
was collected from any plant. and this sample con-
sisted of the entire plant portion within the desired
zone. The middle and bottom zones were collected
by carefully severing the upper portions and allow-
ing them to drift away. Disturbance to the lower
zones during this procedure was negligible. Similar
amounts of kelp were collected from each zone
throughout the study (n = 19; kg = 2.5[C] 2.1[M].
2.3 [B].

The kelp-associated invertebrates were collected
by scuba divers maneuvering a plankton net (1 m
diameter, 3 m long, 0.33 mm mesh) over the desired
portion of the plant. This procedure captured most
motile invertebrates on the kelp, as well as within the
surrounding water column (1 m diameter). The
enclosed sample was placed in a large container filled
with warm freshwater (providing a thermal and
salinity shock), vigorously agitated, and removed.
The remaining water was filtered through a 0.25 mm
sieve and the residue preserved. Thus, the term “in-
vertebrate” in this investigation refers to all motile
individuals larger than 0.33 mm (excluding pro-
tozoans, cnidarians, and nematodes).

The efficiency of the agitation-freshwater method
was tested by placing the processed kelp into another
container of warm freshwater and allowing it to stand
for 4 h. Subsequent agitation and filtering indicated
that 96% of all motile invertebrates in each zone were
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removed by the initial agitation-freshwater treat-
ment.

Organisms were identified to species (except for
some juveniles). The wet weight of kelp from each
sample was measured, and abundances of all taxa
were expressed as the number of individuals per
kilogram (wet weight) of kelp. The somewhat uncon-
ventional normalization of species abundance to unit
biomass was selected for three reasons. First, struc-
tural complexity within the kelp forest habitat is
created by interdigitating kelp blades and stipes and
is a function (in part) of both kelp surface area and
biomass. Many kelp-associated species, particularly
the swarming mysids, may respond primarily to
structural complexity of the habitat when seeking
shelter and/or food. Secondly. biomass is much
easier and faster to measure thanis surface area (con-
version ratios of kelp wet weight to surface area [both
sides of blades + stipes| and kelp dry weight to wet
weight are presented in Table 1). Thirdly, unit
biomass will facilitate comparisons with invertebrate
associations of other species of marine algae for
which it is difficult to compute a unit area (i.e.. bushy
reds and browns).

TABLE 1.—Ratios of kelp wet weight (kg) to kelp surface
area (m?) and dry weight (kg) to wet weight (kg).

Wet wewght/area Dry weight/Wet weight

Zone ® SD n H SD n
Canopy o1 0002 10 0.16 0.010 6
Middle 019 0.002 10 0.15 0.025 6
Battom 042 0.040 10 0.13 0.042 6

Determination of Invertebrate
Lengths and Biomass

Growth series within the principal taxa were
established. Individuals (n = 30-94) were measured
to the nearest 0.04 mm, using a dissecting micro-
scope and occular micrometer, blotted dry, and
weighed using an analytical balance to determine
length-weight relationships. Smaller and/or minor
taxa (copepods, ostracods, caprellids, molluscs, etc.)
were assigned constant weights based on the mean
weight of 20 individuals.

Vertical patterns of size-stratification were ex-
amined by measuring the lengths of principal taxa
within each zone for each quarter from January

- 1975 through October 1976. Single samples were

collected in January and April 1975; subsequent
samples were replicated (3 or 5). For shrimps and
mysids, all (January through July 1975) or up to 75
individuals of each major species were measured
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from each replicate of each zone; for gammarid
amphipods, at least 50 individuals (comprising all
species) were measured from one randomly selected
replicate of each zone. Replicates were pooled and
size-frequency distributions were determined for
each taxon within each of the zones. The non-
parametric Kolmogorov-Smirnov (K-S) two-sample
test (one-tailed) was used to test whether the values
from one distribution were stochastically larger
than the values from another distribution (Siegel
1956).

The mean weight of an individual within a major
taxon (shrimps, mysids, gammarids) was determined
from the mean length and the appropriate length-
weight formula. The mean weight then was mul-
tiplied by the mean monthly abundance of the taxon
to determine the taxon biomass. Quarterly length
measurements were applied to the month preceding
and following the measuring month (i.e.,, April
measurements were assigned to March and May) for
biomass measurements. Monthly abundance values
of the smaller taxa were multiplied by the assigned
weight to estimate the biomass.

RESULTS
Kelp Density

Macrocystis density at Habitat Reef was high (4.7
plants/m?) from November 1975 through August
1976 (Table 2). In late September 1976, density and
canopy cover were reduced (1.5/m?) and continued to
decline over the next 4 mo.

TABLE 2.—Macrocystis density and the number of
fronds/plant (+ width of 95% C.I/2) at Habitat
Reef. Sample size in parentheses.

Date Density/m* No. of fronds/plant
Nov. 1975 4.7£2.3 {25) 3.4%£1.0(118)
Oct. 1976 1.540.7 (29) 6.7£1.6 (46)
Dec. 1976 0.740.3 (25) 4.722.6 (17)

General Taxonomic Composition of
the Invertebrate Assemblage

The invertebrate assemblage associated with the
fronds of Macrocystis was composed primarily of
amphipods, copepods, mysids, and shrimps (Tables
3, 4). Mysids and shrimps were among the largest

TABLE 4.—Mean abundance (1i6./kg kelp £ width of 95%. C.1./2) for
the major invertebrate taxa within each zone. Parenthetical values
are the mean length and weight (mw. mg) of each taxon; an asterisk
indicates that a constant length and weight was used for all zones. All
values are averaged over the entire 19-mo study.

Taxon Canopy Middle Bottom
Gammarid amphipods 8824+ 267.0 4.123.0+890.2 3,117.8% 7153
{2.8.0.6) (1.8.0.4) {2.0.04)
Copepods 1,128.0£ 370.2 1,977.0:540.8 2,453.1 4410
*{0.8,0.1)
Ostracods 188.2476.7 108.8151.1 65.7 £ 30.0
*(0.9.0.1)
Echinoids {yuv.) 13.9+ 255 260.5+375.4 83.0+119.2
*{0.5.0.1}
Mysids 91.4+57.8 151.8+38.9 108.0 £50.5
{6.2.3.5) 4.7.1.3) 4.41.2)
Molluscs {“shelled”) 148+90 98.0x 218 168.4+44.9
*{1.3.0.7)
Caridean shrimps 136.5 £ 48.4 65.2+28.4 51.4+16.0
{7.1.3.8) 6.0.2.7) (5.4.2.3)
Platyhelminthes 31.7x£171 36.8+16.2 34.0%17.0
*(—.3.8)
Cladocerans 72.2+934 9.2%5.1 9.3+69
*{0.7,0.1)
Polychaetes 88+113 28.0+80 174%7.2
*(3.3,0.5)
Cypris (barnacle) 13.4+16.6 240% 2211 143+94
larvae *{0.7,0.1)
Molluscs (nudibranchs) 109+ 11.3 134x118 8.1x75
1.3,1.1)
Sphaeromatid 1sopods 0101 0.2£0.1 19.7%£ 230
*2.4.1.1)
Caprellid amphipods 4120 2.7%10 18+13
*{6.9,0.8)
Idoteid 1sopods 3.1x3.2 0.1+01 0.1 £ <0.1
*{7.2.4.0)
Asteroids {juv.) 02%0.1 1.1£13 06x08
*12.7.2.0)
Jaeropsid isopods 0.1x£0.1 0.2+03 1.4+0.9
*{2.3.0.3)
Cumaceans 0o — 0.2+02 0303
Brachyurans [zoea) 0 — 0 — 0.1 £<0.1
Ophiurocids {juv.) 0o — <0.1 £ <0.1 <0.1 £ <0.1
Tanaids 0 — <0.1£0.1 0.1£0.1

TABLE 3.—The mean (+ width of 95%. C.1./2) monthly abundance (16. organisms/kg kelp) and
biomass (Mg organisms/kg kelp) for each major invertebrate group associated with the giant
kelp. Data are averaged over the entire 19-mo study; proportions of total numbers or biomass (all

species) are presented in parentheses.

Zone Gammarids Copepods Mysids Shrimps Total

Canopy

Numbers 882 + 267 {33.9) 1.128 £370 (434) 91 +58 (3.5) 136+ 48 (5.2) 2599+580

Biomass 589 + 236 (33.8) §6+18 (3.2) 336+255(19.3) 583+ 300 (334} 1,743%765
Middle

Numbers 4,123+ 890 [59.8) 1.977 £541 (28.7) 152£39 (2.2) 65+28 (0.9) 6.900%1,382

Biomass 1,634 £ 359 (68.4) 99 + 27 4.1y 218x68 (9.1) 174 71 {7.3) 2387+ 493
Bottom

Numbers 3,118+ 715 (50.8) 2463 £ 441 (39.9) 108+51 (1.7) 51+16 (0.8} 6.153+937

Biomass 1388337 (67.4) 123+22 (6.0) 143483 (6.9) 11637 (5.6) 2,061 454
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species present, copepods among the smallest
(Table 4).

The number of species collected from all zones
totaled 114, but ranged from 51 to 75 for any given
month (Fig 1). When ranked by the mean monthly
abundance, 7 species were dominant (>100/kg), 23
were common (10-100/kg), 24 were uncommon (1-
10/kg), and 60 were rare (<1/kg). Crustaceans and
gastropods had the greatest species representation
with 63 and 36 species present, respectively. The 10
most abundant species within the canopy and bottom
and 9 of the top 10 species in the middle were crus-
taceans; of the 14 crustacean species represented, 6
were gammarid amphipods and 4 were harpacticoid
copepods (Table 5).

Vertical Patterns of Distribution,
Abundance, and Sizes

Invertebrate numbers and biomass (no./kg kelp,
mg/kg kelp) were greatest in the middle (6.900,
9,387) and bottom (6,143, 2,061) zones, lowest in
the canopy (2,599, 1,743; Table 3). Similarly, the
number of species was always lowest in the canopy,
intermediate in the middle, and highest in the bottom
(Student’s t-test, P < 0.05; Fig. 1).

Gammarid amphipods were the most important
taxon associated with Macrocystis, dominating the
invertebrate assemblage within each zone in terms of
numbers (34-60%) and biomass (34-68%; Table 3).
Twenty species were collected with fewer species
present in the canopy (11) than in the middle (16) or
bottom (18).

Collectively, Microjassa litotes, Gitanopsis vilordes,
and Aoroides columbiae comprised 83% by number
of all gammarids in the canopy, 92% of those in the
middle, and 70% of the gammarids in the bottom.
The most abundant gammarid in the canopy was G.
vilordes (53.0%); M. litotes was most abundant in the
middle (49.0%) and bottom (33.8%; Table 6, Fig. 2).
Among the other gammarids present, Ampithoe plea
and Hyale frequens were much more common in the
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FIGURE 1.—The number of invertebrate species present in each of
the vertical zones. Many species are present in more than one zone,
Grand means (£ width of 95% C.I./2): 26.7 £ 1.6 (C),33.0+ 3.3 (M),
38,9+ 3.2 (B).

canopy than in the lower zones, whereas Batea
transversa and Pontogeneia rostrata were abundant
in the bottom zone and uncommon in the canopy
(Table 6).

Numerically, copepods formed a major portion of
the invertebrate assemblage (29-43%), but con-
tributed very little to the total biomass (3-6%: Tables
3, 4). Although numerous in all zones, copepods were
more abundant in the middle and bottom (Table 3,
Fig. 2). Most (88% by number) in the middle zone
consisted of Porcellidium viridae, Porcellidium sp. A,
and Tisbe sp. In the canopy and bottom zones, P.
viridae, Tisbe sp., and Scutellidium lamellipes
accounted for 89 and 92%, respectively.

Mysids and shrimps were minor numerical com-
ponents of the assemblage (2-3 and 1-5%, respective-
1y). but formed major proportions of the invertebrate
biomass (7-19, 6-33%; Tables 3, 4). Each of the three
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TABLE 5.—The ten most abundant invertebrate species in each zone. Abundances are mean monthly values for the 19-mo study
(C = copepod. G = gammarid amphipod, M = mysid, O = ostracod, § = shrimp, E = echinoid [urchin]).

No./kg No./kg No./kg
Canopy kelp Middie kelp Bottom kelp

Porcellidiumn viridae (C) 557 Microjassa litotes (G) 2,018 Porcellidium viridae {C) 1,768
Gitanopsis vilordes (G) 466 Gitanopsis vilordes {G) 1,551 Microjassa litotes (G} 1.054
Tisbe spp. (C) 303 Porcellidiumn viridae (C) 1,108 Gitanopsis vilordes {G) 778
Macrocyprina pacifica (O) 165 Aoroides columbiae (G) 600 Pontogeneia rostrata (G) 397
Aoroides columbiae (G) 164 Tisbe spp. (C) 358 Tisbe spp. (C) 374
Scutellidium lamellipes (C) 144 Porcellidium sp. A (C) 270 Aoroides columbiae (G) 350
Hippolyte clarki |S) 137 Strongylocentrotus sp. (E) 260 Batea transversa (G) 342
Microjassa litotes {G) 103 Siriella pacifica (M} 148 Scutellidium lamellipes (C) 163
Ampithoe plea {G) 91 Scutellidium lamellipes (C) 137 Porcellidium sp. A (C) 113
Acanthomysis sculpta (M) 74 Macrocyprina pacifica (0) 88 Siriella pacifica (M) a9
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TABLE 6.—The ten most abundant gammarid amphipods in each zone. Abundances are mean monthly values for the 19-mo

study.
No./kg No./kg No./kg
Canopy kelp Middle kelp Bottom kelp

Gitanopsis vilordes 466 Microjassa litotes 2,018 Microjassa litotes 1,064
Aoroides columbise 164 Gitanopsis vilordes 1,183 Gitanopsis vilordes 778
Microjessa litotes 103 Aoroides columbias 600 Pontogensia rostrate 435
Ampithoe plea 91 Batea transversa 82 Aoroides columbiae 350
Hyale frequens 24 Pontogeneia rostrats 40 Batea transversa 342
Bstea transversa 2 Ampithoe plea 37 Ampithoe plea 147
Pontogeneia rostrata 1 Pleustes platypa 5 Pleustes platypa 12
Pleustes platypa 1 Erichthonius braziliensis 1 Erichthonius braziliensis 8
Erichthonius braziliensis 1 Pleusirus secorrus 1 Amphilochus sp. 2
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FIGURE 2.—Monthly abundances {mean and 95% C.I.) of copepods (all species) and the gammarid amphipods (Aoroides columbiae, Gitanopsis
vilordes, Microjassa litotes) in each vertical zone. Each value represents the mean of three (July-September 1975} or five (O ctober 1975-
December 1976) replicate samples.

59



mysid species present differed in their patterns of
vertical distribution. Acanthomysis sculpta essen-
tially was confined to the canopy (no./kg * width of
95% C.1/2="73.61+56.4[C],4.0+ 2.2[M]. 7.7t 5.2
[B]), and accounted for 80.5% (by number) of all
mysids inthe zone, whereas S. pacifica was less abun-
dant in the canopy (17.8 = 6.3 [C]. 147.6 £ 39.1 [M],
99.2 + 46.9 [B]), but was dominant in the middle
(97.2%) and bottom (92.2%). An unidentified
erythropinid rarely was encountered and, when pre-
sent, found only in the lower zones (0 [C], 0.2 = 0.2
[M], 0.7 £ 0.5 [B]). Nearly all (99.9%) of the shrimps
associated with the kelp fronds were Hippolyte clarki,
and this species was most abundant in the canopy
(Table 3, Fig. 3).

Throughout most of the study, gammarid sizes were
largest in the canopy, intermediate in the bottom,
and smallest in the middle (K-S test; C-M, C-B,M-B:
P < 0.01; Table 4, Fig. 4). Mysids and shrimps also
were largest in the canopy. but were smallest in the
bottom (K-S test; C-M, C-B, M-B: P < 0.001; Table
4, Fig. 4). Among the mysids, S. pacifica was more
slender (mm. mg = 6.5, 2.9 [C], 4.7, 1.2 [M]. 4.5. 1.2
[B]) than A. sculpta (6.2,3.7 [C], 4.2, 1.7 [M]. 3.1, 1.1
[B]). Combined size distributions of the four major
taxa for the 19-mo study (weighted according to
mean monthly abundance) revealed proportionately
greater numbers of large individuals present in the
canopy than in either the middle or the bottom (K-S
test; C-M, C-B: P < 0.001; M-B: ns; Fig. 5)

Seasonal Patterns of Species,
Abundances, and Sizes

No seasonal patterns were apparent for total num-
ber of invertebrates in the canopy; however, total
biomass increased dramatically (from 1,696 t0 6,315
g/kg kelp) during winter 1975-76 (Fig. 6). In the lower
zones, both numbers and biomass were highest dur-
ing winter 1975-76 and the following spring (Fig. 6).

Seasonal patterns of abundance for the major
species were evident only for the shrimp H. clarki,
which displayed maximum abundance during both
winters of the study (Fig. 8). The canopy mysid. A.
sculpta, was abundant (113.2-395.5/kg kelp) during
winter 1975 and early spring 1976, but was uncom-
mon (6.5/kg kelp) during the following winter (Fig. 3).
Single monthly samples collected in winter 1974-75
also indicated high numbers (79.2-169.8/kg kelp) of
the canopy mysid. Seasonal patterns were not evi-
dent for the three most common gammarids (Fig. 2).
As a group, copepods were most abundant during
winter and early spring in the lower zones, but no
seasonal pattern was apparent (Fig. 2).
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Seasonal variations in the sizes of gammarids,
mysids, and shrimps were frequently observed (Fig.
4). Gammarid sizes were largest during winter and
spring in the canopy (2.76-8.85 mm), but no seasonal
patterns were present in the lower zones. Carapace
lengths of S. pacifica were largest during winter in the
canopy (1.68-1.89 mm) and middle (1.24-1.45 mm)
with 1976 measurements greater than 1975.
Smallest sizes were present during summer in both
the canopy (1.28-1.39 mm) and middle (0.92-1.22
mm). No seasonal patterns were present in the bot-
tom. The shrimp H. clarki was largest in the canopy
during winter-spring of both years (1.55-2.08 mm)
and during spring 1975 and winter 1976 in the middle
(1.56-1.64 mm) and bottom (1.36-1.43 mm).
Smallest shrimps were present during fall in all three
zones (1.30-1.42 mm [C]; 1.01-1.17 mm [M]; 1.02-
1.03 mm [B]). No pattern was observed for A.
sculpta.

DISCUSSION
Kelp Density

Elevated temperatures and/or low nutrients may have
caused the Habitat Reef kelp forest to decline in late
1976. Kelp forests in southern California deteriorate
when the water temperature exceeds 20°C for substan-
tial periods (North 1971), and high temperatures often
are associated with low nutrients (Jackson 1977). Signif-
icantly, temperatures at Habitat Reef did not reach
20°C in 1975, but exceeded 20°C from mid-June to
November 1976. During the second half of 1976, other
areas of southern California also experienced warm
water and corresponding declines in Macrocystis stand-
ing crop (Southern California Edison Co. 1978%).

Preference of Macrocystis
as a Habitat

Few of the 114 species associated with Macrocystis
fronds at Habitat Reef were restricted to the frond
habitat. Most were present, and many were more
abundant in Macrocystis holdfasts, understory algae,
or other habitats within or adjacent to Habitat Reef
(Hobson and Chess 1976; Hammer and Zimmerman
1979). A few, however, such as the gammarid M.
litotes, the shrimp H. clarki, and both species of
mysids, were more abundant in the Macrocystis
fronds than in other habitats.

3Southern California Edison Company. 1978. Annual operating
report, San Onofre Nuclear Generating Station. Vol. IV. Biological,
sedimentological. and oceanographic data analyses. Southern
California Edison Co., Rosemead, CA 91770, 300 p.
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FIGURE 3.—Monthly abundances (mean and 95% C.L) of the mysids (Acanthomysis sculpta, Siriella pacifica) and the shrimp (Hippolyte clarki) in each vertical zone. Each

value represents the mean of three (July-September 1975) or five (October 1975-December 1976) replicate samples.
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FIGURE 4.—Mean sizes (mean and 95% C.I.) of gammarid amphipods (all species), mysids (A canthomysis sculpta,
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FIGURE 5.—Combined size-frequency distributions of copepods,
gammarid amphipods. mysids, and shrimps measured quarterly
from July 1975 through October 1976 for each of the three vertical
zones. Copepods were measured during 1 mo only because of their
small size and variability. After normalization (%), the distributions
of each taxon were weighted according to mean monthly abundance
to create the combined distributions. The numbers of each taxon
measured before weighting are (C, M. B): copepods (54, 54. 55),
gammarids (308. 323, 317), mysids (2,037, 2,625, 2.500). and
shrimps (1,896, 1,776, 1,561). Statistics determined after weighting
are displayed in the figure.

Mysids are remarkably specific in habitat prefer-
ences. Clarke (1971) found 12-14 species of mysids
cooccurring in the kelp forests off San Diego and Baja
California, but only A. sculpta and S. pacifica were
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replicate samples.

associated with the kelp fronds. Similar patterns
were observed at Habitat Reef, as both A. sculpta
and S. pacifica were present in large numbers within
the kelp fronds. but were rarely observed in Mac-
rocystis holdfasts. or other algal habitats within or
near Habitat Reef (Hammer and Zimmerman 1979).
Hobson and Chess (1976) found a few individuals of
A. sculpta in the water column at night, but most
remained closely associated with the kelp which was
utilized as food. In contrast, S. pacifica migrated from
kelp fronds into the surrounding open water at night
to capture small plankton (Hobson and Chess 1976).
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Vertical Patterns of Species,
Abundances, and Sizes

Several of the commonly occurring species within
the Habitat Reef kelp forest were far more abundant
in the canopy than in the lower zones. Ampithoe plea,
Hvyale frequens, Acanthomysis sculpta, and Hippolvte
clarki all displayed this type of distribution, and
other investigators have noted the canopy prefer-
ences of these species. Limbaugh (1955) described a
large canopy-dwelling amphipod (Ampithoe sp.) that
formed a tube by rolling and “stitching” the edge of a
Macrocystis blade. Several investigators working in
kelp forests off San Diego and at Habitat Reef have
noted the canopy occurrence of Acanthomysis
sculpta (Limbaugh 1955; Clutter 1967; Clarke 1971;
Hobson and Chess 1976) and H. clarki (Hobson and
Chess 1976). Lowry (unpubl.. cited in Lowry et al.
1974) observed large numbers of H. californiensis, a
closerelative of H.clarki,in the canopy of kelp forests
off central California.

The canopy contained larger gammarids. mysids,
and shrimps as well as proportionately greater num-
bers of large individuals of these groups than in either
of the lower zones. Size-selective predation by fishes
frequently has been documented to be a major factor
in structuring aquatic communities (Brooks and
Dodson 1965; Archibald 1975: Vince et al. 1976;
Macan 197 7; Nelson 1979) and may account for the
size distributions of invertebrates observed at
Habitat Reef. The interdigitating fronds of the
canopy greatly increase the structural complexity in
this zone and may offer more spatial refuge for motile
invertebrates than provided by the middle and bot-
tom zones. As increased structural complexity has
been demonstrated to decrease effectiveness of prey
capture hy fishes, particularly larger prey (Vince et al.
1976; Brock 1979; Coen et al. 1981; Heck and Tho-
man 1981; Savino and Stein 1982), the canopy com-
plexity may discourage extensive foraging by
fishes.

Relatively few fishes forage within the kelp
canopies off southern California. The most abundant
fish is the kelp perch, Brachyistius frenatus, a small
diurnal species that forages preferentially in the
canopy and preys extensively on small gammarids
and copepods (Hobson 1971; Bray and Ebeling
1975; Hobson and Chess 1976). Other fishes are
observed in the kelp canopy, but the large-mouthed
species are much less abundant than the kelp perch
and forage more often in other areas of the kelp
forest, and the small-mouthed species capture small
planktonic prey or utilize small invertebrates
attached directly tothe kelp surfaces (Bray and Ebel-
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ing 1975; Hobson and Chess 1976; Bernstein and
Jung 1979). Consequently, predation pressure on
larger individuals of motile prey in the canopy may be
reduced relative to the lower zones, resulting in a pro-
portionately greater abundance of larger individuals.
For example, the mysid S. pacifica was much more
abundant in the lower zones than in the canopy, yet
the largest individuals consistently were present in
the canopy.

Alternate hypotheses may explain the size
stratification of some species. Intraspecific behav-
ioral interactions may confine certain size classes to
specific zones, as demonstrated experimentally for
an amphipod (Van Dolah 1978). Larger individuals
may be more abundant in the canopy simply in re-
sponse to the presence of preferred food types and/
or sizes, although this hypothesis has not been
examined.

The size distribution of invertebrates in the lower
zones resembled the size distribution of insects in
temperate terrestrial forests (Schoener 1971), in that
both areas supported large numbers of small, and few
large, individuals. The size distribution in the
canopy. however, was somewhat similar to the insect
size distribution of tropical terrestrial forests where
there are proportionately greater numbers of large
insects (Schoener and Janzen 1968; Schoener 1971).
The presence of larger insects in the tropical forests
effectively expands the food size dimension relative
to the temperate forests (assuming equal abundance).
The expansion has been hypothesized to account for
some of the increased diversity of bird species in the
tropics, as much of this increase is due to the addition
of insectivorous birds adapted to capture large
insects (Schoener 1971).

In contrastto the tropical forests. the higher propor-
tion of large prey items in the Habitat Reef kelp
canopy apparently did not attract additional species
of fish predators. Nevertheless. it may be useful to
examine the size distributions of important prey
items in other kelp forests to determine whether a
relationship exists between prey size distributions
and fish species diversity.

Seasonal Patterns of Species,
Abundances, and Sizes

The kelp-associated invertebrates as a group did
not exhibit seasonal cycles. Numbers and biomass
generally were highest during winter 1975, with the
marked increase in biomass due primarily to
increased abundances of the relatively large canopy
mysid A. sculpta and shrimp H. clarki. Gammarid
amphipods, particularly M. litotes, were largely re-
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sponsible for the increased abundances in the lower
zones during this period.

Fluctuations in the population size of several
species may have been associated with changes in
kelp biomass, particularly the general decline of kelp
biomass beginning in fall 1976. The canopy mysid
probably attains its greatest population size during
winter; however, the canopy was markedly reduced in
area by winter 1976-77 and the mysid was rare.
Copepods and gammarids displayed decreased
canopy abundances during late 1976, and in the
lower zones, abundances of the gammarid M. litotes
began to decline as kelp biomass was reduced. As the
canopy mysid and M. litotes were major components
of the general invertebrate peak observed during
winter 1975-76, their reduced abundances in late
1976 undoubtedly were a major reason for the
absence of a general invertebrate peak in late
1976.

Reduction in kelp biomass, however, did not affect
H. clarki. Even though the shrimp was most
numerous in the canopy, its abundance in the
reduced canopy of late 1976 was similar to levels
recorded in the larger canopy of late 1975.

Although the amount of kelp biomass ultimately
must determine the abundance and occurrence of
kelp-associated invertebrates, the importance of
proximal factors remains to be determined. Proximal
factors may be particularly important in many areas
of southern California, where the kelp forests are
characterized by relatively long-term cycles of loss
and renewal (Rosenthal et al. 1974). In such con-
ditions of relative biomass constancy, abundances of
some species may not be correlated with seasonal
changes (i.e., temperature, day length, nutrients,
etc.). Additional research is necessary to determine
the importance of proximal factors such as kelp
quality (healthy vs. decomposing), inter- and intra-
specific competition for space and food, and preda-
tion by fishes and/or motile invertebrates, in
determining the abundance and occurrence of kelp-
associated invertebrates.
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SPRING AND SUMMER PREY OF
CALIFORNIA SEA LIONS, ZALOPHUS CALIFORNIANUS,
AT SAN MIGUEL ISLAND, CALIFORNIA, 1978-79.

GEORGE A. ANTONELIS, JR., CLIFFORD H. Fiscus, AND ROBERT L. DELONG!

ABSTRACT

During the late spring and summer of 1978 and 1979, 224 scats were collected from rookeries of the Cali-
fornia sea lion, Zalophus californianus, at San Miguel Island for the purpose of identifying prey species. A
total of 2,629 otoliths and 2,061 cephalopod beaks were recovered. The frequency of occurrence for the four
most commonly identified prey species was 48.7% Pacific whiting, Merluccius productus; 46.7% market
squid, Loligo opalescens; 35.9% rockfish. Sebastes spp.; and 20.0% northern anchovy, Engraulis mordax.
Seasonal variability in the frequency of occurrence of these four prey species from late spring to summer
indicates that California sea lions feed opportunistically on seasonally abundant schooling fishes and squids.
Five species of fish (California smoothtongue. Bathylagus stilbius; northern lampfish, Stenobrachius leucop-
sarus; chub mackerel, Scomber japonicus; medusafish. Icichthys lockingtoni; sablefish, Anoplopoma fimbria)
and one cephalopod (two-spotted octopus, Octopus bimaculatus) were identified as previously unreported

prey of the California sea lion.

The California sea lion, Zalophus californianus, is the
most abundant pinniped inhabiting the coastal
waters off California (Le Boeuf and Bonnell 1980).
During the summer most California sea lions are on
or near their breeding sites which are located on
islands south of Point Conception, along the coast of
southern California, Baja California, and into the
Gulf of California. After the breeding season in the
summer, a portion of the subadult and adult male sea
lion populations migrates north of Point Conception
as far as British Columbia, while the rest of the pop-
ulation remains off the coasts of southern California
and Baja California, Mexico (Peterson and Bartho-
lomew 1967). Numerous studies of the food of
migrant male California sea lions have been con-
ducted in the areas north of their traditional breeding
islands (Briggs and Davis 1972; Jameson and
Kenyon 1977; Morejohn et al. 1978; Bowlby 1981;
Everitt et al. 1981; Jones 1981; Ainley et al. 1982;
Bailey and Ainley 1982), while comparatively little
information has been reported on the feeding
behavior of sea lions in areas off the coast of Cali-
fornia south of Point Conception (Rutter et al. 1904;
Scheffer and Neff 1948; Fiscus and Baines 1966).
From the information presented in all of these
studies, it has been suggested that California sea
lions feed opportunistically on a variety of prey

'Northwest and Alaska Fisheries Center National Marine Mammal
Laboratory, National Marine Fisheries Service, NOAA, 7600 Sand
Point_Way N.E,, Seattle, WA 98115.
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species (Antonelis and Fiscus 1980) and that “switch
feeding” is probably an important component of
their feeding behavior (Bailey and Ainley 1982).
However, since most of the information on sea lion
feeding behavior is based on observations north of
their breeding islands, additional information from
within their breeding range would allow us to deter-
mine if similar feeding characteristics can be expect-
ed in other geographical areas.

Studies conducted before 1970 usually obtained
stomach contents for feeding information by killing
sea lions, while most post-1970 feeding studies have
used nonlethal techniques including examination of
scats and oral rejecta (spewings) and direct
behavioral observations. Another method was the
examination of gastrointestinal tracts from animals
found dead. In this study, prey-species classification
is based on the identification of fish otoliths and
cephalopod beaks found in scats collected during the
spring and summer for two consecutive years on the
California sea lion rookeries of San Miguel Island,
Calif. In addition to the identification of prey, we
calculated the percent frequency of occurrence of
each prey, compared annual and seasonal differ-
ences in prey selection, and estimated the lengths
and weights of the most frequently occurring prey
species.

MATERIALS AND METHODS

Scats were collected from areas utilized exclusively
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by California sea lions on the west end of San Miguel
Island, Calif.. during spring (2-3 May 1978; 2 and 16
May 1979) and summer (3-4 August 1978; 30-31 July
1979). During both sample periods, scats were
collected from areas where mostly females and
juveniles of both sexes occurred and relatively few
(<12% of the total animals censused) adult and sub-
adult males were present. In order to document the
occurrence of prey species which were consumed at
or close to the time of collections, only recent scats,
which showed no obvious signs of desiccation, were
collected. Each scat was placed in a plastic bag,
where it was later soaked in water or a solution of
about 1 part liquid detergent to 100 parts water for
about 24 h. Each bag was shaken occasionally to
facilitate emulsification of the digested organic
material, and then rinsed with water through three
nested sieves with screen mesh sizes of 3.35 mm,
2.00 mm, and 1.00 mm from top to bottom. After
most of the soft digested organic material was
washed away. fish otoliths and cephalopod beaks
were removed and stored in a solution of 70%
ethanol. Prey totals were determined by using the
higher number of left or right otoliths and upper or
lower squid beaks. The otoliths were identified by
the late J. Fitch, California Department of Fish and
Game, Long Beach, Calif,, the octopus beaks by E.
Hochberg, Santa Barbara Museum of Natural His-
tory, Santa Barbara, Calif., and the squid beaks by
the second author.

The data for each of the four major prey species
were summarized by a three-way (2X2X2) con-
tingency table and tested for independence of
occurrence by season, year, and both season and year
(Fienberg 1977).

Length measurements of these otoliths and squid
beaks were used to estimate the body lengths or ages
of the most frequently occurring prey species.
Although many otoliths and beaks of all sizes were
recovered from the scats in good condition, some
were not measured because they were broken or
showed obvious signs of damage from digestion. We
assumed that damage to the otoliths and squid beaks
collected in this study was not dependent on size.
Lengths of northern anchovy, Engraulis mordax,
were estimated from a regression equation of fish
lengths on otolith lengths (Spratt 1975). Length
information for rockfish, Sebastes spp., was obtained
from previously reported data (Phillips 1964) for
specimens (bocaccio, Sebastes paucispinis) of the
same age as most of the rockfish reported in this
study. Bocaccio was chosen as the representative
rockfish because it has been reported as the most
abundant rockfish in the waters near San Miguel
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Island (Best and Oliphant 1965). The regression
equation used to estimate the length of Pacific whit-
ing, Merluccius productus, was derived in this study
from specimens collected off the coast of southern
California by the National Marine Fisheries Service
(NMFS). The Pacific whiting otoliths and the corre-
sponding length information were provided by K.
Bailey of the NMFS Northwest and Alaska Fisheries
Center, Seattle, Wash. Market squid, Loligo opales-
cens, lengths were estimated from a regression equa-
tion of dorsal mantle length on upper hood length of
the beak. Upper hood measurements were chosen for
the estimation of squid lengths because they were
reported as having the highest correlation to dorsal
mantle length (Kashiwada et al. 1979).

In order to detect changes in the diet which would
reflect apparent yearly changes in the age and size
composition of a specific prey-species population, we
compared the lengths of otoliths for 1978 and 1979
using the Wilcoxon rank sum test (Hollander and
Wolfe 1973).

Weight estimates of the most frequently occurring
prey species were obtained by using the prey leftigth
estimate (described above) in regression equations
of length and weight measurements or by obtaining
weight data from fish which were the same age as
those identified in the scats (Phillips 1964: Fields
1965; Dark 1975; Pacific Fishery Management
Council 1978). The total estimated weight for each of
the four major prey species was obtained by mul-
tiplying the weight of the average-sized prey by the
number of individuals represented in the scat collec-
tion. Differences between these estimates could
not be statistically analyzed because the raw data
for the growth curves of each species were not
available.

The names of fishes follow Fitch and Lavenberg
(1968) and Robins (1980), and those of cephalopods
follow Fields (1965) and Young (1972).

RESULTS

We collected 224 California sea lion scats on San
Miguel Island during the spring and summer of 1978
and 1979. From 195 (87%) of those scats, we
recovered 2,629 otoliths and 2,061 cephalopod
beaks. Twenty-nine (13%) scats did not contain
otoliths or cephalopod beaks. The prey species iden-
tified in the scats are shown in Table 1 by their per-
centage of occurrence. The four most frequently
occurring prey in scats containing otoliths and/or
cephalopod beaks were Pacific whiting (48.7%),
market squid (46.7%), juvenile rockfish from
the Sebastes paucispinis-goodei-jordani complex



ANTONELIS ET AL.: SPRING AND SUMMER PREY OF CALIFORNIA SEA LIONS

TABLE 1,—Percentage occurrence of all prey species identified from
195 California sea lion scats collected on San Miguel Island, Calif.,
spring and summer, 1978-79.

Prey Occurrence
Scientific name Common name No. %

Merluccius productus Pacific whiting 95 48.7
Loligo opalescens market squid 9 46.7
Sebastes spp. rockfish {juvenile) 70 35.9
Engraulis mordax northern anchovy 39 20.0
Octopus rubsscens red octopus' 19 9.7
Trachurus symmetricus jack mackerel 9 4.6
Onychoteuthis nail squid 9 4.6

boreslijaponicus
Gonatidae (other than squid 8 4.1

Gonstus sp.)
Scomber japonicus? chub mackerel 7 3.6
Peprilus simillimus Pacific pompano 5 25
Symbolophorus California lantern- 5 25

califarniensis fish
Gonatus sp. squid 2 1.0
Microstomus pacificus Dover sole 2 1.0
Bathylagus stilbius2 California smooth- 2 1.0

tongue

Seriphus politus queenfish 2 1.0
Zalembius rosaceus pink surf perch 1 0.5
Anoplopoma fimbria? sablefish 1 0.5
Porichthys notatus plainfin midshipman 1 0.5
Icichthys lockingtoni? medusafish 1 05
Stenobrachius leucopsarus? northern lampfish 1 0.5
Octopus bimeaculatus? two-spotted octopus 1 05

Pelagic life stage
2Not previously reported as prey of the California sea lion.

(35.9%)?, and northern anchovy (20.0%). All other
prey species occurred in <10.0% of the scats.

Relative length and weight estimates of the four
major prey species and the information used to calcu-
late these estimates are shown in Figure 1 and Table
2, respectively. The length and weight information
for rockfish is from data reported by Philips (1964)
for one of the three species (S. paucispinis) repre-
sented in this study.

Measurements of otoliths from Pacific whiting and
northern anchovy provided sufficient information to
compare changes in the size and age of each prey
group from 1978 to 1979. For Pacific whiting the
lengths of otoliths were significantly greater (W* =

2About 95% of the juvenile rockfish were yearlings and were in-

cluded in this three-species complex because their otoliths are too
similar to differentiate.

5.82,P<0.0001)in 1979 (* =7.71 mm, n = 90) than
in 1978 ( = 6.71 mm, n = 132). From these otolith
measurements, we estimated the mean length of
Pacific whiting at 156 mm in 1978 and 176 mm in
1979. All of the Pacific whiting otoliths were obtained
from 1- and 2-yr-old fish. The occurrence of 1-yr-old
fish in the sea lion diet was estimated at 98.5% in
1978 and 70% in 1979. For northern anchovy, the
lengths of otoliths were significantly greater (W* =
4.36,P<0.0001)in 1978 (= 3.58 mm,n=19) than
in 1979 ( = 3.01 mm, n = 75). For these otolith
measurements we estimated the mean length of
northern anchovy at 111 mm in 1978 and 92 mm in
1979. Although all age classes of northern anchovy
were recovered from the scats, there was a notable
change in the percent occurrence of yearling fish
from 197