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Introduction

MARK E. WILKINS

Alaska Fisheries Science Center
National Marine Fisheries Service, NOAA
7600 Sand Point Way N.E.
Seattle, Washington 98115-0070

MARK W. SAUNDERS

Pacific Biological Station
Fisheries and Oceans Canada
Nanaimo, British Columbia
VIR 5K6 Canada

At its June 1990 annual meeting, the Technical Sub-
committee (TSC) of the Canada-U.S. Groundfish Com-
mittee recommended that scientists and managers work-
ing on sablefish, Anoplopoma fimbria, issues convene to
present and discuss the results of their recent research.
Thorough knowledge of the biology and population dy-
namics of this species is essential for its effective manage-
ment, especially considering its commercial importance.
TSC representatives from both countries recognized that
a great deal of active research has been conducted on this
species since the International Sablefish Symposium was
held in Anchorage, Alaska, in March 1983 (Melteff, 1983).
As a result of this recommendation, the International
Symposium on the Biology and Management of Sablefish
(ISBMS) was convened April 13-15, 1993, at the Alaska
Fisheries Science Center in Seattle, Washington.

Warren Wooster’s keynote address entitled “PICES
and Fishery Research” opened the seminar. Dr. Wooster
described the role that the North Pacific Marine Sci-
ence Organization (PICES) will play in the future of
fisheries science, as envisioned by the founders of the
organization. Sablefish and other species with similarly
wide distributions in the North Pacific Ocean stand to
benefit greatly from the integrated research planned by
PICES.

The symposium was organized into five sessions: Early
Life History, Juvenile and Adult Biology, Stock Delinea-
tion and Movement, Stock Assessment, and Manage-
ment. The agenda allowed sufficient time for open
discussion following each session. The active and inter-
ested participation by all symposium attendees led to
thought-provoking discussions which were often as valu-
able as the presentations. A list of all participants is
appended to this volume.

This volume unfortunately does not include all the
papers presented during the ISBMS. Some of those not
represented here have been published elsewhere, while
some were never developed into finished publications.
Further information regarding presentations not in-
cluded in these proceedings may be obtained from
their authors:

Session I, Early Life History

Fecundity, spawning and sexual maturity of sablefish,
Anoplopoma fimbria
B. ]J. Macewicz and J. R. Hunter, NMFS, La Jolla,
California
Aspects of early life history of sablefish (Anoplopoma
Jimbria) off Oregon and California
H. G. Moser, R. L. Charter, P. E. Smith, D. A.
Ambrose, C. A. Meyer, E. M. Sandknop,
and W. Watson, NMFS, La Jolla, California

Session II, Juvenile and Adult Biology

Geographic patterns in growth and maturity for female
sablefish off the U.S. west coast

R. D. Methot, NMFS, Seattle, Washington
Recruitment curve for sablefish in Alaska based on
recoveries of fish tagged as juveniles

M. F. Sigler, E. R. Varosi, and T. L. Rutecki, NMFS,

Auke Bay, Alaska

Session III, Stock Delineation and Movement

Movement of sablefish tagged in the internal waters of
southeast Alaska
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B. E. Bracken and B. J. Richardson, ADFG, Peters-
burg, Alaska

Session IV, Stock Assessment

Age-structured modeling of sablefish (Anoplopoma fim-
bria) in the Gulf of Alaska
M. F. Sigler, NMFS, Auke Bay, Alaska

Session V, Management

Application of time series models to management of
sablefish in Alaska

J.J- PellaandJ. T. Fujioka, NMFS, Auke Bay, Alaska
The implementation of Individual Vessel Quotas in
Canada’s sablefish fishery

B. Ackerman, DFO, Vancouver, Canada

Many people contributed to the success of the ISBMS.
The editors would particularly like to thank the mem-
bers of the steering committee (listed at the end of this
volume) for their time spent planning the symposium,
and the chairs of each of the sessions, who kept the

symposium running smoothly. Several staff members of
the Alaska Fisheries Science Center also provided logis-
tical support in the form of transportation between
lodging and meeting sites and assistance with registra-
tion, audio-visual equipment, and communications. We
would especially like to express our gratitude to the
Pacific Coast Blackcod Fisherman’s Association of
Canada for financial assistance as a sponsor of the
symposium.

We would also like to gratefully acknowledge the
help that we received in publishing these proceedings.
Ron Hardy, as scientific editor, coordinated the review
of this collection of papers. Martha Jackson and Julie
Olfe handled the monumental task of technical and
copy editing. Katherine Zecca produced the artwork
for the cover.

Literature Cited
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1983. Proceedings of the International Sablefish Symposium,
Lowell Wakefield Fisheries Symposia Series. Univ. Alaska,
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Development Of Sablefish, Anoplopoma fimbria,
Larvae off the West Coast of British Columbia,
and Transformation to the Juvenile Stage

WILLIAM SHAW

GORDON A. MCFARLANE

Pacific Biological Station
Fisheries and Oceans Canada
Hammond Bay Road
Nanaimo, B.C.

VIR 5K6 Canada

ABSTRACT

The early development of sablefish larvae, from preflexion to adult stage, is described
and illustrated. Sablefish used in this study were captured in surface neuston tows and
bottom trawl tows off the west coast of British Columbia. The fish ranged in size from 7.6
mm standard length (SL) to 795.0 mm SL (N=134). Important physical characteristics such
as development of the median and paired fins, pigmentation, gut, and lateral line were
examined. Criteria were redefined for identifying small sablefish larvae, and established for
determining the size at which a larva is considered a juvenile. The transformation from
larvae to juveniles occurred when the body proportions—such as pectoral fin length/
standard length, interorbital distance/head length, and snout length/head length—of
postflexion larvae resembled those of adults. This transformational period started at 30 mm-
SL and continued until about 70 mm SL or 76 mm fork length, the start of the juvenile

stage.

Introduction

Sablefish, Anoplopoma fimbria, is an important commer-
cial species off the west coast of British Columbia. The
populations and the fishery are dependent on periodic
strong year classes. Studies have been conducted to
examine the biotic and abiotic factors affecting year-
class success (McFarlane and Beamish, 1986, 1992).
Understanding how these factors affect production of
larvae and survivorship to the adult stage is an impor-
tant step in developing rational management strate-
gies. By examining the developmental stages of sable-
fish we hoped to identify critical periods for larval suc-
cess. This information could be used to predict
recruitment and to enhance larval development through
the critical stages to ensure successful survival for
mariculture.

Information on the early life history of sablefish lar-
vae is documented by Mason et al. (1983), McFarlane
and Beamish (1983), and Kendall and Matarese (1987).
In 1984, a series of annual ichthyoplankton surveys

began to examine the distribution, abundance, and
biology of larval sablefish in the surface waters off
Vancouver Island (Shaw et al., 1985, 1987a, b). Larvae
caught during those surveys provided the specimens
for descriptions of the developmental stages presented
in this report. Earlier descriptions of sablefish larvae by
Gilbert (1915), Brock (1940), Kobayashi (1957), and
Ahlstrom and Stevens (1976) provided only prelimi-
nary observations of a few larvae. Kendall and Matarese
(1987) presented a review of studies describing the
early life history of sablefish, with a discussion about the
juvenile stage. They concluded that there was no marked
transformation from the larval to juvenile stage. Their
conclusions, however, were based on observations of
larvae up to 26.6 mm standard length.

The purpose of this paper is to provide a more com-
plete description of the developmental stages and other
diagnostic characters of sablefish larvae, and to exam-
ine the transformation from the larval to the juvenile
stage. We also discuss larval development in relation to
the environment in which these fish live.
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Materials and Methods

Sablefish larvae were collected off the west coast of
Vancouver Island in April 1984 and 1985 (Shaw et al.,
1985) using a neuston plankton sampler with mesh size
of 500 microns (Sameoto and Jaroszynski, 1969). All
larvae were preserved in 5% formalin and later trans-
ferred to 70% ethanol. During 1985, large juvenile and
adult sablefish were captured with bottom trawl gear
equipped with a 2.1-cm (stretched mesh) codend liner.
The capture of these specimens enabled us to compare
the ratios of body development of the larvae with those
of the adults.

All larvae were examined under a compound micro-
scope and measured with an ocular micrometer (0.1
mm). Large juvenile and adult sablefish were measured
with a vernier caliper (1.0 mm). We studied sablefish
morphology by measuring each fish for fork length,
body length, total length, head length, snout length,
eye diameter, snout-to-anus distance, interorbital dis-
tance, upper jaw length, body depth, and pectoral fin
length. Morphological measurements for body length
were divided into two categories: first, notochord length
for larvae in preflexion stages, from the tip of the snout
to the tip of the notochord; and second, standard length
for flexion and postflexion larvae and juveniles, from
the tip of the snout to the posterior margin of the

hypural elements. Measurements of these physical char-
acteristics were expressed either as a ratio (percentage)
of standard length (SL), or as a ratio of head length
(HL). Standardized terminology defined by Moser
(1972), Richardson and LaRoche (1979), and Sumida
et al. (1979) was used and is described in Table 1. The
exception is that we defined standard length as synony-
mous to body length. In preflexion larvae, notochord
length (NL) is equivalent to standard length (SL). Thus
we used standard length as the terminology to describe
the length of larvae.

Larval development, based on the flexion of the no-
tochord during caudal fin formation, was divided into
three stages: preflexion (prior to notochord flexion);
flexion (from the time the urostyle begins to slant
upward until the urostyle is in the final upward position
and the caudal fin is formed); and postflexion (after
completion of the notochord flexion where the uro-
style may still extend beyond the base of the caudal fin)
(Moser and Ahlstrom, 1970; Ahlstrom and Moser, 1976;
Moser et al., 1977; Richardson and LaRoche, 1979). We
also examined fin development, pigmentation, gut de-
velopment including development of the musculature,
and development of the lateral line in relation to these
stages. The term fin development describes the changes in
size and number of the fin rays of the median fins (dorsal,
anal, and caudal) and paired fins (pectoral and pelvic).

1979; and Sumida et al., 1979).

Table 1
Terms referring to morphological measurements and developmental stages (after Moser, 1972; Richardson and LaRoche,

Term Definition

Fork length
in the notch or fork of the tail.

Body length

Total length

Head length

cleithrum.
Snout length
Eye diameter Horizontal width of the bony eye socket.
Snout to anus
Pectoral fin length
Upper jaw length
Body depth

Preflexion Prior to notochord flexion.
Flexion

expressed as a percent of a 90° angle.
Postflexion

Horizontal distance from the tip of the snout through the midline of the body to the tip of the shortest median ray

Horizontal distance from the tip of the snout to the tip of the notochord, i.e., notochord length (NL) in
preflexion stages. Also, to the posterior margin of the hypural elements, i.e., standard length (SL).

Horizontal distance from the tip of the snout to the tip of the longest lobe of the tail when maximally extended.

Horizontal distance from the tip of the snout through the midline of the head to the posterior margin of the

Horizontal distance from the tip of the snout to the anterior edge of the bony eye socket.

Horizontal distance from the tip of the snout through the midline of the body to a vertical line through the anus.
Distance midline from the base of the fin ray to the outer tip of the longest ray.

Distance from the tip of the snout to the posterior edge of the maxillary.

Distance from a point slightly anterior of the first dorsal fin to the origin of the pelvic fins.

Interorbital distance Narrowest distance between the bony eye sockets, measured on the dorsal surface.

Undergoing notochord flexion; from the time the urostyle begins to slant upward until the urostyle is in the final
upturned position and the caudal fin is formed. The angle of the urostyle was estimated during flexion and was

After completion of notochord flexion (urostyle may still extend beyond the base of the caudal fin).
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Results

Morphology

A total of 131 sablefish were measured. Of these, 94
were from surface neuston net tows, and ranged in
length from 7.6 to 89.9 mm SL. The remaining 37
sablefish were caught in bottom trawls and ranged in
length from 258.0 to 795.0 mm SL. A selected size
range of specimens was used for illustrations. Figure 1
illustrates three larvae ranging in size from 20 to 30
mm. Figure 2 illustrates five larvae ranging from 35 to
100 mm. Early larval developmental stages smaller than
20 mm are presented in Ahlstrom and Stevens (1976).

Results from this study and from McFarlane and
Nagata (1988) indicate that preflexion larvae range
from 5.5 to 8.6 mm SL. However, in our surface net
catches the smallest larvae were 7.6 mm SL. During
preflexion the hypural elements were becoming evi-
dent. Flexion started between 8.6 and 9.9 mm SL and
was about 25% complete at 11.6 mm; 50% at 12.6 mm;
75% at 13.4 mm; and 100% at 15.6 mm. During this
period the caudal fin rays increased to 18, which is
about half the total complement of rays in adults.
Postflexion larvae started at a length of 15.7 mm SL. As
the larvae grew the number of caudal fin rays also
increased.

Figure 1
Sablefish development from 20 to 30 mm SL.
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Figure 2
Sablefish development from 35 to 100 mm SL.
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Body Proportions vs. Head Length—Snout length, in-
terorbital distance, eye diameter, and upper jaw length
expressed as a proportion of HL by developmental
stage are presented in Figure 3. During preflexion,
snout length and interorbital distance increased rap-
idly as the head started to conform to adult propor-
tions. The eye diameter and upper jaw length were very
large at time of hatch, but decreased rapidly, particu-
larly eye diameter. The change in body proportions for
flexion larvae continued the same trend as in preflexion
larvae, but less rapidly. During postflexion the snout
length and interorbital distance continued to increase
in relation to HL, up to 20 mm HL (74 mm SL) and 8
mm HL (32 mm SL), respectively. There was no increase
in the snout length ratio for larger fish, but interorbital
distance decreased until 19 mm HL (70 mm SL), then
increased slightly for larger fish. Eye diameter and upper
jaw length proportions decreased until they became simi-
lar in late juvenile and early adult fish at 8 mm HL ( 32
mm SL) and 80 mm HL (288 mm SL), respectively.

Body Proportions vs. Standard Length—Snout-to-anus
length, head length, body depth, and pectoral fin length
expressed as proportions of SL by developmental stage
are presented in Figure 4. During preflexion, all of the

body proportions increased rapidly in relation to SL.
This increase continued through flexion, but at a re-
duced rate for snout-to-anus length and body depth.
During postflexion, snout-to-anus length and body depth
increased more slowly than during flexion; snout-to-
anus length peaked for larvae measuring about 50 mm
SL, and body depth peaked at 65 mm SL. There was
little change thereafter in the snout-to-anus to SL ratio,
but the body depth ratio decreased gradually for larger
fish. Head length and pectoral fin length proportions
increased rapidly into the early phases of postflexion
and peaked at 25 mm SL and 30 mm SL, respectively.
There was little change thereafter in the head length
proportion. The most dramatic change in morphology
for larval sablefish was the metamorphosis of the pecto-
ral fins. After 30 mm SL the pectoral fin proportion
decreased until larvae reached about 70 mm SL (76.5 mm
FL), after which the pectoral fin proportion was similar to
that of late juvenile and adult fish.

Fin Development

Preflexion—The hypural bud and pectoral fin rays were
visible in the smallest larvae sampled (7.6 mm SL; Table

flexion (F), and postflexion (T) stages.
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Figure 3

Body proportions for (A) snout length, (B) eye diameter, (C) interorbital distance, and
(D) upper jaw length in relation to head length (HL) for fish in the preflexion (P),
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Body proportions for (A) snout-to-anus length, (B) head length, (C) body depth, and (D) pectoral fin length
in relation to standard length (SL) for fish in the preflexion (P), flexion (F), and postflexion (T) stages.

2). The pectoral fin was round, and contributed only
9% of the SL. The fin fold was very prominent, extend-
ing the full length from the nape of the neck dorsally to
the tip of the notochord, and ventrally along the gut to
below the pectoral fin base.

Flexion—The number of rays in the pectoral fin in-
creased from 12 for larvae measuring 10.8 mm SL and
to 14 for 15.6-mm larvae (Table 3). The pectoral fin
elongated from 8.8% to 26.2% SL, resulting in a long,
paddle-shaped fin. During flexion the fin fold reduced
posteriorly at a quicker rate on the dorsal surface than
on the ventral surface. At the end of flexion (15.6 mm
SL) the fin fold was greatly reduced from the nape of
the neck to the start of the second dorsal fin. The first
dorsal fin was visible in 12.6-mm larvae, and ray devel-
opment started at 15.6 mm. The fin fold on the ventral
side was present from the vent to the anterior portion
of the anal fin. Between 14 and 16 rays were counted in
the second dorsal fin, and from 16 to 18 rays in the anal
fin. The anal fin rays were longer than the second
dorsal fin rays. Pelvic fin buds were evident, with no ray
development at 12.6 mm SL. The caudal fin fold differ-
entiated into the caudal fin by 12.1 mm. At this size the
caudal fin had 10-12 rays, which increased to 19 rays
at the end of flexion. The fork, or indentation, on the
caudal fin was noticeable in larvae measuring 13.9
mm SL.

Table 2
Physical developmental changes of preflexion larvae.
SL (mm) Development
6.11 Eye pigmentation
7.6 Hypural bud visible
7.6 4 melanophore zones on cranial cap
7.6 1 melanophore over each operculum
7.6 20 melanophores from anal vent to caudal
7.6 Pectoral fin rays visible
7.6 Angle of vent about 90°
771 Pigmentation of alimentary canal

‘ I Data from McFarlane and Nagata (1988).

Postflexion—The ratio of pectoral fin to body length
decreased to 17% for 70-mm SL larvae, becoming simi-
lar to that in larger fish. A total of 17 rays were counted
in the pectoral fin for 24.9-mm larvae, as in larger fish
(juvenile/adult fish have 17 rays; Table 4). The fin fold
receded at a slower rate on the ventral side and disap-
peared by the time larvae reached 24.1 mm. The sec-
ond dorsal fin continued developing before the first
dorsal fin: 17 rays were visible on the second dorsal fin
for 17.0-mm larvae, and 18 rays were visible for larvae
>35.0 mm (juvenile/adult fish have 18 rays). Longer
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Table 3
Physical developmental changes of flexion larvae.
SL (mm) Development
10.8 Pectoral fin with 12 rays
12.1 Second dorsal fin with 14 rays visible
12.1 Caudal fin developed with 10-12 rays
12.1 Anal fin and rays visible
12.1 Angle of anal vent decreasing from 90°
12.6 Pelvic fin visible
12.6 First dorsal fin visible
12.6 Distal portion of pectoral fin is black
13.4 Melanophore color changed from olive brown
to blue green
13.4 Half of pectoral fin is black
L 139 Fork in caudal fin is noticeable
15.1 Lateral line visible, and 2% SL
15.6 Dorsal fin fold disappears
156 First dorsal fin rays are visible
15.6 Anal fin with 16-18 rays

rays were found in the anterior portion of the second
dorsal fin for 19.0-mm larvae; the fin looked like the
adult fin by 21.0 mm SL. The spines in the first dorsal
fin initially appeared in 21.0-mm larvae, with the long-
est spines on the anterior and posterior margins of the
fin. A total of 18 spines were evident in the first dorsal
fin for 47.5-mm larvae (juvenile/adult fish, 19 rays).
The number of rays in the anal fin totaled 19 for 19.2-
mm larvae (juvenile/adult fish, 19 rays). Pelvic fin rays
(I,b) were visible in 17.5-mm larvae (juvenile/adult
fish, 6 rays). New ray development in the dorsal and
ventral caudal peduncle region was noticed for 16.4-
mm larvae, and by 26.4 mm SL the caudal peduncle
had 36 rays (juvenile/adult fish, 36 rays). The indenta-
tion on the caudal fin increased such that the propor-
tion of FL to TL decreased from 98.7% to 93.3% for 30-
mm SL (34-mm FL) larvae, similar to this proportion in
adult fish.

Pigmentation

Preflexion—Preflexion larvae (7.6 to 8.6 mm SL) had
four melanophore zones on the cranial cap (Table 2).
The interorbital area had one melanophore. The oper-
culum had two melanophores, one over each side. Both
lateral sides had light pigmentation, which became more
concentrated in the caudal region. The ventral surface
and the entire digestive tract were unpigmented except
for 20 melanophores located on the ventral midline,
extending posterior from the anal vent to the caudal
peduncle.

Table 4
Physical developmental changes of postflexion larvae.
SL. (mm) Development
17.0 Second dorsal fin with 17 rays
17.5 Pelvic fin with rays
19.2 Anal fin has 19 rays, similar to larger fish
24.1 Ventral fin fold disappears
24.9 Pectoral fin has 17 rays
25.0 Head length ratio similar to larger fish
26.4 Caudal fin has 36 rays, similar to larger fish
29.9 Second dorsal fin pigmented
30.0 Caudal fin fork ratio similar to larger fish
32.0 Upper jaw ratio similar to larger fish
35.4 First dorsal fin with 17 rays, similar to larger fish
47.0 Second dorsal fin with 18 rays
47.0 Three-quarters of pectoral fin is black
47.5 Scales visible along body
47.5 Lateral line extends full length of body
50.0 Snout-to-anus ratio similar to larger fish
65.0 Body depth ratio similar to larger fish
67.0 Caudal fin heavily pigmented
70.0 Pectoral fin ratio similar to larger fish
70.0 Interorbital distance ratio similar to larger fish
74.0 Snout length ratio similar to larger fish
89.9 Black pigmentation on pectoral fin less
noticeable

Flexion—TFirst noticed on the upper and lower jaw in
9.9-mm larvae, pigmentation continued to spread with
the size of the fish. Throughout flexion, individual
melanophores on the cranial cap became less distinct
as the pigmentation spread over the cap. The interor-
bital area contained more than one melanophore (9.9-
mm larvae). Each operculum still contained a single
large melanophore (12.9 mm SL) and numerous smaller
melanophores, which covered the operculum by the
end of flexion. Black pigmentation was visible between
the rays of the distal portion of the pectoral fin on 12.6-
mm larvae. By 13.4 mm SL, half of the pectoral fin was
covered by black pigmentation (Table 3). The anterior
portion of the hypural elements was pigmented (11.9
mm SL). At the start of flexion, the dorsal surface
darkened as pigmentation began to spread; by 13.9 mm
SL, about 1/4 of the dorsal surface from the nape to
the caudal fin contained solid pigmentation. At this
stage the dorsal pigmentation changed from olive brown
to dark blue green. Simultaneously, the ventral surface
was silver with the 20 melanophores, and the ventral
midline was almost totally covered by the developing mus-
culature. A row of melanophores covered the dorsal sur-
face of the intestinal tract and the entire stomach region
except for the ventral midline in 12.1-mm larvae. As the
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larvae grew longer, the musculature developed ventrally
and covered the intestinal tract and the pelvic girdle.

Postflexion—The cranial cap, interorbital region, and
operculum continued to darken as a result of increased
pigmentation. Melanistic pigmentation covered about
three-quarters of the pectoral fin in 47.5-mm larvae; by
89.9 mm SL this pigmentation could not be differenti-
ated from the coloration of the fin (Table 4). By 15.6
mm SL, the 20 melanophores posterior to the anal vent
were difficult to see. On the first dorsal fin, a few mel-
anophores were visible on the distal fringe in 21.4-mm
larvae. The pigmentation darkened on the anterior
rays and distal fringe of the first dorsal fin in 30-mm
larvae, and became black as the larvae reached 89.9 mm
SL. By 35.4 mm SL, the pigmentation had spread to the
base of all spines in the first dorsal fin, as in larger fish.
The second dorsal fin was pigmented for 29.9-mm lar-
vae. In larvae between 47.0 and 89.0 mm SL, the distal
quarter of the fin was unpigmented. By 67.0 mm SL the
caudal fin was heavily pigmented; the distal fringe was
unpigmented. The lateral surface had dark pigmenta-
tion above the lateral line, while the ventral surface
remained silver with light spotting.

Gut Development

Preflexion—The intestine in larvae from 7.6 to 8.6 mm
SL was long, straight, and ended at the anal vent lo-
cated midway (51% SL) along the body, and angled at
90° (Table 2). The entire gut was visible from the liver
to the vent.

Flexion—In flexion larvae, musculature developed along
the ventral side and started covering the gut area. For
12.1-mm larvae, the angle of the vent started to de-
crease from 90° (Table 3); the vent was located at about
54% SL. The concentration of melanophores increased
around the stomach and liver area. The intestinal tract
was still visible at the end of flexion.

Postflexion—In 18.1-mm larvae, the musculature en-
veloped the stomach area to the anal vent, and myo-
meres were differentiated. The anal vent was anterior
to the anal fin at about 59% SL.

Lateral Line Development

Preflexion—The lateral line was not visible on preflex-
ion larvae.

Flexion—The lateral line was visible on 15.1-mm larvae
during late flexion (Table 2). The line first appeared

high on the dorsolateral surface anterior of the pecto-
ral fin insertion and measured about 2% SL.

Postflexion—The lateral line increased to 10% SL (17.0
mm SL) and was completely visible along the body, as
in the adult form, for 47.5-mm larvae (Table 3). Inter-
estingly, scales were initially visible in 47.5-mm larvae.

Discussion

Identification Characteristics

Identification of sablefish larvae was initially based on
criteria developed by Brock (1940) and Kobayashi
(1957), and highlighted the large, pigmented pectoral
fins and the anal vent. As we examined the larvae it was
apparent that a number of additional characteristics
could help with identification, particularly in the larval
to early juvenile stages. The additional characteristics
include the 20 melanophores on the ventral midline
posterior to the anal vent; the elongated body form
with the long, straight intestine terminating at a 90°
angle midway along the body; the long, paddle-like
pectoral fins measuring about 30% of the body length,
with black pigmentation on their distal half; and the
four melanophore zones on the cranial cap.

Fish in the initial postflexion stage were easily identi-
fied. Their bodies were elongated and relatively slim,
with long pectoral fins. Each pectoral fin still had black
pigmentation on its distal half. This feature made the
fins look like black-tipped wings. During this stage the
pigmentation changed from olive to blue green on the
dorsal half, and to silver white on the ventral half of the
body. Also, by studying how the body proportions relate
to adult proportions, we could determine the period of
transformation.

In summary, we believe that these characteristics will
enhance our ability to identify sablefish. In addition,
although not all species will have proportions similar to
sablefish, we have provided a technique for defining
the transformation period for other species.

Transformation to Juvenile Stage

The criteria for determining the transition from the
late larval to the juvenile stage were based on character-
istics that gave the fish an adult appearance, such as
formation of the full complement of fin rays (Berry
1959; Harya 1980) and an increase in body pigmenta-
tion and scale formation (Richardson and Washington
1980). In addition, we used the body proportions for
postflexion larvae to determine at what size the larval
body began to resemble that of adults. For example,
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pectoral fin length/SL, interorbital distance/HL, and
snout length/HL proportions started to change around
30 mm SL and resembled the proportions of adults
around 70 mm. Other body proportions that resembled
the adult stage at 30 mm, with little change thereafter,
were the ratio of snout-to-anus length/SL, head length/
SL, and upper jaw length/HL. The period of change,
or “transformation,” to the juvenile stage, when the
larvae start to resemble adults, therefore is defined as
occurring from 30 to 70 mm. During this period the
scales were becoming evident; body pigmentation be-
came very concentrated; the body narrowed; and the
fins took on adult proportions. On the basis of these
criteria, we propose that the transformation stage is
complete at 70 mm SL (76.5 mm FL).

Functional Aspects

Changes during the developmental stages of sablefish
larvae affect their adaptation to their environment. Ac-
cording to McFarlane and Beamish (1992), sablefish
spawn along the continental slope, deeper than 300 m.
Eggs hatch in deep water and the larvae sink to approxi-
mately 1,000 m, remaining there until they begin feed-
ing (McFarlane and Beamish, 1992). At this time the
alimentary canal, eyes, head, and body become pig-
mented. The mouth is functional, and the larvae begin
showing prey-capture movements. After about 20 days
(preflexion stage) at this depth, the larvae begin to
swim up in the water column to follow prey, attracting
predators.

Pigmentation—Pigmentation began early in the
preflexion stage. This is considered an important adap-
tation of sablefish larvae to their environment. Newly-
hatched larvae (4.5 mm) were transparent but quickly
became camouflaged as they reached surface waters
(7.6 mm SL) and pigmentation developed. During this
stage they were elongated, with a linear pattern of 20
melanophores posterior to the anal vent. Pigment was
visible inside the body cavity along the dorsal side of the
gut. Also, some pigmentation occurred externally along
the dorsal surface of the body. The linear postanal
pigment probably functions to confuse a predator with
the phenomenon of “flicked fusion,” which depends
on the rapidly beating tail fin (Moser, 1981). Pigmenta-
tion dorsal to the gut helps to mask light refracting
through the gut contents, especially in shallow waters.
Early pigmentation on the dorsal surface is probably an
adaptation by the larvae to their habitat in surface
waters, which is characterized by predators and solar
radiation. Moser (1981) suggested that ultraviolet (UV)
radiation is the primary factor selecting for the heavy
melanistic pigmentation found universally among

neustonic fish larvae. In the case of sablefish, the heavy
melanistic pigment at an early stage probably contains
a high concentration of xanthic pigment, characterized
by a brown-black color. This pigment would cloak the
dorsal surface of the larvae and protect against the
destructive effects of UV rays, and also against visible
light radiation. As the larvae continued to grow (13.4
mm), the color on the dorsal surface changed from
olive brown to blue green with black melanophores. By
35.4 mm SL, the fish were relatively well cloaked in the
dark pigment, thus beginning to resemble adults.

Fin Development—Contraction of the fin fold appeared
to coincide with enlargement of the pectoral fins. In
the earlier stages of larval development, particularly in
deep water, the fin fold probably helps larvae overcome
negative buoyancy (larvae have no swim bladder), act-
ing as preliminary dorsal and ventral fins. During
preflexion and flexion, the enlargement of the pecto-
ral fins could have a hydrostatic function for conserving
energy by acting as wings to glide the larvae through
the water; provide rapid mobility, since the tail fin is
not fully differentiated; and deter potential predators
by enhancing larval size.

We speculate that as the larvae begin to inhabit shal-
lower waters, the black pigmentation on the tips of the
pectoral fins acts as a form of mimicry, changing the
appearance of the larvae when the fins are extended
and making them look like predators. When the pecto-
ral fins are beside the body, the black pigmentation
helps to break the pattern of the body color and possi-
bly to mislead predators. Around the start of the trans-
formation period (30 mm SL), survival techniques such
as camouflage and mimicry probably begin to be less
important to the larvae.

Adapting to Food Availability—Survival of sablefish lar-
vae is closely linked with calanoid copepod production,
and an increase in copepod abundance would be ex-
pected to improve sablefish survival (McFarlane and
Beamish, 1992). During the preflexion stage, larvae
equipped with a generous fin fold, large mouth, and
large eyes prey on copepod eggs and nauplii in the
depths from 600 to 800 m. Grover and Olla (1986)
noted that sablefish larvae between 12.5 and 20.5 mm
SL changed the size of prey they consumed. The diet of
larger larvae is more diverse than that of smaller larvae.
In order to respond to varying abundance and availabil-
ity of prey at the time of hatching, the larvaes’ rounded
caudal fin develops early into the deeply forked tail,
thus enabling these small fish to increase their swim-
ming speed and maneuverability. This period coincides
with the onset of transformation.

As the larvae grow in length, the mouth-opening ratio
decreases, and becomes similar to that of adult sablefish.
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The reduced pectoral fin and increased forked tail would
allow these fish to catch food more easily and to target
different prey species and sizes, thus becoming more effi-
cient feeders. This period coincides with the end of trans-
formation and the onset of the juvenile stage.

In this report we have described the development of
sablefish larvae to the juvenile stage. We have also pro-
posed how the development from larvae to juvenile
relates to their environmental adaptability. We believe
that determining the developmental stages of sablefish
larvae will facilitate the study of factors that influence
larval year-class success.
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ABSTRACT

Sablefish larvae in the eastern Gulf of Alaska were sampled January-July, 1984 to 1991.
Neuston nets (50-cm Sameoto neuston nets and 100-cm ring nets towed at the surface)
caught more and larger sablefish larvae than 60-cm bongo nets towed obliquely from 300 m
(or from near bottom if less than 300 m) to the surface. Neuston tows caught sablefish larvae
from mid-April to late July, whereas oblique tows caught sablefish larvae from May through
June. No sablefish larvae were caught during January, February, or March.

Neuston catches of sablefish larvae were larger at night than during daylight hours.
Catches of sablefish larvae in oblique bongo net tows were not statistically larger at night.
Average length of sablefish larvae caught in neuston tows at night was less than during the
day. Average length of sablefish larvae caught in oblique bongo tows at night was greater
than the average length of larvae caught in daylight. Suspected spatial differences were less
apparent in oblique-tow catches than in neustonic catches because of the lower catch rates
and lesser diel variation. Regardless of net, the greatest numbers of sablefish larvae were
caught offshore, beyond the continental shelf and slope.

Future studies of sablefish larvae distribution and abundance should emphasize sam-
pling the neuston and near-surface layers, and should include the continental shelf and
offshore waters in the Alaska Gyre. Additional studies of the diel depth distribution of
sablefish larvae are needed to provide adjustment values where both day and night sampling

are used during synoptic surveys.

Introduction

Sablefish, Anoplopoma fimbria (Pallas), ranks fourth in
value of Alaskan groundfish. Seasonal and areal harvest
quotas are based on annual longline surveys by the
National Marine Fisheries Service and Alaska Depart-
ment of Fish and Game. Sablefish recruit to the fishery
at age 4 or 5 years. Recruitment is characterized by
large variations in year-class strength, and catches may
be dominated by a single year class for 5 or more years.
Early forecasts of recruitment depend on an under-
standing of the ecology of prerecruits, particularly of
eggs and larvae. A better understanding of the physical
and biological determinants of larval growth and sur-
vival may contribute to recruitment forecasts 3 to 5

years before a year class enters the fishery (Kendall and
Matarese, 1987).

Recent ichthyoplankton surveys of the eastern Gulf
of Alaska by the Auke Bay Laboratory (ABL) have tar-
geted sablefish eggs and larvae. Before the 1972 neus-
ton collections off the coast of Washington (Ahlstrom
and Stevens, 1976), few sablefish larvae had been re-
ported in the scientific literature. Subsequent
ichthyoplankton surveys using neuston nets found sable-
fish larvae widely distributed from California to British
Columbia in spring and early summer (Mason et al.,
1983; Shenker, 1988; Doyle, 1992; Moser et al., 1994).
Data on distribution of sablefish larvae along the south-
eastern Alaska coast are sparse, partly due to sampling
conducted with the wrong equipment and in the wrong

13
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place. Sablefish spawn deep on the continental slope,
and their larvae are distributed offshore (Mason et al.,
1983; Kendall and Matarese, 1987; Moser et al., 1994);
previous ichthyoplankton studies in Alaska concentrated
on nearshore species such as Pacific herring, Clupea
pallasi, and walleye pollock, Theragra chalcogramma, or
were ancillary to studies of juvenile salmon, Oncorhynchus
spp. (e.g., Wing and Reid, 1972; Mattson and Wing,
1978; Cooney, 1987; Kendall and Picquelle, 1990).

In 1984, ABL initiated surveys to examine the larval
life history of sablefish and the environmental factors
affecting their distribution, survival, and recruitment in
the eastern Gulf of Alaska. In this paper I address three
questions: 1) Are geographic distributions of sablefish
larvae caught by standard oblique tows and neuston
tows similar? 2) Are the two methods of sampling simi-
larly affected by day-night differences? 3) Do the two
methods effectively sample the same proportion of the
larval sablefish population?

Materials And Methods

Data Sources

Zooplankton samples from 14 cruises in the eastern
Gulf of Alaska, 1984-91, were sorted in their entirety
for fish eggs and larvae (Table 1, Fig. 1). Although

sampling methods, sampling periods, and station loca-
tions varied among cruises, on 9 cruises we towed nets
both at the surface and obliquely to the surface from
300 m. Catch data were standardized for type of gear
and tow, and time of day. Catches are expressed in
terms of actual count, number per 1,000 m?, and num-
ber per 10 m? (Table 2, 3). Geographic coverage by
cruises varied too much to define population bound-
aries or estimate population size within the study area.
Surface samples for April 1984 were taken with a 1-m-
diameter, 333-u-mesh ring net towed at 2.8-3.7 km/h.
The January-February 1985 surface samples were taken
with a 60-cm bongo net towed just below the water
surface. The January-April 1985 surface samples were
taken with a 0.5-m, 505---mesh ring net towed from an
open skiff. The ring nets were positioned to tow with
the top of the ring submerged but less than 15 cm
below the surface. On all other cruises, surface samples
were taken using a 50-cm Sameoto net with 505t mesh
(Sameoto and Jaroszynski, 1969) towed 15 minutes at
7.4 km/h. This neuston net samples the top 15-30 cm
of the water column. Because these nets did not have
flowmeters, volume filtered and area covered were esti-
mated from time (distance) towed, assuming 95%-100%
net efficiency, one-half immersion for the Sameoto net,
and full immersion for the ring nets. The ring nets were
used only during periods of low phytoplankton abun-
dance when the meshes used were unlikely to clog.

Table 1
Cruise dates, number of stations (S), and number of samples (N) of larval sablefish collected in the eastern Gulf of Alaska,
1984-91. Dashes indicate that tows were not made.
Neuston—net tows Oblique tows
Total Positive Total Positive
Cruise dates S N S N S N S N
1984 Apr 21-May 6 3 3 8 0
1985 Jan 29-Feb 2 0 0 5 0
1985 Jan 3-Apr 28 0 0 — — — —
1985 May 23-May 25 15 16 10 11 — — — -
1985  Jul 8-Jul 25 20 20 3 3 — — — —
1986 Jan 28-Feb 8 32 32 0 0 13 26 0
1986 Mar 21-Mar 27 6 8 0 0 2 4 0 0
1986 Jun 12-Jun 18 15 15 6 6 — — — —
1987 Feb 18-Mar 19 2 2 0 0 1 2 0 0
1987  Jul 7-Jul 21 36 36 9 9 31 62 1 1
1988 Jun 24—Jun 29 — — — — 35 70 0 0
1990 May 7-May 23 73 86 60 73 70 137 43 64
1991 May 19-May 25 26 26 20 20 24 48 15 24
1991 Jun 19-Jun 25 19 26 11 11 11 27 0 0
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Sampling locations in the Gulf of Alaska, and the number of times stations were
sampled for sablefish larvae, 1984-91.

Table 2

Sablefish larvae catches in the eastern Gulf of Alaska, May 1990. Values for oblique tows indicate mean of two bongo-net

samples at each station.

Count #/1,000 m3 #/10 m? Count #/1,000 m3 #/10 m?
All stations

Neuston-net tows (n=74) Oblique tows (n=70)
Mean 174.43 1,232.38 1.83 1.82 4.61 14.31
Median 3.00 35.40 0.05 0.50 1.30 3.98
SD 577.40 4,089.97 6.13 3.70 9.18 30.08
Minimum 0.00 0.00 0.00 0.00 0.00 0.00
Maximum 4,337.00 30,749.33 45.97 25.50 61.60 197.09

Day stations

Neuston-net tows (n=50) Oblique tows (n=48)
Mean 30.46 216.32 0.14 1.65 4.22 12.77
Median 3.00 21.24 0.02 0.50 1.24 3.94
SD 123.11 876.50 0.26 3.91 9.58 30.84
Minimum 0.00 0.00 0.00 0.00 0.00 0.00
Maximum 875.00 62.30 9.36 25.50 61.60 197.09

Night stations

Neuston-net tows (n=24) Oblique tows (n=22)
Mean 474.36 3,349.17 5.02 2.20 5.46 17.67
Median 97.36 683.08 1.01 0.75 1.41 4.20
SD 929.11 6,583.73 9.86 3.18 8.20 28.06
Minimum 0.00 0.00 0.00 0.00 0.00 0.00
Maximum 4,337.00 30,749.33 74.00 14.00 36.22 30.00
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Table 3
Sablefish larvae catches in the eastern Gulf of Alaska, May 1991. Values for oblique tows indicate mean of two bongo-net
samples at each station.
Count #/1,000 m® #/10 m? Count #/1,000 m® #/10 m?
All stations

Neuston-net tows (n=26) Oblique tows (n=24)
Mean 84.11 615.58 0.91 2.90 7.88 26.20
Median 4.00 32.40 0.04 1.00 2.79 9.03
SD 210.23 1,510.52 2.27 5.16 18:27 47.12
Minimum 0.00 0.00 0.00 0.00 0.00 0.00
Maximum 964.00 6,940.22 10.41 23.00 58.31 213.90

Day stations

Neuston-net tows (n=18) Oblique tows (n=18)
Mean 3.83 42.04 0.04 1.75 4.91 15.24
Median 3.00 21.60 0.03 0.50 2.02 6.16
SD 8.73 65.60 0.04 3.17 8.52 27.51
Minimum 0.00 0.00 0.00 0.00 0.00 0.00
Maximum 12.00 288.80 0.13 13.00 35.31 114.99

Night stations

Neuston-net tows (n=8) Oblique tows (7=6)
Mean 264.75 1,906.04 2.87 6.33 16.80 59.07
Median 183.00 1,317.49 1.98 3.00 9.62 32.86
SD 310.61 2,236.14 3.35 7.82 19.50 71.90
Minimum 0.00 0.00 0.00 0.00 0.00 0.00
Maximum 964.00 6,940.22 10.41 23.00 58.31 213.90

Oblique tows were made from 300 m (or near bot-
tom at stations shallower than 300 m) to the surface,
with 60-cm-diameter, 505---mesh bongo nets (Posgay
and Marak, 1980) equipped with General Oceanics!
flowmeters and Benthos bathykymographs. Vessel speeds
were 2.3-3.2 km/h with tow cable deployed at 50 m/
min and retrieved at 30 m/min. Oblique tows were
standardized to number per 1,000 m3 and number per
10 m? on the basis of flowmeter readings, net mouth
area, and depth of tow (Smith and Richardson, 1977).

All samples were preserved with 4% buffered formal-
dehyde, and sorted for fish eggs and larvae at ABL.
Standard lengths of sablefish larvae were measured to
0.1 mm by means of a stereomicroscope equipped with
an ocular micrometer.

Statistical Analyses

Nonparametric rank correlation and chi-square tests
were applied to the standardized catch data to deter-
mine the relationship between paired neuston-net and

I Reference to trade names or commercial firms does not imply
endorsement by the National Marine Fisheries Service, NOAA.

bongo-net catches. To examine geographical distribu-
tion, I assigned the most complete data sets, 1990 neus-
ton tows and 1990 oblique tows, to three geographic
categories: 1) continental shelf (inshore of the conti-
nental shelf break at about 200 m); 2) continental slope
(from the shelf break near 200 m to about 2000 m); and
3) oceanic (bottom >2000 m); and two diel categories:
night and day. The nonnormality of raw count and
standardized catches required data transformation
(Barnes, 1952). The standardized catches were trans-
formed toln(n+1).

Results

Sablefish Samples

Sablefish larvae were caught during 8 of 13 cruises in
which neuston-net tows were made (Table 1). Sablefish
larvae were collected from late April through July; small
juveniles (less than 50 mm) have been seen at the
surface in August (pers. observation). Largest catches
occurred in the May 1990 and May 1991 surveys, in
which neuston tows caught sablefish larvae at 77%-—
86% of the stations. Catches in May 1990 ranged from 0
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Figure 2

Distribution of sablefish larvae from Sameoto neuston-net tows at stations 1-95 in May
1990. Night stations are enclosed by heavy lines.

to 875 (mean 30.46) at 50 day stations, and 0 to 4,337
(mean 474.36) at 24 night stations (Table 2). Catches
in May 1991 were lower at 18 day stations (0 to 12, mean
3.83) and at 8 night stations (0 to 964, mean 264.75;
Table 3). In both years, sablefish larvae were most abun-
dant seaward of the continental shelf, 100-120 km off-
shore (Fig. 2, 3). Except for these two May cruises, the
number of stations occupied and the small number of
sablefish larvae caught precluded rigorous statistical
treatment.

Sablefish larvae were caught in oblique tows during
only 3 of 10 cruises (Table 1). The July 1987 cruise
yielded only two sablefish larvae from one station. Sable-
fish larvae were caught by oblique tows at 61%-63% of
the stations in May 1990 and May 1991 (Fig. 4, 5). The
average catch per positive station was 2.0 (maximum
51) in 1990 and 4.6 (maximum 46) in 1991.

Statistical Analyses

Spearman’s rank correlation values for paired neuston
and oblique-tow samples from 1990 (r=0.46) and 1991
(r=0.27) were not significant, indicating no correlation
of the number of sablefish larvae per 1,000 m? caught
by the two types of sampling gear (Fig. 6, 7). The
presence or absence of sablefish larvae in the neuston

samples did indicate presence or absence of sablefish
larvae in the oblique samples for each of the two years
1990 (x264=35.37) and 1991 ()%,,=8.17, p<0.01).

A diel effect was noted in the neuston catches during
both 1990 and 1991 (Fig. 8, 9). A suspected diel effect
observed in the 1991, but not in the 1990 bongo net
catches was not statistically verifiable. Theoretically, the
oblique tow catches should not be affected by diel
migration, but may be affected by net avoidance and
visual cues. The smaller catches in daytime neuston
tows may be due to visual net avoidance or to vertical
migration below the fishing depth of the net (Shenker,
1988). The catch per area indicates that only about 1%
of the larval fish were susceptible to the Sameoto neus-
ton net during the day, while at night possibly more
than 28% of the sablefish were in the neuston layer
(Table 2, 3).

Mean length of sablefish larvae captured in day neus-
ton tows of May 1990 was 13.5 mm (n=942, s=2.97)
compared to mean length of 12.6 mm (n=2,927, s=2.40)
from night tows.? The overall mean length was 12.8 mm
(n=3,869, s=2.58). The mean length of sablefish larvae
from day oblique tows was 9.8 mm (n=142, s=2.40) and
from night oblique tows 10.3 mm (n=108, $=2.29).

2 Mean lengths of sablefish larvae at one neuston station occupied
both day and night were 16.4 mm and 14.0 mm, respectively.
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Figure 3
Distribution of sablefish larvae from Sameoto neuston-net tows at stations 1-34 in May
1991. Night stations are enclosed by heavy lines.
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Distribution of sablefish larvae from oblique bongo-net tows at stations 1-95 in May 1990.
Night stations are enclosed by heavy lines.
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Length-frequency distributions show that the oblique Analyses of spatial distribution of larvae from neus-
tows are more biased toward capture of smaller larvae ton and oblique-tow samples were inconclusive before
than the neuston tows, both day and night (Fig. 10). the data were transformed. Although there were sev-
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Figure 5
Distribution of sablefish larvae from oblique bongo-net tows at stations 1-34 in May 1991.
Night stations are enclosed by heavy lines.
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Graphic comparison of ranks of abundance of sablefish larvae used
for calculation of Spearman’s rank correlation coefficient (7,) for
paired neuston-net and oblique-tow samples, 1990.
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Graphic comparison of ranks of abundance of sablefish larvae used
for calculation of Spearman’s rank correlation coefficient (r,) for
paired neuston-net and oblique-tow samples, 1991.
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Diel variation of sablefish in neuston-net and oblique tows from 1990.

eral-fold differences in mean density among shelf, slope,
and ocean strata (Fig. 11), a test of the sum of squared
deviations from the expected mean was found insignifi-
cant at 5% by means of a randomization test (Edgington,
1987) on the untransformed data. This insignificance
largely results from a small sample size and high vari-
ance of the neuston-tow catches. Following log transfor-
mation, a statistically significant area effect was ob-

served in the 1990 catches (Table 4). The offshore
concentration apparent in both neuston and oblique
tows is confounded by the exceptionally large catches
in some night samples. The consistently small catches
in oblique tows and resultant lower variances give an
impression of absence or rarity in nearshore waters
(Fig. 4, 5). But the presence of small numbers of sable-
fish larvae in the nearshore neuston tows at night
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Diel variation of sablefish in neuston-net and oblique tows from 1991.

number per 10 m?.

Table 4
Results of analysis of variance of differences in the distribution of sablefish larvae caught in neuston-net tows and oblique
tows in May 1990. Neuston-net catch data are In(n + 1) for number per 1,000 m?. Oblique-tow catch data are In(n+ 1) for

Neuston tows

Oblique tows

Variation df ss MS F! df ss MS F!
Mean 1 463.60 463.60 1 177.26 177.26

Time 1 131.29 131.29 61.28" 1 2.76 2.76 1.397
Area 2 86.66 46.33 20.22™ 2 18.43 9.21 4.64"
Time x area 2 31.73 15.86 7.40™ 2 9.51 4.75 2.40m
Error 67 143.53 2.14 63 14.94 0.22

Total 73 847.44 69 29.64

! ns = not significant; * = P< 0.05; ** = P< 0.005.

counters that conclusion, although it still indicates low
abundance near shore, and ubiquitous but variable
offshore distribution.

Discussion

The relatively high frequency of sablefish larvae in neus-
ton-net tows, in contrast to the low frequency in ob-
lique tows, results from several factors. First, the sable-
fish larvae are neustonic—that is, concentrated near
the surface (Kendall and Matarese, 1987; Moser et al.,
1994; Doyle®). Although there is evidence for diel mi-

gration (Doyle?), it is not likely that the larvae range far
below the surface during daylight. Neuston tows are
wholly within the larvae’s habitat, whereas oblique tows
to 200-300 m are mostly below the depth range of the
neustonic larvae. Second, much of our oblique sam-
pling before 1990 was limited to nearshore areas where
the numbers of sablefish larvae were low in neuston
nets (Fig. 11) and in oblique tows. Also, roughly half of

3 Doyle, M. J. 1992. Patterns in distribution and abundance of
ichthyoplankton off Washington, Oregon, and northern Califor-
nia (1980-1987). AFSC Proc. Rep. 92-14, 344 p. Alaska Fish. Sci.
Cent., NMFS, NOAA, 7600 Sand Point Way N.E., Seattle, WA

98115-0070.
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our effort was made during seasonal periods when lar-
vae may not have been present (January-March) or
were present only in low numbers.

The high frequency of sablefish larvae in oblique
tows during two cruises (May 1990 and May 1991) may
be the result of sampling during peak seasonal abun-
dance or during years of exceptional abundance. In
both years, the actual catch per station was low in ob-
lique tows compared to neuston tows. However, when
standardized to number per 10 m?, abundance esti-
mates from the bongo tows are higher than from the
neuston tows, indicating a large proportion of the sable-
fish larvae below the neuston layer.

The temporal distribution of sablefish larvae in both
neuston and oblique tows indicates peak abundance
and highest frequency of occurrence in May in the
eastern Gulf of Alaska (Table 1). This continues the
south-to-north trend of progressively later but higher

abundance from California to British Columbia (Kendall
and Matarese, 1987; Moser et al., 1994). Although there
is some spawning in the eastern Gulf of Alaska as early
as January (Kendall and Matarese, 1987; Wing, 1993),
peak spawning appears to be in late February or early
March (Wing, unpubl. data). The earliest neustonic
larvae we collected in late April 1984 were 7-9 mm,
larger than the smallest larvae (6-7 mm) collected in
May 1990. Moser et al. (1994) propose a 14-day incuba-
tion period for sablefish eggs. McFarlane and Beamish
(1992) hypothesize 20 days from hatching to half-yolk
utilization at 6—8 mm, and 40 days to full yolk utilization
when larvae >10 mm reach the surface waters. Boehlert
and Yoklavich (1985) suggest that 25-mm larvae off the
Oregon coast may be only 50 days old. Our smallest larvae
(6 mm) may be from late March spawning; most larvae
(8-13 mm) from mid-March spawning; and the largest
(20-25 mm) from February or earlier spawning.



Wing: Distribution of Sablefish Larvae: Neuston-net Versus Oblique Tows 23

58°N |-

Mean Number/10 m?2 ’

| l Ocean 1.02 |
[l slope 029

| [] shelf  0.14
549N | L

A ] |

140°W

136°W 132°W

Figure 11
Mean distribution of sablefish larvae in shelf, slope, and ocean

strata in 1990 neuston-net tows.

The vertical distribution of sablefish larvae in the
eastern Gulf of Alaska has not been studied. Although
we and others (Brock, 1940) have observed sablefish
larvae at the surface in day and at night, we have no
information on their abundance below the sampled
15-30 cm. How diel migration affects depth distribu-
tion below 15 cm was not determined because we occu-
pied only one station where sablefish larvae were caught
both day and night. The size distribution of larvae at that
station may indicate that during the day the larger larvae
are predominately in the top few centimeters of the water
column. Future studies of sablefish larvae should deter-
mine their depth distribution, and emphasize sampling
the neuston and near-surface layers of the water column.
Although the diel depth range of sablefish larvae is not
known, observations of sablefish larvae at the surface dur-
ing both day and night, and the high frequency of catches
in neuston tows indicate that it is probably no more than a
few meters. Sampling methods, station locations, and
schedules should be developed that overcome under-
sampling by oblique tows and biasing toward high or low
abundance by day—night variance in neuston tows.

Continental shelf and offshore waters in the Alaska
Gyre should be included in studies of the distribution
and abundance of sablefish larvae. We need to know
how and when sablefish larvae or early juveniles reach
nearshore nursery areas. For instance, are they pas-
sively carried onto the shelf by the general summer
downwelling of the eastern Gulf of Alaska and by ir-
regular events such as the Sitka Eddy, or do they ac-
tively seek nearshore habitats by directed migration?

How oceanographic variables, especially the season-
ally and annually variable currents of the eastern Gulf

of Alaska (Fig. 12), affect growth and survival of sable-
fish larvae is unknown. This study has shown that sable-
fish larvae are most numerous beyond the continental
shelf at the edge of the Alaska Gyre in May. The larvae
may have been transported offshore from the continen-
tal-slope spawning areas by the Haida Current, Sitka
Eddy, or perhaps by coastal upwelling (Wing, 1993;
Wing and Kamikawa, 1995). What portion of the off-
shore larvae survive, and how they reach the inshore
waters in summer and fall are unknown. The Sitka Eddy
may transport larvae and juveniles from the offshore
areas to northern southeast Alaska, but cannot account
for other areas. The Alaska Coastal Jet, confined to the
continental shelf and within 5-10 km of the coast,
probably does not have a large effect on distribution of
eggs and larvae, but may affect the distribution of juve-
niles as they seek inshore nursery areas.

Future efforts directed specifically toward sablefish
larvae will require efficient survey designs with speci-
fied sampling depths, times, and areas. These surveys
should be coordinated with physical and biological
oceanographic studies of the currents in the eastern
Gulf of Alaska.
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Hypothetical circulation in the eastern Gulf of Alaska, showing the
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Favorite et al. (1976), Royer (1983), Tabata (1982), Thomson and

Emery (1986), and Wing (1993).
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ABSTRACT

The distribution and abundance of larval sablefish in the surface waters off the west
coast of Vancouver Island were surveyed each April from 1984 to 1989 with a neuston
sampler. Oceanographic conditions were monitored concurrently with a CTD. The distribu-
tion of sablefish varied considerably among years and areas. Centers of abundance were
typically found off the shelf (300-1,000-m depth) in the La Perouse and Brooks Peninsula
areas. In some years larval fish were found on the shelf. Examination of distribution in
relation to geostrophic currents indicated that sablefish larvae were most abundant in areas
where mean currents were weakest, allowing larvae to accumulate. After the spring transi-
tion, the prevailing current patterns inhibit the onshore transport of near-surface larvae but
may enhance the onshore transport of deep (>200 m) larvae. This suggests that the
distribution of larvae in the water column at the onset of upwelling-favorable conditions in
spring determines the region of greatest larval aggregation. An index has been developed to
relate abundance of larvae to the subsequent recruitment of adults.

Understanding recruitment variation is one of the most
important aspects of fisheries science. McFarlane and
Beamish (1986, 1992) examined the relation between

the environment and production of strong year classes
of sablefish, Anoplopoma fimbria. They incorporated in-
formation on larval development, salinity of neutral
buoyancy, and ocean temperature at depth into an
interactive model and estimated development times at
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depth in the open ocean. From a spawning depth as-
sumed to be approximately 300-500 m in continental
slope waters with a bottom depth >1,000 m, the eggs
rose to between 200 and 300 m immediately after fertili-
zation (McFarlane and Nagata, 1988). They remained
suspended at this depth until approximately 24 h be-
fore hatching (12 d at 6°C). At this time, egg density
increased and the eggs sank. The newly hatched larvae
became denser and continued sinking in the water
column during early development (approximately 6 or
7 d), reaching a maximum depth between 1,000 and
1,200 m. When the yolk sac had been approximately
half used, the mouth became functional and the larvae
began swimming movements. Larvae began to ingest
small food organisms within 2-3 d (approximately 20 d
after hatching) and moved up in the water column,
presumably following copepod nauplii. By the time the
yolk sac had been fully depleted (approximately 40 d
after hatching) larvae were in the surface waters at or
seaward of the shelf break (200-m depth contour).
McFarlane and Beamish (1992) concluded that favor-
able climatic and oceanographic conditions increase
the amount of food available for sablefish larvae (at
depth), resulting in production of a strong year class
throughout the North Pacific. When environmental
conditions are favorable, all other factors affecting year-
class success are overridden, and year-class strength is
determined before larval sablefish reach surface waters.
McFarlane and Beamish also suggested that during most
years, year-class variation in localized areas could de-
pend, in part, on favorable physical oceanographic con-
ditions, specifically, ocean circulation.

In this study, we present an analysis of the distribu-
tion of sablefish larvae in spring in relation to physical
oceanography for one such area—the west coast of
Vancouver Island—and develop an index of relative
abundance of larvae in surface waters as an indicator of
year-class success.

The west coast of Vancouver Island lies at the north-
ern extent of the Coastal Upwelling Domain (Fig. 1),
which extends along the west coast of North America
from Baja California to Queen Charlotte Sound (Ware
and McFarlane, 1989). The region supports large fish-
eries for groundfish, herring, and salmon.

Although complicated by variability on a wide range
of time and space scales, the current pattern off the
west coast of Vancouver Island has several salient fea-
tures of particular relevance to the distribution and
abundance of sablefish larvae. Thomson et al. (1989)
report that the circulation along the coast has a strong
seasonal cycle characterized by marked changes in flow
direction and intensity throughout the year. In winter,
currents over the entire continental margin flow to the
northwest in response to strong southeasterly winds
and a peak in freshwater runoff along the outer coast.
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Figure 1
Top, Study area off the west coast of Vancouver Island,
at the northern terminus of the Coastal Upwelling
Domain identified by Ware and McFarlane (1989).
Bottom, Study area showing place names referred to in
the text.

These downwelling-favorable wind and current condi-
tions persist from about December through February,
and northerly flow prevails throughout the water col-
umn. By summer (June through August), currents in
the upper few hundred meters of the water column
have reversed direction along the outer shelf and slope
but continue to flow in a northwesterly direction along
the inner shelf. Currents at depth generally continue to
flow northward. Reversal of the upper-layer currents
along the outer shelf in summer accompanies the onset
of upwelling-favorable northwesterly winds along the
coast. The persistent northward flow along the inner
shelf is linked to low-density surface water which exits
Juan de Fuca Strait in summer.
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Spring (March through May) marks a confused tran-
sition between winter downwelling-favorable oceanic
conditions and summer upwelling-favorable conditions.
During this transition, the near-homogeneous upper
ocean (0-100-m depth) begins to stratify as solar heat-
ing increases and vertical wind mixing and convective
overturning diminish. Stratification of the upper ocean
is accompanied by highly variable winds and surface
currents along the outer coast. Upwelling and down-
welling conditions can exist alternately for brief peri-
ods of several days, but no persistent flow pattern is
established. A somewhat less complex transition from
summer to winter oceanic conditions takes place in fall
(September through November).

Seasonal flow conditions can have an important ef-
fect on the transport of sablefish larvae. For example,
during downwelling conditions, larvae in near-surface
waters over the continental margin may be advected
toward the coast with the prevailing onshore Ekman
transport. The reverse occurs during upwelling condi-
tions, when larvae in the near-surface waters are more
likely to be transported seaward with the prevailing
offshore Ekman transport. The situation is not the same
for larvae that enter the coastal regime at depth (>200 m)
during times of persistent upwelling. Then onshore
flow in the lower layer of the water column can bring
deeper water and associated larvae onto the shelf, for
example, through Juan de Fuca Canyon and other can-
yons that cut across the continental slope on the south-
west coast.

Materials and Methods

Sampling Methods

Larval fish were collected during six April surveys con-
ducted annually from 1984 to 1989. Sampling stations
were located on eight tracklines normal to the coastline
(Fig. 2). Tracklines ranged from 27 to 67 km apart;
stations on a trackline ranged from 2 to 38 km apart.
Stations on tracklines extended from 4 to 190 km off-
shore and covered a north-south distance of approxi-
mately 240 km.

Surface samples were taken at night with a modified
Sameoto sampler—a neuston sampler equipped with a
flowmeter (Sameoto and Jaroszynski, 1969). During
1984, 1985, and 1986, surface samples also were taken
at selected stations during daylight. The sampler was 45
cm high x 45 cm wide with a 500-um mesh Nitex net.
The codend was PVC with a 351-um stainless steel mesh
window. At each station, two 15-minute tows were made
at a speed of 3 knots. The recovered nets were thor-
oughly washed, and the catch was preserved in 5%
buffered formaldehyde.

Figure 2
Survey tracklines and sampling stations (+). Stations on
each trackline are numbered consecutively from shore
seaward.

Physical oceanographic data were collected at se-
lected stations on all tracklines during each cruise. All
oceanographic stations occupied on tracklines corre-
sponded with the positions of surface neuston and ver-
tical plankton haul stations. Additional oceanographic
stations were occupied in the vicinity of the trackline
off Brooks Peninsula. An Applied Microsystems
STD-12! was used to measure temperature and salinity
as a function of depth at each station. These data were
used to calculate sigma-t, specific volume anomaly, and
dynamic height. STD casts were made to 10 m from the
seafloor or to a maximum depth of 500 m, whichever
was shallower.

Laboratory Processing and Analysis

Preserved samples from each tow were individually
sorted. All sablefish larvae were counted and measured.
Sablefish larvae longer than 15 mm were measured for
fork length (mm), since bifurcation in the tail fin was
becoming noticeable; larvae 15 mm and smaller were
measured for total length (mm). In this report all mea-
surements are referred to as fork length. All larvae were
preserved in 70% isopropanol.

Relative abundance (R), expressed as number of lar-
vae per 1,000 m?3, was estimated in the following manner:

! Reference to trade names or commercial firms does not imply
endorsement by the National Marine Fisheries Service, NOAA.
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= % 1,000
(Dx A)

where A = mouth area of the neuston net (0.203 m?)
and N = number of larvae per tow, and

_(L-T)XF,
999,999

where D = distance the net traveled, 7| and T, are the
flowmeter counts recorded at the start and end of a
tow, respectively; and F is the ratio constant of the
flowmeter.

Digital temperature and salinity profiles were re-
corded internally at several scans per second by the
STD-12, with absolute accuracies of 0.01°C and 0.01
ppt. Before analysis, the data were edited with an inter-
active procedure in which profiles can be displayed and
modified on a computer screen. Obvious spikes and
other erroneous data were systematically replaced with
interpolated values, and the profile data were converted
to 1-m-averaged files. Most discarded data points were
located in the upper portion of the cast, where tem-
perature and salinity gradients are largest. Failure to
allow time for the sensors to equilibrate upon entering
the water was a further source of near-surface data
errors. We used the corrected data to derive oceanic
parameters such as density and geopotential anomaly
by means of standard international computer algorithms
(Fofonoff and Millard, 1983).

Three indices of larval abundance were calculated to
examine interannual variation in year-class strength.
The indices included 1) annual mean abundance of
sablefish larvae (# of larvae/1,000 m®) for all stations
off the west coast of Vancouver Island combined; 2)
annual mean abundance of larvae for stations occupied
in shelf areas south of and including line E; and 3)
annual mean abundance of larvae for stations occupied
in slope areas south of and including line E. Stations
with bottom depths less than or equal to 200 m were
coded as shelf, and stations with bottom depths greater
than 200 m were coded as slope.

Results and Discussion

Approximately 40 stations were fished at night during
April to early May in 1984 and 1985; from 1986 to 1989
approximately 70 stations located on eight tracklines
(Fig. 2) were occupied (Table 1). In 1984, 6 stations
were occupied between tracklines; in 1985, 4 stations
(Fig. 3A, B). In 1984, trackline H, and in 1985, tracklines
H and I were not occupied due to search-and-rescue
operations by the survey vessel. From 1984 to 1986,
between 10 and 15 stations were reoccupied during

Table 1
Cruise dates for larval surveys conducted off the west
coast of Vancouver Island, 1984-89.
Year Dates
1984 April 17-May 5
1985 April 10-17
1986 April 3-16
1987 April 22-May 3
1988 April 6-17
1989 April 6-20

daylight hours. Detailed data records for each cruise
are presented in Shaw et al. (1985, 1987, 1988) for
1984, 1985, and 1986. Data for 1987-89 cruises are
included in the biological database at the Pacific Bio-
logical Station (McFarlane, unpubl. data). The catch
rates of larvae during daylight hours were significantly
lower than night catch rates (Shaw et al., 1985, 1987);
most sablefish larvae were captured in night tows. We
have therefore confined this analysis to nighttime sur-
vey results.

Larval Distribution

The relative abundance of sablefish larvae in surface
waters off the west coast of Vancouver Island varied
considerably among surveys, both alongshore and in
relation to the shelf break (inshore/offshore waters;
Fig. 3). In 1984, larvae were distributed along the entire
west coast of Vancouver Island. On the northern
transects, larvae were concentrated seaward of the shelf
break. Larvae were relatively abundant along every
transect in the south. In contrast, during 1985, 1986,
and 1989 most larvae were captured on the southern
transects; in 1987 and 1988 there were also concentra-
tions along the northernmost transects. During 1985,
1987, and 1989 larvae were concentrated offshore along
the southern transects, and in 1986 and 1988 there were
large concentrations over the shelf (inshore) waters.

Larval Distribution in Relation
to Oceanographic Features

In a previous analysis Perry and McFarlane (1992) ex-
amined the relation between larval fish assemblages,
the geopotential anomaly, and the density anomaly
(sigma-t) across the continental shelf off southwestern
Vancouver Island. They found a significant relation
between species composition and abundance and the
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(A-C, E, G, I) Distribution and relative abundance of sablefish la

rvae off the west coast of Vancouver Island, 1984-89. Units

are no./1,000m?2; + indicates stations where no larvae were captured. (D, F, H, J) Surface currents (calculated) for survey

area during annual April surveys, 1986-89.

occurrence of marked horizontal density gradients as-
sociated with the coastal current. We examined this
relationship for sablefish larvae on southern (tracklines
C + D) and northern (trackline H) transects (Fig. 4).
Horizontal surface-density gradients derived from den-

sity at 10-m depth appear related to relative abundances
of larvae. For example, in years and areas when the
gradient is strong and displaced seaward (as indicated
by the location of the 24.0 sigma-t isopycnal), the rela-
tive abundance of larvae is lower. This change in gradi-
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ent reflects the area, intensity, and extent of the coastal
current.

We then examined larval distribution in relation to
surface currents for 1986 to 1989 (years for which sur-
face-current data were available). In general, distribu-
tion of larvae off the west coast of Vancouver Island
appears related to the position and intensity of two
major components of the circulation—components
which tend to be most variable during spring and fall
transitions: 1) the wind-driven shelf-break current which
flows parallel to the coast with core speeds centered
over the upper portion of the continental slope sea-
ward of the shelf break (200-m depth contour); and 2)
the runoff-driven northward-flowing coastal current
which hugs the inner 20 to 30 km of the shelf (Thomson
etal., 1989).

Larval distribution also appeared to depend on the
size, and presumably age, of the larvae. For example, in
1988 (Fig. 3G, H) the northward-flowing coastal cur-
rent was weak. In the southern area, currents were less
than 5 m/sec in offshore slope waters and extended
over the shelf break to nearshore areas. Larvae in these
nearshore shelf areas were larger (=15 mm) and pre-
sumably older than those over slope waters (=12 mm;
Table 2), indicating that as larvae first reached surface
waters over the slope spawning areas they were able to

move inshore and remain in these areas of relatively
weak currents. In the northern area, off Brooks Penin-
sula, currents were very weak (<2 m/sec), and a weak
gyre was present. Larvae were smaller (=12 mm) and
also accumulated where currents were weakest, off the
tip of Brooks Peninsula.

In contrast, during 1989 a stronger coastal current
persisted out to the shelf break in southern areas (Fig
3]), where the geostrophic flow slowed considerably
and appeared to form a weak gyre. In this area, larvae
were abundant and exhibited a broad size range (Table
2), indicating that as they reached surface waters they
remained in this area where currents were weaker. In
the northern area, currents flowed southward. The
southward- and northward-flowing currents met off cen-
tral Vancouver Island and flowed seaward. Few larvae
were captured in the northern area, and no larvae were
captured in the seaward-flowing currents.

In 1987, the cruise took place later. Currents were
weak off the shelf, and there was a weak, meandering,
northward-flowing coastal current (Fig. 3F). Larvae at
this time were much larger in all areas (16 to 22 mm)
and were distributed more broadly along the coast.

In 1986, few larvae were captured in northern areas,
where currents were the strongest recorded in this study
(Fig. 3C, D). In the southern area, currents were strong



McFarlane et al.: Distribution and Abundance of Larval Sablefish and Linkages to Physical Oceanography

35

Table 2
Mean length of larval sablefish by transect line on the west coast of Vancouver Island, 1984-89. Dashes indicate no data were available.
Northern Southern
<200 m >200 m <200 m >200 m
Yr Line Mean SD N Mean SD N Line  Mean SD N Mean  SD N
1984 F 15.7 43 60 18.3 5.1 29 B 15.9 3.1 24 19.3 57 11
G — — — 15.6 36 122 C 16.4 3.4 59 — — —
I 17.4 4.0 9 19.1 3.6 74 D — — — 19.6 9.3
E 19.9 8.5 38 22.1 7.5 11
1985 F — — — 16.9 3.0 8 B 13.3 2.9 11 14.6 30 325
G 16.0 1.2 5 — — — C 13.2 4.1 25 14.6 3.2 118
D 14.4 3.1 5 16.8 36 12
E 18.4 54 8 14.8 2.6 72
1986 F — — — 13.8 1.5 11 B 16.4 4.3 27 13.6 32 48
G 18.0 0.0 1 — — — C 13.6 3.9 5 12.1 44 23
H — — — 12.0 0.0 1 D 13.0 4.1 25 10.1 28 71
E 17.0 — 1 13.3 29 .38
1987 F 15.6 2.7 17 15.4 3.3 43 B 19.1 5.7 105 21.3 6.0 262
G 16.5 3.9 6 18.4 3.2 8 C 21.7 4.2 34 19.2 6.4 36
H 15.7 5.0 7 17.4 4.8 29 D 20.3 3.6 12 20.0 54 56
I 15.9 4.6 15 16.2 34 36 E 19.7 2.9 7 19.7 44 83
1988 P 12.7 2.9 3 13.3 2.0 8 B 13.1 34 140 13.1 21 213
G 10.8 4.9 5 11.0 0.0 1 C 14.1 2.7 54 11.9 2.0 87
H 12.3 24 14 11.0 2.0 46 D 16.2 35 47 119 24 54
I 10.2 0.8 6 — — — E 12.8 1.0 4 12.7 1.4 35
1989 F 20.0 0.0 1 10.8 3.6 12 B 13.8 6.0 21 14.2 39 190
G — — — 9.0 0.0 2 C 17.3 2.9 15 12.8 4.0 124
H — — — 10.7 1.8 12 D 16.3 1.6 9 16.0 3.1 76
I 12.0 0.0 1 11.0 1.3 6 E 14.3 4.1 4 12.9 3.6 193

but much weaker than in the northern area, and formed
a gyre encompassing both shelf and slope waters (Fig.
3D). Larval abundance was the lowest of all survey years,
and larvae were most abundant where currents were
weakest.

Influence of Spring Transition

As indicated in Figure 5, all surveys were conducted
during, or just after, the spring transition. The transi-
tion period plotted in this figure is derived from cur-
rent-meter data collected at a mooring station in 500 m
of water over the continental slope seaward of the La
Perouse Bank region (Ware and Thomson?). Estimates
of the duration of the spring transition for each year

2 Ware, D. M., and R. E. Thomson.
eigth annual progress report.
B.C., Canada VIR 5K6, 74 p.

1992. La Perouse Project:
Pacific Biological Station, Nanaimo,

are based on the observed ending of the persistent
downwelling period (winter) and the start of the persis-
tent upwelling period at this location. This estimate
considers the direction of the surface flow within the
shelf-break current and also its gradient with depth.
According to this current-derived index, there is con-
siderable year-to-year variability in the timing and dura-
tion of the spring transition. The timing of the transi-
tion period and the subsequent strength of the up-
welling regime influence the presence and intensity of
the shelf-break current, whereas wind and runoff affect
the intensity of the coastal current. These two factors, we
believe, influence the distribution of sablefish larvae.
The cross-shelf larval distributions integrate events
that occur days to weeks before the survey. Previous
studies (Boehlert and Yoklavich, 1985) reported that
larvae of the sizes we collected have been in surface
waters for 2 to 4 weeks. There is a relation between
persistent upwelling winds and increasing coastal salin-
ity at Amphitrite Point at the mouth of Barkley Sound.
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Seasonal timing of spring transition period for 1985-
' 90 (black bar) derived from current-meter data col-
lected at a mooring station (500-m depth) located on
continental slope waters. Time period of annual April
surveys (I 1), 1986-89.

This relation can be used to indicate the influence of
upwelling winds prior to the surveys. An examination of
coastal salinity at Amphitrite Point (Fig. 6) suggests that
upwelling began before the 1987 survey, after the 1988
survey (the year of maximum larval sablefish concentra-
tion over the inner shelf), and during the 1989 survey.

These results contrast with the current-based oceanic
index, which suggests that upwelling had just begun
during the 1987 survey but was under way by the time of
the 1988 survey (Fig. 5). Some of these differences may
involve variability in wind direction and the time re-
quired to fully establish the summer (upwelling) circu-
lation pattern at the shelf break, the intensity of fresh-
water facing of the coastal current, and the surface
runoff pattern in Barkley Sound. When increased coastal
salinity is used as the index, it appears that 1988 was an
anomalous year for larval concentrations on the shelf,
possibly because of onshore upper-layer transport asso-
ciated with prevailing downwelling conditions and re-
duced flow in the runoff-driven coastal current. How-
ever, the current-based oceanic index indicates that
larvae may have been deeper in the water column in
1988 at the time of the early-onset coastal upwelling
and were brought onto the shelf through upwelling of
deep water through Juan de Fuca Canyon and other
canyons along the outer shelf. Although it is unknown
which of these indices accurately reflects the timing of
the transition from downwelling to upwelling condi-
tions, it is clear that the shoreward transport of larvae at
the surface or at mid-depth could occur when either of
these mechanisms is in effect.

Relative Indices of Abundance

We developed three indices of abundance and exam-
ined their use for predicting year-class strength of sable-
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Surface salinity measured at Amphitrite Point, 1987-
89. Horizontal arrow indicates period of the annual
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fish (Table 3). All three indices produced variations in
annual larval relative abundances which can be equated
to strong, moderate, and weak year-class strengths.

We believe indices one and three are more realistic
because they include slope stations where larvae consis-
tently were present. In index one and three the 1984
year class appears strong, and the 1986 year class weak.
In addition, both indices show the 1987 and 1988 year
classes as moderate. But there is a discrepancy between
the two indices for the 1985 and 1989 year classes:
index one indicates moderate to weak year classes, and
index three indicates moderate to strong year classes.

Conclusions

Once sablefish larvae reach surface waters, their distri-
bution is influenced by surface oceanographic features.
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Table 3
Relative indices of abundance of larval sablefish found
off the west coast of Vancouver Island, 1984-89.

Year No. of stations Larvae/1,000 m3

Index 1: Relative index of larval sablefish for all stations

1984 45 32.1
1985 53 14.9
1986 70 9.0
1987 67 15.9
1988 68 17.0
1989 68 14.0

Index 2: Relative index of larval sablefish for the shelf area

1984 19 17.0
1985 29 4.0
1986 39 4.7
1987 36 6.9
1988 37 13.3
1989 37 1.6

Index 3: Relative index of larval sablefish for the slope area

1984 26 43.1
1985 24 28.1
1986 31 14.5
1987 31 24.4
1988 31 21.4
1989 31 28.8

In particular, larval distributions appear related to the
position and intensity of the northward-flowing coastal
current. This, in turn, is influenced by the timing and
intensity of the spring transition from a downwelling to
an upwelling regime. For example, the highest abun-
dance of sablefish on the shelf occurred in 1988, when
the coastal current was closer to shore, and after a
period of relatively strong downwelling-favorable winds
(which would induce onshore transport of surface wa-
ters). In contrast, the strongest difference in sablefish
abundances on and off the shelf was in 1989, when the
coastal current was located over the shelf break, and
upwelling-favorable winds were beginning. Thomson et
al. (1989) have suggested that the coastal current spreads
seaward over the shelf with upwelling winds.

It is also possible that the distribution of larvae in the
surface waters may be influenced by oceanographic
conditions at depth during approximately the first 40
days before the larvae reach surface waters (McFarlane
and Nagata, 1988). For example, the presence of larval
fish in the surface waters over the shelf could result
from larvae rising directly to the surface over the slope
spawning area and being transported shoreward. Alter-
natively, larvae could be transported shoreward at depth
during upwelling conditions. In addition, the Califor-
nia Undercurrent could be advecting larvae from spawn-
ing locations to the south. It is probable that both

mechanisms contribute to the transport and distribution
of sablefish larvae in waters off the west coast of Vancouver
Island. The relation between these oceanographic pro-
cesses and the dynamics of larvae must be further investi-
gated if we are to fully understand the factors that regulate
successful recruitment to the population.

Our initial examination of relative indices of abun-
dance indicates that variation in abundance is detectible
at the time of the survey. It is not possible at this time to
relate these indices to actual year-class strength, be-
cause many of the year classes studied have not yet fully
recruited to the commercial fishery. We recognize that
these indices are just three of many possible forms an
index may take, depending on the mechanisms con-
trolling year-class success off the west coast of Vancouver
Island. But at the very least these indices will be useful
for predicting year-class strength at a gross level (i.e.,
strong, average, or weak year classes). For a long-lived
marine organism, this may be sufficient for current
stock assessment purposes.
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Observed from a Manned Submersible

KENNETH J. KRIEGER

Auke Bay Laboratory
Alaska Fisheries Science Center
National Marine Fisheries Service, NOAA
11305 Glacier Highway
Juneau, Alaska 99801-8626

ABSTRACT

In-situ observations of adult sablefish, Anoplopoma fimbria, were made from a manned
submersible in May 1992 in the eastern Gulf of Alaska. Sablefish were observed at ten sites
(300-365 m deep) on the continental slope. Sablefish were either motionless on the
seafloor or swimming within 1 m of the seafloor. Their abundance ranged from 1 to 23 at
nine sites, to an aggregation of more than 500 at one site. The sablefish responded only
minimally to the submersible, indicating that quantitative population studies and behav-

ioral studies can be made from a submersible.

Introduction

A manned submersible was used to observe commer-
cially important fish in the eastern Gulf of Alaska. Al-
though rockfish, Sebastes spp., were the target species,
other demersal and semidemersal fish were observed,
including sablefish, Anoplopoma fimbria. The behavior
of sablefish observed from the submersible is described,
and possible future studies of sablefish from submers-
ibles are discussed.

Materials and Methods

Sablefish were observed in May 1992 from the two-
person submersible Delta chartered by the National
Undersea Research Center of the National Oceanic
and Atmospheric Administration. Dive sites were on
the continental slope between latitudes 56° and 58°N at
depths of 300-365 m (Fig. 1). Longline catch rates
during annual surveys indicate that sablefish are abun-
dant at depths of 300-1000 m at these latitudes (Zenger
and Sigler, 1992).

Ten dive sites were monitored for sablefish during
daylight, between 0600 and 1900. The submersible de-
scended to 300-365 m and then usually traveled paral-
lel to the shelf break at 2-3 km/h, stopping occasion-
ally for detailed observations of rockfish. The distance

between the descent and ascent positions at the ten
sites was 0.9-1.9 km. The submersible traveled an addi-
tional 10%-30% of this distance while following the
shelf-break contour. Illumination was entirely by ten
150-W halogen lights attached to the submersible. The
lights illuminated about 7 m; visibility was measured by
using sonar to define the distance between the sub-
mersible and the seafloor while descending and as-
cending. The pilot maintained the submersible within
1 m of the bottom while the scientist observed fish
through starboard portholes. The pilot provided infor-
mation on the behavior of sablefish around the sub-
mersible from his panoramic view 2 m above the scientist.

Observations were audio- and video-recorded on two
8-mm video cameras from the starboard side: an exter-
nal camera was aimed downward 60° from horizontal,
and an internal camera was aimed through a porthole
parallel to the seafloor. Sablefish counts were deter-
mined from the audio portion of the recordings. Counts
were not converted to densities because the horizontal
viewing distance along the seafloor changed frequently
with the slope of the terrain, so the total area viewed
was difficult to estimate.

Fish behavior was determined from the video portion
of the recordings. Video-recorded distances depended
on the slope of the terrain, and ranged from <1 to 5 m
for the internal camera and from 1 to 3 m for the
external camera. Behavior observations included spa-
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Gulf of Alaska

Figure 1
Sites surveyed by manned submersible in the eastern
Gulf of Alaska, May 1992.

tial distribution, orientation, and swimming speed.
The distance between sablefish was determined
from the speed of the submersible and lapsed
time between encounters with the fish. Sablefish
<15 apart were considered associated and those
>50 m apart not associated; no sablefish were be-
tween 15 m and 50 m apart. Sablefish orientation
was categorized in relation to the starboard side
of the submersible as toward, away, forward, or
backward (Fig. 2). Swimming speed was calibrated
against the speed of the submersible and classi-
fied as slow (<1 km/h), moderate (1-4 km/h),
and fast (>4 km/h).

Results and Discussion

Sablefish were observed at all 10 dive sites, either
motionless on the seafloor (sedentary) or moving
within 1 m of the seafloor. Sablefish were associ-
ated with a wide range of bottom slopes and sub-
strates (Table 1). An aggregation estimated at
>500 was observed at site 10, and accounted for

Table 1
Numbers of sablefish and seafloor habitat at ten manned
submersible dive sites in the eastern Gulf of Alaska,
May 1992.

Seafloor habitat
Distance’ Cobble &  Slope
Site  (km) Sablefish Substrate boulders?  (°)
1 1.6 4 Pebble Common 10-30
2 1.0 8 Clay Present 10-30
3 1.9 23 Pebble, sand Common 10-30
4 1.0 7 Pebble, clay ~ Common 20-40
5 1.2 5 Sand, clay Common  2-10
6 0.9 6 Sand Present 0-2
7 1.4 12 Pebble Present 5-40
8 0.9 1 Clay, bedrock Rare/
common  20-90
9 1.1 1 Pebble Common  2-90
10 1.1 >500 Sand, clay, Rare/
bedrock common  10-60

! The submersible traveled an additional 10%~30% of this straight-
line distance between the descent and ascent positions.
2 Diameter of cobble and boulders ranged from 0.5 to 5.0 m.

Orientation of sablefish toward, forward, away, and backward
as viewed from the starboard side of the submersible.

Away

Figure 2

most of the sablefish observed from the submers-
ible. Sablefish were not individually counted at
site 10 because of the large number and the time re-
quired to observe the target rockfish species. The >500
estimate was based on the frequency of sablefish on the
video and the audio comments made by the pilot; the

pilot could see sablefish at all times during a 22-min
period and noted “more than 100” within his pan-
oramic view on two occasions. The aggregation began
0.4 km from the start of the transect and was continu-



ous while the submersible traveled 0.30 km southward,
0.08 km eastward, and 0.30 km northward. The bound-
aries of the aggregation extended beyond the pilot’s
view.

Behavioral observations were based on 168 sablefish
(120 of them at site 10) that were video recorded by the
external or internal cameras. Thirty of the 168 sablefish
were sedentary and 138 were active, either swimming,
drifting, or hovering with slight movements of fins.

Behavior of Sedentary Sablefish

The orientation of the sedentary sablefish was 4 toward,
7 away, 6 forward, and 13 backward (Table 2). A chi-
square test indicates no significant difference (p>0.05)
in the orientation of the sedentary sablefish. Most sed-
entary sablefish were not associated with other sable-
fish; only 3 were within 50 m of other sablefish. Seden-
tary sablefish did not move as the submersible passed
them. Movement was observed only when the submers-
ible stopped within 1.0 m of a sedentary sablefish. This
fish remained stationary for 40 seconds before darting
away, disturbing the sediment (Fig. 3). All other ob-
served sediment disturbances were associated with flat-
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Table 2
Orientation of sedentary sablefish, and orientation and
speed of swimming sablefish determined from video
recordings collected from a manned submersible.

Sedentary
sablefish Active sablefish
Orientation’ Orientation’ Speed (km/h)

Sie T A F B T A F B <1 14 >4

1 1 1 1 1
2 1 1 i 1
3 1 3 2 1 1 7

4 1 1 1 1 1 1

5 1 1 1 1

6 I 8 1 1 2 3 1
7 1 1 4 2 1 7 1

8 1 il

9 1

10 1 6 1 2 12 43 26 29 65 37 8
Total 4 7 6 13 20 53 31 34 76 51 11

e

! T = Toward submersible: A = Away from submersible;
F = Forward, the same direction as the submersible;
B = Backward, the opposite direction to the submersible.

Figure 3
Photographic sequence of a sedentary sablefish approached by a manned submers-
ible: top left, stationary on the seafloor; top right, coiling; lower left, swimming
away; and lower right, departed, causing sediment disturbance.
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Figure 4
Photograph from a manned submersible of a pair of sablefish swimming in the same
direction at the same speed.

fish movements, indicating that sedentary sablefish did
not depart before the submarine arrived.

Behavior of Active Sablefish

The orientation of the active sablefish was 20 toward, 53
away, 31 forward, and 34 backward. A chi-square test
indicates a significant difference ($<0.001) in the ori-
entation of active sablefish; the sablefish were appar-
ently reacting to the submersible. Sablefish within 2 m
of the submersible would often turn away and some-
times dart short distances, which probably accounts for
the significant difference in orientation. Perhaps they
were reacting to the brightness of the lights. because
they would dart <2 m away and then resume slower
swimming movements. The submersible remained
within the aggregation for 22 min, so overall avoidance
of the submersible was not occurring.

Most active sablefish were associated with other sable-
fish: 114 of 138 were within 15 m of other active sable-
fish, including 109 of 110 at site 10. Sablefish appeared
to move independently of each other, except for 11
“pairs” at site 10. Individuals within a pair were sepa-
rated by <1 m and swam in the same direction at the
same speed (Fig. 4). Swimming speeds of the active
sablefish were 76 slow, 51 moderate, and 11 fast (Table

2). Slow-swimming fish were mostly hovering or drift-
ing. Moderately swimming fish appeared calm and un-
hurried. The only fast-swimming fish were those that
darted short distances away from the submersible.

Future Sablefish Studies

Because of the minimal response of most sablefish to
the submersible, distribution and abundance studies
from a submersible appear feasible. Possible studies
include habitat associations and spatial distribution,
longline monitoring, and population estimates for cali-
brating catch-rate data for longline gear and bottom
trawls.

Understanding sablefish habitat associations and spa-
tial distribution should result in more efficient index
sampling and more accurate analysis of catch-rate data.
Manned submersibles have been used to describe habi-
tats and spatial distribution of several commercially
important Alaskan groundfish, including Pacific ocean
perch, Sebastes alutus (Krieger, 1993); shortraker rock-
fish, Sebastes borealis (Krieger, 1992); yelloweye rockfish,
Sebastes ruberrimus (O’Connell and Carlile, 1993); and
lingcod, Ophiodon elongatus (O’Connell, 1993).

Examples of information about distribution that is
obtainable by direct observation are the aggregating



behavior and pairing observed in this study. The obser-
vations reported in this paper, however, are considered
preliminary because they were limited to a narrow geo-
graphic area and depth range, and did not include
detailed observations of the environment. Directed stud-
ies of sablefish habitat and spatial distribution should
include a wider depth range and geographic area, and
more detailed observations of physical and biological
features such as current, substrate, slope, and prey.
Longline catch rates, assumed to be proportional to
sablefish abundance, are the main source of informa-
tion for estimating sablefish abundance (Sigler, 1993).
But catch rates may be affected by factors other than
population density, including bait competition, cur-
rents, hooked fish attracting other fish, and fish deple-
tion (Sigler, 1993). Factors affecting catch rates may be
identified by observing longline gear on the seafloor.
For example, Lgkkeborg et al. (1989) used underwater
television to identify factors that affect catch rates of
Atlantic cod, Gadus morhua, and haddock, Melano-
grammaus aeglefinus, on longline gear, including stimula-
tion by hooked fish, currents, and feeding cycles. High
(1980) observed longline gear from a manned sub-
mersible to describe how Pacific halibut, Hippoglossus
stenolepis, were caught with different types of bait.
Catch quotas of sablefish are determined from the
product of exploitation rates and absolute biomass esti-
mates. Currently, an unverified catchability coefficient
of 1.0 is used to convert bottom trawl catch rates to
absolute biomass estimates; a 1.0 catchability coeffi-
cient assumes that the seafloor area swept by the hori-
zontal spread of the trawl is 100% efficient for capture
of sablefish, and that sablefish densities are similar in
trawlable and untrawlable areas (Sigler, 1993). No
catchability coefficients are available for longline gear.
Sablefish counts from a submersible may provide a
reliable population estimate to calibrate catchability
coefficients of bottom trawls and longline gear.
Gunderson (1993) summarizes biases associated with
submersible observations of fish, and undoubtedly some
of these biases apply to sablefish. But observations in
this study indicate that submersibles can be used to
improve our understanding of sablefish distribution
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and behavior. Further studies are needed to develop
methods of quantifying sablefish from a submersible,
and to determine the feasibility of observing sablefish
longline gear in use.
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ABSTRACT

From 1985 through 1991, 131 surveys were conducted at 74 sites to study the distribu-
tion and abundance of juvenile sablefish, Anoplopoma fimbria, in southeast Alaskan waters.
The widespread distribution and above-average abundance of juvenile sablefish throughout
the waters of southeast Alaska in 1985 probably indicated a strong 1984 year class. During
1986-91, juvenile sablefish were consistently abundant at only one sample site—St. John
Baptist Bay, Baranof Island. Juvenile sablefish were distributed throughout the water col-
umn. Vertical distribution was related somewhat to age: younger sablefish (age 0) were
usually caught nearer the surface, whereas older juveniles (ages 1 and 2) were caught on or
near the bottom. Hand-jigging was the most consistently effective method for sampling
juvenile sablefish. Pots suspended off the bottom were more effective than pots placed on
the bottom. Catch per unit of effort in St. John Baptist Bay was highest in spring, declined
during summer, and was lowest in winter. Catch rates were higher from larger vessels (26—28
m long) than from small skiffs (5 m). Juvenile sablefish grew most rapidly during fall, when
they entered the inland waters. Growth slowed during winter but accelerated in spring and
became rapid in summer. Lengths averaged 25.6, 39.8, and 45.0 cm by end of the first,
second, and third years of growth, respectively.

Introduction

Sablefish, Anoplopoma fimbria, is a slow-growing, long-
lived demersal fish of the continental slope of the North
Pacific. Most commercially caught sablefish range in
age from 4 to 35 years but can be as old as 70 (McFarlane
and Beamish, 1983). The sablefish fishery is the third
most economically important of Alaska’s groundfish
fisheries: ex-vessel landings of 22,000 t were worth about
$58.3 million in 1991 (Kinoshita et al., 1996). In Alaska,
sablefish are caught primarily in the Gulf of Alaska

(GOA) and in the southeast inside waters of Chatham
and Clarence Straits.

Few studies of juvenile sablefish have been published.
McFarlane and Beamish (1983) discussed sablefish life
history from hatching to recruitment into the commer-
cial fishery. Their observations are mostly based on the
1977 year class off British Columbia. Boehlert and
Yoklavich (1985) presented information on growth of
juvenile sablefish off the coasts of Washington and Or-
egon. Kendall and Matarese (1987) reviewed informa-
tion on egg, larval, and epipelagic stages of sablefish
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along the west coast of North America, primarily in
outer coastal waters. In spite of the importance of sable-
fish to the groundfish fishery in Alaska, the only com-
prehensive paper on the life history of juvenile sable-
fish in Alaskan waters is by Bracken,! who discusses
migration of the 1977 year class in the Gulf of Alaska.

During the summer of 1985, juvenile sablefish were
abundant throughout southeast Alaska, including Auke
Bay. Their occurrence over a wide area provided an
opportunity to study their distribution, relative abun-
dance, and migration. Especially desirable was the es-
tablishment of sampling sites that could be used to
annually monitor juvenile sablefish abundance in or-
der to predict future year-class strength.

According to Sasaki (1985), nearshore waters extend-
ing from off southeast Alaska to British Columbia,
Canada, are known to be one of the most important
nursery grounds for young sablefish. In this paper we
document the surveys conducted in southeast Alaska
from 1985 through 1991, and describe the catch rates,
distribution, and age and growth of juvenile sablefish in
amajor nursery area. Information on migration of these
juveniles is presented by Rutecki and Varosi (1997).

Methods

Sampling was conducted at 74 sites in southeast Alaska
during 131 surveys, 1985-91 (Fig. 1). Surveys were lim-
ited by lack of a dedicated research vessel. Most surveys,
therefore, were opportunistic, usually resulting from
the suspension of other research because of adverse
weather during cruises in the eastern Gulf of Alaska.

Various gear types were used because little informa-
tion was available concerning the best way to capture
juvenile sablefish, and because low catches throughout
much of the study prompted attempts to increase catch
rates by trying different gear. The gear included hand-
jigging gear, basket- and Korean-style pots, trawls,
longlines, and purse seines. The hand-jigging gear and
basket-style pots have been described by Rutecki and
Meyers (1992), the Korean-style conical pots by Clausen
and Fujioka (1988). Pots and hand-jigging gear used
squid for bait.

Pots were fished on bottom and also suspended off
bottom several times during the study. In 1985, pots
were fished on bottom and suspended off bottom at the
Auke Bay Laboratory float (maximum depth about 9
m). On 16 October 1988, a string of pots was fished in
St. John Baptist Bay to test their effectiveness for cap-

1 Bracken, B. E. 1981. Interim report on the results of sablefish
(Anoplopoma fimbria) tagging experiments in southeastern Alaska
1979-1981. Alaska Dep. Fish Game, P.O. Box 667, Petersburg, AK
99833. Unpubl. manuscr.

turing juvenile sablefish. The pots were fished for 24 h
at7, 11, and 15 m below the surface, and on bottom (30
m). Two additional strings of 10 pots each were set on
bottom, one string near the suspended pots and the
other 68-86 m deep in the outer bay.

A 12.2-m shrimp trawl (described by Carlson et al.?)
and the standard Marinovich midwater trawl were also
used (NMFS?). Bottom longlines consisted of J-hooks
tied on 45-cm gangions spaced 1 m apart and attached
to a 1.5 cm diameter groundline. The purse seine had
3.18-cm mesh and was 18 m deep and 183 m long.
Initially, both day and night sampling were tried, but
because no juvenile sablefish were caught after dark, all
subsequent sampling was done in daylight.

The NOAA ships RV John N. Cobb (28.4 m long) and
RV Musrre II (25.9 m) were the primary sampling plat-
forms. Hand-jigging was also done from skiffs (5 m)
and from the Auke Bay Laboratory float.

Fish collected for age determination were measured
and sexed, and otoliths were extracted. On some occa-
sions, the fish were frozen and the otoliths were ex-
tracted in the laboratory. Otoliths were preserved in
50% ethanol and later aged by means of the break-and-
burn method (Beamish and Chilton, 1982).

Otoliths were also obtained from sablefish collected
at Sitka (1986) and St. John Baptist Bay (1986, 1988).
The fish were sampled in July 1986 and in March, May,
June, August, and October 1988. The ages of 308 fish
total were determined: 57 fish from 1986, and 50 fish
from each of the five sampling periods in 1988, except
in May, when 51 ages were determined.

Results and Discussion

Abundance and Distribution

Juvenile sablefish were caught at few of the sites sampled
except in 1985, when they were present at all nine sites
sampled (Fig. 1). Information gathered by the authors
from interviews with fishermen and cannery workers
indicated that juvenile sablefish were common through-
out southeast Alaska in 1985. From 1986 through 1991,
the percentages of sites where sablefish were captured
were lower than in 1985 (Table 1).

2 Carlson, H. R, R. E. Haight, and K. ]J. Krieger. 1982. Species
composition and relative abundance of demersal marine life in
waters of southeastern Alaska, 1969-81. NWAFC Proc. Rep. 82-
16, 57 p., Northwest and Alaska Fisheries Center, NMFS, NOAA.
Available Auke Bay Lab., 11305 Glacier Hwy., Juneau, AK 99801-
8626.

3 NMFS. 1990. ADP code book. Resource Assessment and Con-
servation Engineering Div., AFSC, NMFS, NOAA, 7600 Sand Point
Way N.E., Seattle, WA 98115-0070.
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Table 1
Total sites surveyed, and number and percentage of
sites where juvenile sablefish were captured, 1985-91.

1985 1986 1987 1988 1989 1990 1991

Sites surveyed 9 17 10 37 4 3 22
Number with
sablefish 9 4 2 2 1 1 3

% with sablefish 100 24 20 5 25 33 14

From 1986 through 1991, juvenile sablefish were
found consistently at only one site: St. John Baptist Bay,
on Baranof Island about 33 km north of Sitka, Alaska.
The reason for the continued presence of juvenile sable-
fish in this bay is unknown. Periodic CTD sampling of
this bay indicated no oceanographic uniqueness com-
pared with nearby bays. Plankton collections and stom-
ach contents of sablefish caught in the bay showed only
the typical sequence of seasonally abundant organisms
(Rutecki, unpubl. data). Bays of similar configuration
and location near the outer coast are common through-
out the same area, yet had inconsistent juvenile sable-
fish abundance. More study (comprehensive oceano-
graphic sampling) is being planned to determine the
uniqueness of St. John Baptist Bay. This bay was the
only site in southeast Alaska useful for monitoring the
timing of juvenile immigration to inland waters, and
for studies of juvenile sablefish food, vertical distribu-
tion, and age and growth.

Vertical Distribution

Little is known about the vertical distribution of juve-
nile sablefish. According to Kendall and Matarese
(1987), small (10-80 mm standard length) sablefish
are mostly neustonic. In the coastal waters of British
Columbia, juvenile sablefish have been caught at or
near the surface and on bottom at depths of 20-60 m
(Kennedy, 1969, 1970; Kennedy and Smith, 1972). Ju-
venile sablefish have been caught in bottom trawls off
Oregon at depths of 320-411 m (Heyamoto, 1962). In
southeast Alaska, juvenile sablefish have been caught in
bottom trawls at 152-m depths (Haight*), in purse seines
off the outer coast, and in gill nets in southern Chatham
Strait (Rutecki and Varosi, 1997). Wing (1985) found
10-17-mm long sablefish in the stomachs of salmon
collected in August on the outer coast of southeast

4 Haight, R.E. 1985. Fishing log R/V Chapman groundfish survey
off southeastern Alaska, 22 April to 5 May 1984. Available Auke
Bay Lab., 11305 Glacier Hwy., Juneau, AK 99801-8626. Unpubl.
manuscr.

Table 2
Percentages of juvenile sablefish caught at various
depths and CPUE (fish/h) for pots fished in St. John
Baptist Bay, October 1988. Dash indicates no pots were
fished.

Percentage of fish

Depth 16 Oct. 16 Oct. 16 Oct. 21 Oct.
(m) (n=112) (n=124) (n=255) (n=621)

4 — 7 — —

7 2 10 40 54
11 43 58 42 21
15 55 25 18 17
18 — — — 8
Bottom 0 0 0 0
CPUE 22.4 24.8 51 19.4

Alaska. When juvenile sablefish were abundant through-
out southeast Alaska in 1985, they were often caught by
anglers fishing near the surface.

We caught juvenile sablefish from surface to bottom,
but collections differed markedly depending on type
and depth of gear. The bait was fished from top to
bottom during jigging in St. John Baptist Bay but ini-
tially, sablefish were caught only on the bottom. As
fishing continued, the sablefish were captured nearer
the surface, and eventually they were caught in the
upper 1 m of the water column. Apparently the fish
were at the bottom when jigging began and followed
the bait to the surface.

Most juvenile sablefish were captured in the sus-
pended pots fished off the Auke Bay Laboratory float
during the summer of 1985. Catch rates were also high
for pots fished off the bottom in St. John Baptist Bay
during October 1988. Catches of juvenile sablefish (up
to 150 fish per hour) were greatest in pots suspended 7,
11, and 15 m below the surface (Table 2). No fish were
caught in the bottom pots of the suspended string or in
the two strings of pots set on bottom.

The large catches of juvenile sablefish in suspended
potsin St. John Baptist Bay in October 1988 were unique
because usually pots—whether suspended or on bot-
tom—caught few, if any, sablefish. Possibly the October
1988 catches were related to the annual immigration of
large numbers of fish into the bay.

Catch Rates

Hand-jigging was the simplest and most effective method
of those we used for capturing juvenile sablefish. Be-
cause hand-jigging can be done from nearly any size
platform, is cost effective, and can be used for all depths
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Figure 2
Catch per unit of effort for juvenile sablefish in St. John Baptist Bay, 1987-91.

from surface to bottom, we used it to determine catch
per unit of effort (CPUE: number of fish caught per
fishing-rod hour, hereafter referred to as fish per hour).
Hand-jigging CPUE data were collected from 1987
through 1991 to monitor trends in juvenile abundance.
Except for St. John Baptist Bay, no site had a CPUE
greater than two fish per hour. Because of the con-
tinual abundance of juvenile sablefish in St. John Bap-
tist Bay, we examined CPUE’s from this bay for trends
of abundance.

A seasonal trend of sablefish abundance was observed
in the bay. The combined 1987-91 data showed that
CPUE was usually greatest in early spring, declined
during the summer, and was lowest late in the year (Fig.
2). CPUE varied considerably during the sampling peri-
ods. In March, CPUE ranged from zero to about 45 fish
per hour. By midsummer, CPUE had decreased to about
1-20 fish per hour, and by winter to about 1-10 fish per
hour. Exceptions to the seasonal trend in CPUE are two
collections during September—November, when CPUE’s
were about 60 fish per hour, the maximum number of
fish that could be jigged with sportfishing gear. High
CPUE in the fall probably indicates a peak in the an-
nual immigration of sablefish into St. John Baptist Bay
(see Rutecki and Varosi, 1997).

The reason for the large range in CPUE is unclear.
The jigs were fished throughout the water column

(about 30 m) and supposedly would have been avail-
able to the sablefish regardless of their depth. School-
ing may have contributed to the variable catch rates if
the fish were in some part of the bay other than the
jigging site (the inner part of the bay, which is sepa-
rated from the outer bay by a sill). This argument seems
implausible, however, since the outer bay was sampled
often and only a few sablefish were ever caught.

The CPUE from larger vessels was markedly greater
than that from skiffs (Fig. 2), with a few exceptions in
October. It is unknown why CPUE from the larger
vessels was greater. Jigging equipment and techniques
were identical for each vessel. The large vessels fished
more gear (up to 10 persons jigging at a given time)
than the skiffs (2 people jigging), so perhaps the greater
quantity of bait fished from the large vessels attracted
juvenile sablefish. Food items discarded from the larger
ships into St. John Baptist Bay may also have attracted
juveniles.

Age and Growth

In 1986, mean length of age-1 fish was 31.5 cm (range
28-35 cm), and that of age-2 fish was 44.6 cm (range
39-51 cm) (Fig. 3). One fish was age 3 (57 cm). In 1988,
all fish collected from March through August were age 1
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Length and age of juvenile sablefish collected for age determination in
St. John Baptist Bay and Sitka Harbor, July 1986. Ages determined from
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(Fig. 4); fish collected in October were age 0. The mean
length of fish increased from 26.5 cm (range 23.5-30.5
cm) in March to 30.2 cm (27.0-37.5 cm) in August. In
October, fish averaged 23.1 cm (20.0-26.0 cm). This
October decrease coincides with the emigration of the
age-1 fish from St. John Baptist Bay and immigration of
the age-0 fish into the bay.

In some years, two age groups of sablefish were present
simultaneously in St. John Baptist Bay (Fig. 5). In July
1986, two age groups averaged 31.4 cm (age 1) and 45.0
cm (age 2) long. In September 1989, two age groups
averaged 21.0 cm (age 0) and 39.8 cm (age 1). The
older group had emigrated from the bay by the next
sampling periods of March 1987 and December 1989.

We examined growth by comparing mean monthly
lengths for all fish collected during the study (Fig. 6).
The mean lengths show that growth in length is rela-
tively slow during winter, begins to increase in about
May, and is most rapid from about June through Au-
gust. In St. John Baptist Bay, age-0 (young-of-the-year)
juvenile sablefish averaged about 22 cm during Sep-
tember. By October, mean length of age-0 fish had
increased to about 25 cm. In March, however, age-1 fish
still averaged only about 26 cm, indicating that growth
is slow during winter. Growth accelerated in spring: fish
caught during March and April 1987 and recovered in
June 1987 averaged 0.63 cm and 0.74 cm of growth per
month, respectively (Rutecki and Varosi, 1997). Mean
lengths of juvenile sablefish caught in Auke Bay during

summer 1985 increased from 31.3 cm in June to 35.0
cm in August, averaging 1.92 cm of growth per month
(Fig. 7). In 1987, mean length in St. John Baptist Bay
increased from 27.6 cm in June to 29.7 cm in August; in
1989, it increased from 32.3 cm in July to 39.8 cm in
September (Fig. 5). Summer growth of juvenile sable-
fish in St. John Baptist Bay and Auke Bay, all years
combined, averaged 2.24 cm per month.

The growth pattern of juvenile sablefish in southeast
Alaska is similar to that described by McFarlane and
Beamish (1983) in the coastal waters of British Colum-
bia. They examined length-frequency distributions of
the 1977 year class and found that age-0 fish grew
rapidly: the fish averaged 28 cm by November. The
next spring, fish from that year class averaged only 32
cm, indicating limited growth during winter. After two
years, juvenile sablefish had grown to 40 cm, and after
three and four years of growth, they averaged 45 and 50
cm, respectively. Juvenile sablefish in southeast Alaska
were somewhat smaller (23.7-25.6 cm) near the end of
their first year (age 0) than those in British Columbia, but
growth was similar in both areas during the second and
third years.

Year-class Strength

Sablefish populations in the northeast Pacific Ocean
depend upon recruitment from infrequent strong year
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Length and age of juvenile sablefish collected for age
determination in St. John Baptist Bay, 1988.
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classes (McFarlane and Beamish, 1986). It is difficult to
determine year-class strength of sablefish by sampling
the fishery because of problems in determining the
ages of older adults (McFarlane and Beamish, 1986).
Thus the abundance of juvenile sablefish can be an
indicator of year-class strength.

The presence of large numbers of juvenile sablefish
in southeast Alaska waters in a given year indicates a
strong year class. According to Fujioka,® the strong
1977 and 1980 year classes were evident from the large
number of juvenile sablefish caught by sport and com-
mercial fishermen during the summer of 1978 and
1981. Funk and Bracken (1983) also caught large num-
bers of juvenile sablefish in Auke Bay during the sum-
mer of 1981. Juvenile sablefish were again abundant
throughout southeast Alaska during 1985, indicating a
strong 1984 year class. This indication was confirmed
by the 1986 length frequency distributions and by sub-
sequent offshore resource-assessment survey data. The

5 Fujioka, J. T. 1991. Sablefish. In Stock assessment and fishery
evaluation report for the 1992 Gulf of Alaska groundfish fishery, p.
4.1-4.17. N. Pac. Fish. Manage. Council, P.O. Box 103136, An-
chorage, AK 99510.

1986 length frequency distributions (Fig. 5) show a
distinct mode of age-2 fish. This mode is absent in the
length distributions during the years when juvenile sable-
fish were not common in the inland waters. Analysis of
lengths of sablefish collected during longline surveys of
the Gulf of Alaska in 1986 and 1987 show that the 1984
year class was stronger than average (Sigler and Zenger,
1989). Bracken et al. (1997) conducted longline sur-
veys for sablefish in southeast Alaska from 1988 to 1992;
these surveys indicated higher than normal recruit-
ment of the 1984 year class. Although abundance and
strength of year class need further definition, clearly a
relationship exists between strong year classes and the
widespread occurrence of juvenile sablefish in the in-
land waters throughout southeast Alaska.

It may be possible to detect a strong year class during
the spawning year. McFarlane and Beamish (1983) re-
ported large numbers of juvenile sablefish in both the
inner and outer coastal waters along the entire coast of
British Columbia in 1977 and 1978. According to these
authors, such large numbers of sablefish indicated a
strong 1977 year class, because most of the 1978 fish
were age 1. Similar predictions of strong year classes
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probably can be made for southeast Alaska. In St. John
Baptist Bay we collected sablefish in the fall that had
been spawned the previous spring. Thus it seems prob-
able that a strong year class of sablefish can be detected
in southeast Alaska during the year of spawning by
sampling along the outer coast in the fall. In addition
to sampling juvenile sablefish after they have migrated
to the southeast Alaska nursery area, it may be possible
to sample epipelagic juvenile abundance in the Gulf of
Alaska before the fish approach the coast, in order to
determine year-class strength. According to Kendall
and Matarese (1987) year-class strength in fish is thought
to be determined mainly during the pelagic egg and
larval stages, and sampling epipelagic juveniles when
they are several months old could indicate recruitment
to the fishery several years later. Little is known of the
movements of surface-living juveniles and of the means
by which they return to shelf waters for settlement. Future
research plans include a survey to examine the distribu-
tion of epipelagic juvenile sablefish in the Gulf of Alaska
and in coastal waters off British Columbia.
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Figure 7
Length frequencies of juvenile sablefish caught in Auke Bay,
summer 1985.
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ABSTRACT

Sablefish lengths and otoliths were collected in the Gulf of Alaska from June to
September 1987 and 1989 in samples stratified by area, depth, and sex. Generally, the age—
length relationships among areas differed on the continental shelf (100-200 m) and were
similar on the upper continental slope (400-1,000 m). The mean size at age and the mean
age at size often were greater on the slope than on the shelf; these differences can be
explained by random movement of fish from nearshore rearing areas to the slope, where
they remain, with movement rate positively related to fish size. These differences also can be
explained by an ontogenetic change such as sexual maturation triggering directed move-
ment to deep water, where the probability of maturation increases with age and size.

Introduction

Sablefish, Anoplopoma fimbria, are distributed along the
upper continental slope of the North Pacific Ocean
from California north through Alaska and the Bering
Sea, and westward to Japan (Sasaki, 1985). Their age—
length relationship varies between sexes and among
large geographic areas (e.g., Bering Sea, Gulf of Alaska,
west coast of the coterminous United States; McFarlane
and Beamish, 1983; McDevitt, 1990). In this paper we
compare age-length relationships within the Gulf of
Alaska and among depths and relate the results to the
observed movement of sablefish from nearshore rear-
ing areas to outer coastal waters inhabited by adults.

Materials and Methods

Otoliths were collected from sablefish in Alaskan waters
from June to September 1987 and 1989 during a Ja-
pan-U.S. cooperative longline survey, which annually
assesses sablefish abundance in the eastern Bering Sea,
Aleutian Islands area, and the Gulf of Alaska (Sasaki,
1985). In the Gulf of Alaska, collections were made in
the Shumagin, Kodiak, and Southeastern statistical ar-
eas defined by the International North Pacific Fisheries
Commission (Wilderbuer, 1989; Fig. 1). The collec-
tions were stratified by depth and sex. Sampled depths
were 101-200, 201-400, and 401-1,000 m. Samples of
five fish per one-centimeter fork-length interval were
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Areas sampled in the Gulf of Alaska: the Shumagin, Kodiak, and Southeastern
statistical areas described by the International North Pacific Fisheries Commission.

taken from each area/depth/sex stratum. Both otoliths
were removed and preserved in a 50% alcohol solution.

The ages of a subsample of the otoliths were deter-
mined by the Alaska Fisheries Science Center (AFSC)
ageing unit with the break-and-burn technique (Beamish
and Chilton, 1982; Lai, 1985; Kastelle, 1991).
Subsampling was necessary because of limited labora-
tory time. Subsamples of three fish per one-centimeter
fork-length interval were randomly chosen from each
area/depth/sex stratum, which mimicked the selection
of the original sample. Subsample sizes were 2,032 from
1987 and 1,057 from 1989. Only fish from depths of
101-200 and 401-1,000 m were aged. We intentionally
focused on the 100-200 and 400-1,000-m collections to
emphasize depth differences. The depth range 101-
200 m generally corresponds to the continental shelf,
and 401-1,000 m corresponds to the upper continental
slope, hereafter called shelf and slope.

Mean length at age was computed by area/depth/
sex stratum and year from the age-length data. Esti-
mates of mean length at age based directly on the age-
length sample are biased because the sample is system-
atic. The length composition, however, is a random
sample from the longline catches and can be used with
the age-length sample to estimate length compositions
by age class (see discussion in Kimura and Chikuni,
1987). The mean length at age 4, L, is

L= qu,ij’
J

where ¢’ is the proportion of the age i fish that are
length jand

c_ by

o Zlf%-
j

where [ is the proportion of fish that are length j from
the length sample, and g is the proportion of length-;
fish that are age ¢ from the age-length sample. The
estimated variance of L, was approximated by the delta
method (Seber, 1982):

1 : L(1-1)g: q,(1—g)0
Var(L.) = — - — B 2| J 171y i iy /%
ar(L,) Pf‘z‘(]p’ ,)[ A
1 LLq594(jp, — B)(kp; — B;)
b Z‘;‘ N,

J

where

b= zquij’
j

B= Zjquij’
j

N, is the size of the length sample, = is the size of the

length sample at length j, and & is an index of length.
Mean lengths at age by area/depth/sex stratum were

pooled across the two years of sampling because the



age-length relation should have been stable for a long-
lived fish like sablefish:

where L, is the pooled mean length atage, and L, and L,
are the mean lengths at age from 1987 and 1989 based on
age-length sample sizes n,; and n;, (Znij =n,). Pooled
mean lengths at age were fit to the von Bertalanffy age—
length model (Ricker, 1975) by nonlinear least squares,

Zi :Lw(l—eﬁk(i—l"))‘i‘fi,

where €, is an additive error term, and L_, K, and ¢, are
model parameters.

Age-length relationships were compared between
areas by the likelihood ratio test recommended by
Kimura (1980) to determine if a single von Bertalanffy
age-length model is common to the compared areas or
if areas have area-specific age-length relationships. Age—
length relationships were compared by fitting pooled
mean length at age, which is appropriate if the corre-
sponding variance of pooled mean length is constant
regardless of age (Kimura, 1980). The variance of the
pooled mean length, assuming zero covariance, is

2 2
Var(L,) = [ﬂj Var(L“)+[n—"2] Var(L,).
n. n.

1 1

The variance is assumed constant by age because the
width of the length range is generally similar regardless
of age (Fig. 2, 3).

Five age-length models were fitted and compared:
the full model, M1 = {Shumagin}, {Kodiak}, {Southeast-
ern}, and four reduced models (where areas within
brackets have a common age-length relationship): M2
={Shumagin}, {Kodiak, Southeastern}; M3 = {Shumagin,
Southeastern}, {Kodiak}; M4 = {Shumagin, Kodiak},
{Southeastern}; and M5 = {Shumagin, Kodiak, South-
eastern}. The increase in the residual sum of squares
(RSS) between each of the reduced models and the full
model was used to test for area effects. Use of the
reduced model, being more parsimonious, was justified
when area effects were not statistically significant. Tests
were conducted for each of the four data sets: shelf
female, slope female, shelf male, and slope male.

Kimura’s (1980) likelihood approach was not used to
compare age-length relationships between depth strata.
The age range and therefore the sample sizes were
smaller for the shelf than for the slope. As a result, the
power of the test to detect differences was low because
the RSS and fitted von Bertalanffy curve for the re-
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Figure 2
Observed age-length data for female sablefish: (a)
Shumagin, (b) Kodiak, and (c) Southeastern shelf; (d)
Shumagin, (e) Kodiak, and (f) Southeastern slope.
Note variable scale of x and y axes.

duced model were dominated by the slope data. In-
stead, mean lengths at age by shelf and slope were
compared statistically by the Z test,

I_'i_zli

7 = .
JVar(L) + Var(L")

The null hypothesis is H, =L, =L’;, and the critical
region for H,: L, # L', is |Z|2 Z,_,9 Where oo = 0.05.
The Ztest assumes that the true variance is known; thus
the stated o is optimistic.

We also computed mean age at length to compare
shelf and slope. The computation of mean age at length
is simpler than the computation of mean length at age
because a random sample for ageing was collected for
each length. The mean age at length, A,., is
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Observed age-length data for male sablefish: (a)
Shumagin, (b) Kodiak, and (c) Southeastern shelf; (d)
Shumagin, (e) Kodiak, and (f) Southeastern slope.
Note variable scale of x and y axes.

where n." is the age sample size at length j, and a, is the
age of the kth individual at length j. The estimated
variance of Aj is

Z(aj,,—Aj)2

Var(A])= 2 * *
n (n; =1

We used the Z test to compare the mean ages at length
between shelf and slope because of the smaller sample
size for the shelf.

Results

The age range for samples from the shelf was 2-28 years
for females (Fig. 2a—c), and 2-29 years for males (Fig.
3a—c). Most fish were under age 20, except for two
females and two males from the Southeastern area and
one male from the Kodiak area. Slope females were age

Table 1
Estimated von Bertalanffy growth parameters (L_, K,
t,) and residual sums of squares (RSS) for sablefish
collected in the Gulf of Alaska in June-September,
1987 and 1989.
Area L, K % RSS
Females
Shelf
Shumagin 74.1 0.171 -5.4 123.6
Kodiak 70.7 0.403 -0.9 450.1
Southeastern 75.6 0.169 -4.0 661.7
Slope
Shumagin 78.9 0.114 -9.4 1,937.6
Kodiak 78.5 0.204 -3.1 3,324.5
Southeastern 85.4 0.112 -6.5 5,036.3
Males
Shelf
Shumagin 63.7 0.344 -1.9 343.8
Kodiak 65.2 0.341 -2.0 398.5
Southeastern 70.9 0.069 -16.4 242.7
Slope
Shumagin 74.8 0.033 -43.9 1,016.7
Kodiak 66.5 0.243 -3.5 1,280.2
Southeastern 67.9 0.190 -4.9 2,625.6

1-63 (Fig. 2d—f) and males age 2-53 (Figs. 3d—f). All
samples from the slope were under age 54 but one, an
age-63 female from the Southeastern area.

The estimated asymptotic lengths (L_) for females
were much larger than those for males from corre-
sponding depths and areas (Table 1). Shumagin shelf
males had the smallest asymptotic length. Southeastern
slope females had the largest asymptotic length. The
value of #, was unusually low for Southeastern shelf
males and Shumagin slope males.

The resulting models for age-length relationships by
depth are {Shumagin}, {Kodiak}, {Southeastern} for shelf
females; {Shumagin, Kodiak}, {Southeastern} for shelf
males; and {Shumagin, Kodiak, Southeastern} for slope
males (Table 2). For slope females, no significant dif-
ference was detected between Shumagin and Kodiak
areas—{Shumagin, Kodiak}, {Southeastern}—and be-
tween Kodiak and Southeastern—{Shumagin}, {Kodiak,
Southeastern}. However, because Shumagin differed
significantly from Southeastern, the areas could not be
pooled. The von Bertalanffy growth parameters for the
pooled areas are listed in Table 3.

Mean length at age often was significantly greater for
the slope than for the shelf (Fig. 4). A large number
(67) of comparisons were made. From the criterion a
=0.05, one would expect about three cases with a statis-
tically significant difference if true mean lengths were
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Table 2
Five models of the age-length relationship for sablefish compared within each of the four groups: shelf female, slope
female, shelf male, and slope male. The reduced model with a residual sum of squares (RSS) not significantly greater than
the RSS for the full model ({Shumagin}, {Kodiak}, {Southeastern}) is the most reasonable. * indicates the most reasonable
model within each group.
Model RSS x2 p T
Female
Shelf
{Shumagin} {Kodiak} {Southeastern} *1,235.5
{Shumagin, Kodiak} {Southeastern} 1,514.3 9.158 0.027 3
{Shumagin, Southeastern} {Kodiak} 1,778.5 16.394 0.001 3
{Shumagin} {Kodiak, Southeastern} 2,228.4 26.544 0.000 3
{Shumagin, Kodiak, Southeastern} 2,407.3 30.019 0.000 6
Slope
{Shumagin} {Kodiak} {Southeastern} 10,298.4
{Shumagin, Kodiak} {Southeastern} *11,011.5 6.762 0.080 3
{Shumagin, Southeastern} {Kodiak} 11,536.8 11.469 0.009 3
{Shumagin} {Kodiak, Southeastern} *10,725.3 4.103 0.251 3
{Shumagin, Kodiak, Southeastern} 12,106.2 16.335 0.012 6
Male
Shelf
{Shumagin} {Kodiak} {Southeastern} 985.0
{Shumagin, Kodiak} {Southeastern} *1,098.8 4.917 0.178 3
{Shumagin, Southeastern} {Kodiak} 1,355.3 14.360 0.002 3
{Shumagin} {Kodiak, Southeastern} 1,674.3 23.871 0.000 3
{Shumagin, Kodiak, Southeastern} 1,712.1 24.876 0.000 6
Slope
{Shumagin} {Kodiak} {Southeastern} 4,922.4
{Shumagin, Kodiak} {Southeastern} 5,179.0 4.826 0.185 3
{Shumagin, Southeastern} {Kodiak} 5,200.0 5.212 0.157 3
{Shumagin} {Kodiak, Southeastern} 4,959.8 0.719 0.869 3
{Shumagin, Kodiak, Southeastern} *5,253.3 6.180 0.403 6

equal. But 21 cases differed significantly; 18 were cases
where mean length at age was greater on the slope.
Mean length of several ages between 4 and 8 in the
Shumagin area (Fig. 4a, d); between 5 and 12 in the
Kodiak area (Fig. 4b, e€), and between 4 and 8 in the
Southeastern area (Fig. 4c, f) was significantly greater
on the slope.

Mean age at length often was greater for the slope
than for the shelf (Fig. 5). In the Shumagin area, mean
age at length differed significantly for most 52-75-cm
FL females and 49-69-cm FL males (Fig. ba, d). A large
number (49) of comparisons were made. Although one
would expect about 3 of these to differ significantly at
o = 0.05 if true mean ages were equal, 30 did. In the
Kodiak and Southeastern areas, few differences in mean
age at length were statistically significant. Although the
differences were not significant, mean age at length was
consistently less for the shelf than for the slope: 41 of 54

Table 3
Estimated von Bertalanffy growth parameters (L_, K,
t,) and residual sums of squares (RSS) for areas with
common age-length relationships.

Pooled areas L, K I RSS
Females
Slope

{Shumagin, Kodiak} 774 0.181 -4.3 5,975.2

{Kodiak, Southeastern} 83.2 0.134 -5.4 8,787.7
Males
Shelf

{Shumagin, Kodiak} 649 0.303 25 856.1
Slope

{Shumagin, Kodiak,

Southeastern} 675 0.176 -6.0 5,253.3
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Figure 4
Sablefish mean length (cm) at age for the shelf (JJ) and slope (+): (a) Shumagin, (b)
Kodiak, and (c) Southeastern females; (d) Shumagin, (e) Kodiak, and (f) Southeast-
ern males. A vertical line indicates that mean length differed significantly (P=0.05) for
the shelf and slope.

cases in Kodiak, and 38 of 51 cases in the Southeastern
area.

Discussion

The growth parameters estimated in this study (Table 1)
are similar to those estimated for Gulf of Alaska sablefish
by Lai (1985) and McDevitt (1990) and for British Colum-
bia sablefish by McFarlane and Beamish (1983). For ex-

ample, we found that female sablefish had greater asymp-
totic lengths than males, a result in agreement with other
Gulf of Alaska growth studies (Lai, 1985; McDevitt, 1990).
Also, females from the Southeastern area clearly had a
much greater asymptotic length than other females. Lai
(1985) also found that Southeastern females reached a
markedly greater asymptotic length than females from
the Yakutat and Shumagin-Chirikof areas.

The values of ¢, for shelf males in the Southeastern
area and slope males in the Shumagin area were unusu-
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Kodiak, and (c) Southeastern females; (d) Shumagin, (e) Kodiak, and (f) Southeast-
ern males. A vertical line indicates that mean length differed significantly (P=0.05) for
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ally small compared to values of ¢, from other areas in
this study (Table 1) as well as previous studies (Lai,
1985; McDevitt, 1990). The unusual A values appear to
result from the small sample size of fish <4 years old (Fig.
3¢, d) and the lack of curvature in the shape described by
the data points for these two areas (Fig. 4d, f).

Lai (1985) tested for depth differences in the age-
length relationship, but did not find significant differ-
ences by depth as in this study, possibly because he
compared depth strata (100-400 m and 600-1000 m)

different from ours (100-200 m and 400-1,000 m).
Further, the age ranges were similar in the two depths
in Lai’s study, whereas our shallow stratum contained
younger and smaller fish than the deeper stratum. The
difference between 100-200 m and 400-1,000 m may
have been masked by Lai’s pooling depths from 100 to
400 m. Alternatively, the disagreement between the
studies may reflect changes in population structure
between the sampling times for Lai’s study (1982, 1983)
and our study (1987, 1989). However, sablefish are
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long-lived compared to the time interval involved, so
one would expect the depth differences to be similar.

Initially, we expected one growth model to fit all
areas, at least for slope fish, because sablefish are highly
migratory (Heifetz and Fujioka, 1991), implying sub-
stantial mixing of the population. The slope fish are
more likely to have similar age-length relationships
among areas because their ages encompass a wide range
and older fish have had more time for extensive move-
ment. As suspected, the age-length relationships gen-
erally were similar on the slope; for males, they did not
differ significantly between areas; and for females, they
did not differ significantly between Shumagin and
Kodiak or between Kodiak and Southeastern areas.

On the shelf, all age-length relationships differed
for females, and all but Shumagin and Kodiak differed
for males, suggesting that grouping may occur within
the population of migrating fish. Young sablefish on
the shelf are in the age interval when growth is fastest,
and thus environmental effects on their growth rates
may be apparent. If fish are grouped within a highly
migratory population, then environmental effects would
appear as differences between growth in the areas. The
differences in growth may be masked for fish on the
slope: they are older, grow much more slowly, and have
had time to mix.

Juvenile sablefish live near shore, whereas adults pri-
marily inhabit the outer coastal waters of the upper
continental slope (generally depths 200-1,000 m). This
study provides some information on offshore move-
ment because sampling was stratified by depth. The
observation that mean size at age often was greater for
the slope than for the shelf (Fig. 4) can be explained if,
given age, smaller fish tend to be on the shelf and
larger fish tend to be on the slope. This pattern implies
that faster-growing fish in an age group are in deeper
water. The observation that mean age at size usually was
greater for the slope (Fig. 5) can be explained if, given
size, younger fish tend to be on the shelf and older fish
tend to be on the slope. This pattern implies that older
fish at a given size are in deeper water.

One explanation of these patterns is that sexual matu-
ration triggers directed movement to deeper water,
and the probability of maturation increases with age
and size. If true, an older fish of a given size is more
likely to have matured and moved to the slope than a
younger fish, and a larger fish of a given age is more
likely to have matured and moved to the slope than a
smaller fish, as was observed. An ontogenetic change
other than maturation may trigger directed movement
to deep water. Lactate dehydrogenase is pressure-insen-
sitive in longspine thornyhead, Sebastolobus altivelis, and
is an adaptation to deep water (Siebenaller and Somero,
1978). Sablefish may possess a deepwater adaptation
that develops ontogenetically.

Another explanation of these patterns is that fish
who reach the slope grow faster than fish who remain
on the shelf. This explanation, however, does not ac-
count for why the mean age at length is greater on the
slope. This explanation also seems unlikely because of
the lower productivity of the slope.

A third explanation of these patterns does not re-
quire directed movement to deeper water by sablefish
and therefore is more parsimonious: random move-
ment of fish from shallow to deep water, where they
remain. If individual fish move randomly on the shelf,
they eventually encounter the slope by chance, for the
slope is a finite distance from the nearshore areas where
the juveniles live, and sablefish have been shown to
travel long distances (Heifetz and Fujioka, 1991). The
fish tend to be older on the slope because it takes time
for individuals to randomly encounter the slope. At a
given length, an older fish is more likely to have en-
countered the slope than a younger fish. Once there,
fish remain on the slope. If, in addition, movement rate
is positively correlated to fish size (i.e., if big fish swim
faster than small fish), then larger fish at a given age
will tend to be in deeper water because they have a
greater chance of encountering the slope within a pre-
scribed time. Thus the differences in the age-length
relationship by depth can be explained by individual fish
moving randomly from nearshore to offshore, where they
remain, and by faster-growing fish moving more quickly.
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ABSTRACT

The stomach contents of 1,868 sablefish, Anoplopoma fimbria, were examined from nine
bottom trawl cruises between 1987 and 1992. The sablefish were found to be highly
piscivorous. Their diet varied with length: the smallest sablefish ate mostly fish and small
crustaceans, and the largest sablefish ate fish and cephalopods. Smaller sablefish took more
prey that originated in midwater; larger sablefish foraged predominately on the benthos.
The size of the prey increased with an increase in sablefish length. As noted in existing
literature, change in diet with length coincided with a size—depth relationship in which
smaller sablefish were found in shallow water, and larger fish occurred at varying depths,
except in the shallowest areas. Geographic differences were evident: sablefish in the south
consumed more midwater prey than those in the north.

Introduction

Sablefish from trawl landings off the U.S. west coast are
typically caught with a mixture of other species includ-
ing Dover sole, Microstomus pacificus, and thornyheads,
Sebastolobus spp. This complex accounts for approxi-
mately 40% of groundfish landings, excluding Pacific
whiting, Merluccius productus. Sablefish ranked second
in landings of this complex (after Dover sole) and are
third in overall trawl landings (after Pacific whiting and
Dover sole; Pacific Fishery Management Councill).
Landings have decreased in the last ten years, mostly
because of management constraints.

Despite their importance in commercial landings,
little has been published about the trophic ecology of

! Pacific Fishery Management Council. 1992. Status of the Pa-
cific coast groundfish fishery through 1992 and recommended
acceptable biological catches for 1993. Pac. Fish. Manage. Coun-
cil, Metro Center, Ste. 420, 2000 S.W. First Ave., Portland OR, 80 p.

sablefish. Sablefish are carnivores, feeding primarily on
fishes (Grinols and Gill, 1968; Cailliet et al., 1988). Top
predators play an important role within the community
by controlling species composition and abundance
(Regier et al., 1979). Since sablefish have an estimated
biomass of 152,323 t (Methot?), their predation is likely
to have indirect effects that cascade down through the
system. Therefore, we examined sablefish feeding and its
implications for trophic interactions and management.

Methods

Sablefish stomach samples were collected on nine bot-
tom trawl cruises from 1987 to 1992. Cruises were con-

2 Methot, R. D. 1993. Assessment of the west coast sablefish stock
in 1994. In Appendices to the status of Pacific Coast groundfish
fishery through 1993 and recommended acceptable biological
catches for 1994, Appendix B, 31 p. Pac. Fish. Manage. Council,
Metro Center, Ste. 420, 2000 S.W. First Ave., Portland, OR 97201.
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Northern
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Figure 1
Map of the survey area showing northern (from 45°23'
to 40°32'N) and southern (37°31' to 34°31'N) areas.

ducted off the coast of Oregon and California, in two
areas: northern (Cape Mendocino, CA, to Cape Look-
out, OR) and southern (Pt. Conception, CA, to Half
Moon Bay, CA; Fig. 1). All cruises took place in fall or
winter. Trawl stations were placed on fixed tracklines
stratified into six depth strata: 183-366, 367-549, 550—
732, 733-914, 915-1,097, and 1,098-1,280 m (100-199,
200-299, 300-399, 400-499, 500-599, and 600-699 fm).
Stations were randomly placed within the depth strata.
A total of 286 trawls were made (190 in the northern
area and 96 in the southern area). Trawls lasted 30
minutes at depth for depths shallower than 732 m, and
one hour for depths 732 m and deeper.

Catch sampling and processing followed procedures
outlined by Smith and Bakkala (1982). Up to 15 fish were
selected from any one trawl for stomach samples; only
non-empty stomachs were used. Fish were selected to
cover the entire length range found in the trawl sample.

In the laboratory, total volume was determined for
each stomach. Prey from stomach samples were identi-
fied to the lowest taxon possible and enumerated. When
possible, prey lengths (mm) were measured (standard
length for fish, carapace length for crustaceans, mantle
length for cephalopods, and the longest body diameter
for the remaining taxa). The relative volume for each
taxonomic group in a stomach was calculated. Frequency
of occurrence was determined for each prey item indi-
vidually and grouped by taxon; it was defined as the
number of stomachs with that specific prey item (or
taxon) divided by the total number of stomachs. Mean
number of prey was calculated for each prey item indi-
vidually and grouped by taxon. Prey species were classi-
fied by habitat (whether they spent greater than 50% of
their time in the water column or on the bottom). An
index of relative importance (IRI) was computed for
each taxon (Pinkas, 1971) by multiplying percent fre-
quency of occurrence by the sum of percent by relative
volume and percent by number. Horn’s index of over-
lap was calculated with the IRI data to compare sable-
fish diet from the north and south areas (Krebs, 1989).
Sufficiency of sample size was shown by plotting the
cumulative number of prey taxa against the number of
stomachs examined (Cailliet et al., 1988).

Size analysis of sablefish feeding was conducted by
pooling sablefish into length classes. To analyze gen-
eral patterns in sablefish diet with size, we used the
following length classes: less than 300, 300-399, 400-
499, 500-599, 600-699, and more than 699 mm FL. For
simplicity, we refer to these length classes by their mid-
point value (e.g., 400-499 mm as 450 mm). For the
studies of diet change with depth for same-sized fish,
and of prey habitat versus size, we used smaller length
classes with a range of 50 mm (e.g., 550-599 mm) to
give sharper definition to trends with size.

We used regressions and correlations to give a sense
of scale to increasing or decreasing trends in the follow-
ing comparisons: diet measures (percent frequency of
occurrence, percent diet volume, and mean number
per sablefish) versus length classes of sablefish, and
versus depth of capture; size of individuals in a prey
taxon versus sablefish length; sablefish length versus
depth of capture; and prey habitat versus sablefish
length. We examined heterogeneity of slopes to detect
differences in trends for sablefish length and depth
between the north and south areas.

Results

Overall Diet

Fishes were the major prey of all sablefish combined,
accounting for more than 75% of diet volume, occur-



ring in greater than 63% of the sablefish sampled, and
having a high IRI value of 4,911.6 (Table 1). Of the
identifiable prey fish, scorpaenids—Sebastolobus
alascanus, S. altivelis, and various species of Sebastes—
accounted for the largest portion of the percent diet
volume, highest IRI, and highest frequency of occur-
rence. A complex of midwater fishes including Pacific
whiting, myctophids, and bathylagids ranked second in
percent diet volume, IRI, and frequency of occurrence.
Within this midwater complex, Pacific whiting accounted
for 82.4% of the diet volume, had the highest IRI, and
made up nearly half the total number of midwater fish
eaten. Pacific whiting had a frequency of occurrence of
4.6%, again about half of all midwater fish. Unidentifi-
able fish made up a large portion of fish prey, account-
ing for almost one quarter of the diet volume and
occurring in over 40% of the sablefish stomachs. Two
adult sablefish each ate a single sablefish.

Invertebrates accounted for a much smaller diet vol-
ume than fish, about one quarter of the IRI, and were
present at lower frequencies. Cephalopods—mainly
squids (Teuthoidea)—were the dominant invertebrate
prey. Squids constituted 7.4% of diet volume, were
found in 9.8% of the sablefish, and had the highest IRI
of all invertebrates. Heteropods—Carinaria spp.—were
the next most abundant prey, present in 9.5% of all
sablefish. Another prominent gelatinous prey was
thaliaceans, present in over 6% of the sablefish. Of the
remaining invertebrate prey, shrimps (natantian deca-
pods)—most abundantly Sergestes similis—crabs
(reptantian decapods)—most abundantly Chionoecetes
tanneri—and small crustaceans, including mysids,
gammarid amphipods, and euphausiids, were common
components of the diet.

Some major differences were found between the diets
of sablefish taken in the south and those from the
north. The Horn’s index of overlap of 0.36 indicates
low similarity between sablefish diets in these two areas.
Large gelatinous prey (heteropods and thaliaceans)
were more important in the southern diet (Table 2, 3).
Heteropods had a higher frequency of occurrence in
the south (26.2% vs. 0.3% in the north), percent diet
volume (14.5% vs. 0.03%), average number per sable-
fish (0.2 vs. 0.01), and IRI (386.7—the highest of any
prey group in the south—vs. <0.1). Thaliaceans also
had a higher frequency of occurrence in the south
(13.5% vs. 2.9% in the north), percent diet volume
(9.6% vs. 0.9%), and IRI (130.7 vs. 3.1), whereas the
average number per sablefish was similar in the south
(0.1) and north (0.2). Fish showed the opposite trend:
in the south they were lower in percent occurrence
(52.3% vs. 74.2% in the north), percent diet volume
(51.0% vs. 80.4%), and IRI (122.5 vs. 6,072.9). Sable-
fish ate similar numbers of fish in both the south (1.6)
and the north (1.5).
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Cumulative prey curves for all fish and for fish from
the northern or southern regions showed that adequate
samples were taken in each analysis (Fig. 2, 3).

Change in Diet with Fish Size and Depth

Diet, characterized as percent frequency of occurrence
in all guts within a length class, varied with increasing
sablefish length, and length increased with depth. How-
ever, this change in diet composition with depth oc-
curred only for a few prey groups.

Diet Change with Length—The composition of the sable-
fish diet changed with length (Fig. 4-6). Fish were the
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Figure 2
Cumulative number of prey taxa by the number
of sablefish stomachs examined, for all sablefish.
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Figure 3
Cumulative number of prey taxa by the number of sable-
fish stomachs examined, for sablefish from the north-
ern area (dashed line) and southern area (solid line).
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Table 1
Average diet of all sablefish, Anoplopoma fimbria, captured from California and Oregon, 1987-92 (N = 1,868 sablefish).
Number per % Diet Avg size FO!
Prey sablefish volume of prey (%) IRI? Habitat’
Pisces (all) 1.500 76.45 116.99 63.01 4,911.6
Benthic Pisces 0.177 40.94 164.30 16.32 1,623.4 B
Myxinidae 0.007 1.18 204.00 0.64 0.8 B
Eptatretus deani 0.002 0.41 209.00 0.16 0.1 B
E. stoutii 0.002 0.72 365.00 0.21 0.2 B
Myxinidae egg case 0.003 0.04 37.50 0.21 <0.1 B
Petromyzonidae 0.001 0.01 200.00 0.05 <0.1 B
Chondrichthyes 0.005 0.70 275.00 0.48 0.3 U
Chondrichthyes unid. 0.002 0.03 0.00 0.16 <0.1 U
Apristurus brunneus 0.001 0.05 150.00 0.05 <0.1 B
Scyliorhinid egg case 0.001 0.00 0.00 0.05 <0.1 B
Squalus acanthias 0.002 0.35 400.00 0.16 0.1 U
Rajidae 0.001 0.27 0.00 0.05 <0.1 B
Chimaeridae
Hydrolagus colliei 0.001 0.27 0.00 0.05 <0.1 B
Pleuronectiformes 0.004 0.61 158.60 0.37 0.2 B
Pleuronectiformes unid. 0.001 0.03 0.00 0.05 <0.1 B
Embassichthys bathybius 0.001 0.00 58.00 0.05 <0.1 B
Lyopsetta exilis 0.002 0.27 158.33 0.16 <0.1 B
Microstomus pacificus 0.001 0.31 260.00 0.11 <0.1 B
Macrouridae 0.001 0.46 190.00 0.11 0.1 B
Albatrossia pectoralis 0.001 0.30 190.00 0.05 <0.1 B
Coryphaenoides acrolepis 0.001 0.16 0.00 0.05 <0.1 B
Alepocephalidae
Alepocephalus tenebrosus 0.002 0.81 173.33 0.16 0.1 B
Anoplopomatidae
Anoplopoma fimbria 0.001 0.39 0.00 0.11 <0.1 B
Liparididae
Careproctus melanurus 0.001 0.31 140.00 0.11 <0.1 B
Cottidae 0.001 0.00 25.00 0.11 <0.1 B
Scorpaenidae 0.149 35.39 120.06 13.70 486.9 B
Scorpaenidae unid. 0.001 0.05 105.00 0.11 <0.1 B
Sebastes alutus 0.002 0.86 175.00 0.16 0.1 B
S. caurinus 0.001 0.12 130.00 0.05 <0.1 B
S. crameri 0.002 0.45 192.50 0.11 <0.1 B
S. diploproa 0.001 0.16 150.00 0.05 <0.1 B
S. jordani 0.002 0.78 116.67 0.16 0.1 B
S. spp. 0.003 0.53 110.00 0.32 0.2 B
Sebastolobus alascanus 0.004 1.41 153.71 0.43 0.6 B
S. altivelis 0.132 30.20 117.64 12.10 367.0 B
S. spp. 0.002 0.82 110.00 0.21 0.2 B

I'FO = frequency of occurence.
2 IRI = index of relative importance.
7 U = undetermined; B = benthic; WC = water column.
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Table 1 (continued)

Number per % Diet Avg size FO!
Prey sablefish volume of prey (%) IRI? Habitat?
Zoarcidae 0.005 0.82 123.75 0.48 0.4 B
Zoarcidae unid. 0.003 0.19 101.00 0.27 0.1 B
Bothrocara remigerum 0.001 0.24 310.00 0.05 <0.1 B
Lycodes diapterus 0.001 0.32 80.00 0.11 <0.1 B
L. pacifica 0.001 0.07 95.00 0.05 <0.1 B
Midwater Pisces 0.085 13.48 123.05 8.24 111.8 WwC
Merlucciidae
Merluccius productus 0.047 11.11 169.27 4.55 50.8 wC
Bathylagidae 0.008 1.08 112.69 0.80 0.9 wcC
Bathylagidae unid. 0.006 0.50 111.67 0.59 0.3 wC
Bathylagus pacificus 0.002 0.58 136.67 0.16 0.1 wC
Leuroglossus stilbius 0.001 0.00 50.00 0.05 <0.1 wC
Chauliodontidae
Chauliodus macouni 0.004 0.48 176.67 0.43 0.2 wC
Clupeidae 0.001 0.16 120.00 0.05 <0.1 wC
Engraulididae
Engraulis mordax 0.001 0.00 25.00 0.05 <0.1 wC
Malacosteidae
Tactostoma macropus 0.001 0.19 220.00 0.11 <0.1 wC
Nemichthyidae 0.001 0.05 440.00 0.11 <0.1 wC
Nemichthyidae unid. 0.001 0.03 440.00 0.05 <0.1 wC
Nemichthys scolopaceus 0.001 0.01 0.00 0.05 <0.1 wWC
Scomberesocidae
Cololabis saira 0.005 0.07 115.00 0.43 <0.1 WwWC
Myctophidae 0.018 0.35 74.45 1.77 0.7 wC
Myctophidae 0.013 0.05 61.46 1.23 0.1 wC
Lampanyctus ritteri 0.002 0.26 126.25 0.21 0.1 wC
Stenobrachius leucopsarus 0.002 0.04 57.50 0.16 <0.1 WC
Tarletonbeania crenularis 0.002 0.00 70.00 0.16 <0.1 wC
Pisces misc. 1.238 22.02 83.50 41.33 961.3 U
Pisces unid. (entire animal) 0.238 19.52 109.68 23.82 470.6 U
Pisces bones 0.196 2.28 176.67 16.06 39.8 U
Pisces scales 0.027 0.00 0.00 0.64 <0.1 U
Demersal Pisces egg 0.536 0.09 8.32 0.75 0.5 U
Pisces egg case 0.236 0.13 21.50 0.27 0.1 U
Pisces larvae 0.005 0.01 20.40 0.37 <0.1 U
Algae 0.003 0.02 0.00 0.27 <0.1 B
Invertebrata 3.967 23.15 55.72 50.91 1,380.5 U
Porifera 0.001 0.01 0.00 0.11 <0.1 B

! FO = frequency of occurence.
2 IRI = index of relative importance.
7 U = undetermined; B = benthic; WC = water column.
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Table 1 (continued)

Number per % Diet Avg size FO!
Prey sablefish volume of prey (%) IRI? Habitat’
Hydrozoa 0.001 0.03 0.00 0.05 <0.1 wC
Scyphozoa 0.001 0.00 0.00 0.11 <0.1 wC
Anthozoa 0.005 0.08 72.50 0.37 <0.1 B
Nemertea 0.001 0.00 80.00 0.05 <0.1 B
Polychaeta 0.027 0.06 64.06 1.71 0.1 B
Polychaeta unid. 0.008 0.01 41.25 0.64 <0.1 B
Polychaeta, pelagic 0.001 0.00 110.00 0.11 <0.1 wC
Polychaeta, sedentary 0.001 0.00 90.00 0.05 <0.1 B
Polychaeta tubes 0.001 0.00 0.00 0.11 <0.1 B
Alciopidae 0.001 0.00 60.00 0.05 <0.1 B
Aphrodita spp. 0.005 0.03 64.17 0.43 <0.1 B
Flabelligeridae 0.002 0.00 33.00 0.05 <0.1 B
Glyceridae 0.009 0.03 77.50 0.27 <0.1 B
Gastropoda 0.021 0.49 21.60 1.77 0.9 B
Gastropoda unid. 0.005 0.02 32.00 0.43 <0.1 B
Gastropod egg capsule 0.002 0.18 0.00 0.21 <0.1 B
Amphissa versicolor 0.005 0.01 5.56 0.43 <0.1 B
A. spp. 0.008 0.05 7.81 0.43 <0.1 B
Neptunea priboloffensis 0.001 0.05 0.00 0.11 <0.1 B
Nudibranchia 0.002 0.19 88.00 0.16 <0.1 B
Heteropoda 0.149 4.02 94.15 9.53 39.7 wC
Carinaria japonica 0.020 0.65 63.29 1.18 0.8 wC
C. spp. 0.129 3.37 97.42 8.35 29.2 wC
Bivalvia 0.009 0.10 41.38 0.75 0.1 B
Bivalvia unid. 0.002 0.01 0.00 0.21 <0.1 B
Nuculana conceptionis 0.001 0.00 15.00 0.05 <0.1 B
Solemya spp. 0.006 0.10 0.01 0.48 0.1 B
Cephalopoda 0.185 11.20 86.67 17.56 199.9 U
Cephalopoda unid. 0.063 1.82 57.25 6.10 11.5 U
Octopoda 0.009 0.47 0.00 0.86 0.4 B
Octopoda unid. 0.007 0.47 0.00 0.64 0.3 B
Octopus spp. 0.002 0.00 0.00 0.21 <0.1 B
Teuthoidea 0.103 7.44 89.48 9.79 73.8 wcC
Teuthoidea unid. 0.091 4.39 80.12 8.83 39.6 wC
Architeuthidae 0.001 0.48 0.00 0.11 0.1 wC
Galiteuthis spp. 0.001 0.03 200.00 0.05 <0.1 wC
Gonatopsis borealis 0.001 0.33 210.00 0.05 <0.1 wC
Gonatus spp. 0.001 0.00 0.00 0.05 <0.1 wC
Histioteuthis spp. 0.001 0.51 80.00 0.11 0.1 wWC
Loligo opalescens 0.004 0.78 93.00 0.32 0.2 wC
Octopoteuthis spp. 0.001 0.29 57.50 0.11 <0.1 wC
Onychoteuthis spp. 0.002 0.60 106.67 0.16 0.1 wC
Vampyromorpha 0.011 1.50 95.00 1.12 2.6 B
Vampyroteuthis infernalis 0.011 1.50 95.00 1.12 2.6 B

I'FO = frequency of occurence.
2 IRI = index of relative importance.
7 U = undetermined; B = benthic; WC = water column.
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Table 1 (continued)

Number per % Diet Avg size FO!
Prey sablefish volume of prey (%) IR1? Habitat’
Small Crustacea 3.261 1.16 24.31 12.10 53.5 U
Crustacea unid. 0.035 0.11 0.00 3.64 0.5 U
Calanoida 0.001 0.00 4.00 0.11 <0.1 wC
Mysidacea 0.020 0.54 51.77 1.98 1.1 wC
Mysidacea unid. 0.002 0.00 13.00 0.16 <0.1 wcC
Gnathophausia gigas 0.008 0.11 64.25 0.75 0.1 wC
G. spp. 0.010 0.44 61.40 1.02 05 we
Siriella spp. 0.001 0.00 20.00 0.05 <0.1 wC
Cumacea 0.001 0.00 6.00 0.05 <0.1 B
Isopoda 0.004 0.00 15.20 0.32 <0.1 B
Isopoda unid. 0.003 0.00 18.00 0.27 <0.1 B
Cirolanidae 0.001 0.00 4.00 0.05 <0.1 B
Gammaridea 0.195 0.13 7.49 1.45 0.4 B
Gammaridea unid. 0.170 0.04 8.19 1.12 0.2 B
Gammaridae 0.001 0.01 0.00 0.05 <0.1 B
Lysianassidae 0.025 0.04 5.75 0.21 <0.1 B
Metaphoxus spp. 0.001 0.05 0.01 0.05 <0.1 B
Hyperiidea 0.004 0.01 10.50 0.21 <0.1 wC
Hyperiidea unid. 0.002 0.00 14.25 0.11 <0.1 wWC
Hyperiidae 0.001 0.00 3.00 0.05 <0.1 wC
Scina spp. 0.001 0.00 0.00 0.05 <0.1 wC
Euphausiacea 3.001 0.37 17.97 4.93 16.6 wC
Euphausiacea unid. 0.093 0.01 14.67 1.82 0.2 wC
Euphausia pacifica 1.798 0.24 14.25 2.30 4.7 wC
Nematoscelis difficilis 0.002 0.00 20.67 0.16 <0.1 wC
Stylocheiron longicorne 0.001 0.00 12.00 0.05 <0.1 wWC
Thysanoessa spinifera 1.107 0.12 23.00 0.75 0.9 wC
Reptantia 0.033 1.91 44.50 2.94 5.7 B
Reptantia unid. 0.011 0.57 22.50 0.75 0.4 B
Calocaris quinqueseriatus 0.001 0.01 0.00 0.05 <0.1 B
Callianassa goniophthalma 0.004 0.15 85.00 0.43 0.1 B
C. spp. 0.001 0.03 48.00 0.11 <0.1 B
Cancer spp. megalopa 0.001 0.00 4.00 0.05 <0.1 B
Chionoecetes tanneri 0.013 1.07 0.00 1.28 1.4 B
Paguridea 0.001 0.00 0.00 0.05 <0.1 B
Pagurus tanneri 0.001 0.00 0.00 0.05 <0.1 B
P. spp. 0.001 0.00 0.00 0.05 <0.1 B
Paralomis spp. 0.001 0.07 0.00 0.11 <0.1 B
Natantia 0.074 0.41 38.21 5.89 2.9 U
Natantia unid. 0.021 0.09 36.50 1.82 0.2 8]
Eualus macrophthalmus 0.001 0.00 0.00 0.05 <0.1 wC
E. spp. 0.001 0.00 45.00 0.05 <0.1 wC
Palaemon ritteri 0.001 0.00 40.00 0.05 <0.1 B
Pandalus jordani 0.001 0.05 75.00 0.11 <0.1 B
P. spp. 0.002 0.00 70.00 0.11 <0.1 B
Pasiphaea pacifica 0.003 0.06 60.00 0.27 <0.1 wC
P. tarda 0.002 0.12 150.00 0.16 <0.1 wC
Sergestes similis 0.039 0.08 31.22 3.21 0.2 wC
Spirontocaris spp. 0.006 0.01 12.17 0.16 <0.1 wC
Sipunculida 0.001 0.00 0.01 0.11 <0.1 B

! FO = frequency of occurence.

2 IRI = index of relative importance.
7 U = undetermined; B = benthic; WC = water column.
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Table 1 (continued)
Number per % Diet Avg size FO!
Prey sablefish volume of prey (%) IRI? Habitat?
Echiura 0.006 0.02 0.01 0.54 <0.1 B
Asteroidea 0.002 0.02 18.00 0.21 <0.1 B
Ophiuroidea 0.012 0.02 0.01 0.80 <0.1 B
Ophiuroidea unid. 0.010 0.03 0.01 0.59 <0.1 B
Ophiopthalmus normani 0.002 0.01 0.01 0.21 <0.1 B
Echinoidea 0.007 0.02 0.00 0.70 <0.1 B
Holothuroidea 0.038 0.27 0.01 2.78 0.9 B
Holothuroidea unid. 0.009 0.07 0.01 0.75 0.1 B
Scotoplanes spp. 0.028 0.21 0.01 2.09 0.5 B
Ascidiacea 0.004 0.30 35.00 0.37 <0.1 B
Thaliacea 0.125 2.98 66.56 6.26 19.4 wC
Thaliacea unid. 0.058 0.69 55.71 2.84 2.1 wC
lasis zonaria 0.002 0.01 36.00 0.16 <0.1 wC
Pyrosoma spp. 0.032 1.86 74.57 2.57 49 wC
Salpa maxima 0.002 0.00 37.50 0.16 <0.1 wC
S. spp. 0.021 0.09 65.00 0.54 0.1 wC
Thetys vagina 0.009 0.34 71.50 0.43 0.2 wWC
Miscellaneous
Eggs undet. 0.055 0.00 1.22 0.37 <0.1 U
Gravel 0.000 0.00 0.00 0.05 <0.1 B
Sand 0.005 0.04 0.00 0.70 <0.1 B
Tubes undet. 0.002 0.00 0.00 0.11 <0.1 B
Aves 0.006 0.05 0.00 0.27 <0.1 U
I'FO = frequency of occurence.
2 IRI = index of relative importance.
3 U = undetermined; B = benthic; WC = water column.

most frequent prey category throughout all length
classes, increasing significantly (slope=0.08%/mm;
2=0.85; F, o 23.3; p<0.01) from 45% in sablefish smaller
than 300 mm to 75% in sablefish longer than 600 mm.
Fish also represented the highest percent diet volume
in each length class and increased significantly
(slope=0.06% /mm; r2=0.73;FL5=10.6; $=0.03) from 45%
in the smallest length class to greater than 65% in the
three largest length classes. Mean number of fish per
stomach was low in the smallest length classes (0.45/
fish) but higher in larger classes (but not a significant
increase—p=0.14), with a peak of 2.7 fish/stomach in
the 450-mm length class. Some fish prey species changed
in abundance with sablefish length (rockfish and ee-
lpouts decreased while thornyheads increased), al-
though most species showed no change.

Small crustaceans were frequent in smaller sablefish
stomachs up to the 350-mm length class, but less so in

larger classes. Frequency of occurrence, percent diet
volume, and mean number per sablefish all showed this
pattern (Fig. 4-6). The peak mean numbers were more
extreme than the other measures (Fig. 6); this peak
stems largely from two hauls where the sablefish had
fed primarily on Euphausia pacifica. Other than this
feeding on euphausiids, no change in species composi-
tion of small crustaceans was noted as length changed.

Heteropods were frequent in the diet of smaller sable-
fish (at 350-450 mm), but less so in larger fish (Fig. 4-6).

Sablefish fed on different-sized prey as they grew.
Thornyheads and cephalopods were significantly larger
in the stomachs of larger sablefish. Thornyheads in-
creased in size at a rate of 0.019 mm per 1.0 mm of
sablefish length (] 5o=13.7; p<0.01). For cephalopods,
the rate of increase was 0.027 mm per mm of sablefish
length (F| 43=6.3; p<0.02). The size of heteropods in
sablefish stomachs decreased with increasing sablefish
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Table 2
Prey groups eaten by all sablefish from the southern area of the survey.

Prey group Number Number per sablefish % Diet volume FO! (%) IRI?
Pisces 1,909 1.59 51.00 52.33 122.5
Algae 4 0.00 0.06 0.60 <0.1
Porifera 2 0.00 0.01 0.30 <0.1
Nemertea 1 0.00 0.01 0.15 <0.1
Polychaeta 40 0.03 0.42 3.61 1.6
Gastropoda 37 0.03 1.38 4.36 6.1
Heteropoda 275 0.23 14.53 26.20 386.7
Bivalvia 3 0.00 0.01 0.45 <0.1
Cephalopoda unid. 39 0.03 2.60 4.36 11.5
Octopoda 14 0.01 1.05 2.11 2.2
Teuthoidea 77 0.06 9.32 10.98 103.0
Copepoda 2 0.00 0.01 0.30 <0.1
Mysidacea 31 0.03 1.98 4.66 9.4
Cumacea 1 0.00 0.01 0.15 <0.1
Isopoda 5 0.00 0.02 0.60 <0.1
Gammaridea 67 0.06 0.14 2.56 0.5
Euphausiacea 2,080 1.73 0.45 5.86 12.8
Reptantia 32 0.03 3.53 3.91 13.9
Natantia 85 0.07 1.30 9.32 12.8
Sipunculida 2 0.00 0.08 0.30 <0.1
Echiura 7 0.01 0.10 0.90 0.1
Asteroidea 10 0.01 0.19 1.35 0.2
Echinoidea 7 0.01 0.08 1.05 0.1
Holothuroidea 6 0.00 0.26 0.90 <0.1
Ascidiacea 2 0.00 0.10 0.30 <0.1
Thaliacea 127 0.11 9.55 13.53 130.7
Eggs unid. 74 0.06 0.02 0.90 0.1
Tubes unid. 2 0.00 0.01 0.15 <0.1
Aves 1 0.00 0.01 0.15 <0.1
I FO = frequency of occurence.

2 IRI = index of relative importance.

length, but the decrease was not significant at the 0.05
level (F1,67=3.6; $=0.06).

Size-Depth Relationship—Sablefish length showed a
significant, gradual increase as depth increased, with a
high degree of scatter (Fig. 7; slope=0.32 mm/m;
F| 16.410=9,527; p<0.01; r?=0.35). Typically, sablefish
smaller than 400 mm were found in the shallowest
depths (400 m or less). Two groups of small fish were
collected at approximately 380 and 840 m. These repre-
sent small, pelagic individuals which were probably cap-
tured in midwater during either deployment or retrieval
of the bottom trawl. The distribution for larger sablefish
was not as evident, and they could be found throughout
the entire range, except in the shallowest depths (less
than 200 m). The distribution patterns were more pro-
nounced in the south (slope=0.4 mm/m; F1,1,545=2’241§
$<0.01; 7%=0.59) than in the north (slope=0.3 mm/m;
F1’5’498=2,659; $<0.01; 72=0.33). The rate of change of
length with depth was different in the two areas (a test for

heterogeneity of slopes showed a significant difference;
depth*geographic area interaction: F] ¢ o0,=37.5; p<0.01).

Diet Change with Depth—The only prey groups whose
occurrence had a significant relationship with depth
over all fish sizes were thaliaceans, small crustaceans,
cephalopods, and shrimps. Thaliaceans had a higher
frequency of occurrence (slope=3.3%/m; r?=0.33;
Fy 15=6.3; p=0.03) with increasing depth. On the other
hand, small crustaceans, cephalopods, and shrimps had
a lower frequency of occurrence with increasing depth.
Small crustaceans had a lower frequency of occurrence
(slope=-1.4%/m; 7°=0.38; F, ;,=8.0; p=0.01) and a
smaller mean number per sablefish (slope=-1.1 indi-
viduals/m; r2=0.27; F1’12=4.5; $=0.05) with an increase
in depth. Cephalopods had a lower percent diet vol-
ume (slope=-0.01%/m; ?=0.40; F, ,=7.8; p=0.02) with
an increase in depth. Shrimps had a significantly lower
percent diet volume (slope=—2.4 % /m; r2=0.32; F, . ,=5.9;

1,12
$=0.03) with an increase in depth. Fish showed no
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Table 3
Prey groups eaten by sablefish from the northern area of the survey.

Prey group Number Number per sablefish % Diet volume FO' (%) IRI?
Pisces 964 1.45 80.45 74.15 6,072.9
Algae 4 0.01 0.86 0.33 0.3
Hydrozoa 1 0.00 0.09 0.08 <0.1
Scyphozoa 2 0.00 0.01 0.17 <0.1
Anthozoa 9 0.01 0.27 0.58 0.2
Polychaeta 10 0.02 0.08 0.67 0.1
Gastropoda 4 0.01 0.24 0.33 0.1
Heteropoda 5 0.01 0.03 0.33 <0.1
Bivalvia 13 0.02 0.36 0.91 0.3
Cephalopoda unid. 90 0.14 1.90 7.07 14.4
Octopoda 24 0.04 2.09 1.91 4.1
Teuthoidea 114 0.17 5.79 9.14 54.5
Mysidacea 6 0.01 0.09 0.50 0.1
Isopoda 2 0.00 0.01 0.17 <0.1
Gammaridea 306 0.46 0.28 1.16 0.9
Euphausiacea 3,526 5.30 1.15 4.66 30.1
Reptantia 29 0.04 1.48 2.41 3.7
Natantia 55 0.08 0.66 4.16 3.1
Echiura 4 0.01 0.08 0.33 <0.1
Asteroidea 17 0.03 0.09 0.83 0.1
Echinoidea 6 0.01 0.09 0.50 0.1
Holothuroidea 64 0.10 1.26 3.91 5.3
Ascidiacea 5 0.01 0.51 0.42 0.2
Thaliacea 106 0.16 0.89 2.91 3.1
Eggs unid. 30 0.05 0.01 0.08 <0.1
Sand 13 0.02 0.23 1.08 0.3
Gravel 1 0.00 0.01 0.08 <0.1
Tubes unid. 1 0.00 0.01 0.08 <0.1
Aves 11 0.02 0.38 0.33 0.1
I'FO = frequency of occurence.

2RI = index of relative importance.

significant trend as a group, but thornyheads demon-
strated a significantly higher mean number per sable-
fish with increasing depth (slope=0.02 individuals/m;
r?=0.43; F| 1,=16.8; p=0.02).

Sablefish of the same size showed no change in diet
composition with change in depth. For the four largest
length classes (450-499, 500-549, 550-599, and 600-
649 mm), frequency of occurrence showed large fluc-
tuations, but no consistent trend with depth. See Figure
8 for an example (the 550-599-mm length class).

Prey Habitat

The prey in the sablefish stomachs came from both the
water column and the benthos (Table 1). Major
midwater prey consisted of heteropods, thaliaceans,
squids, euphausiids, and midwater fishes, whereas ma-
jor bottom prey consisted of gastropods, crabs, echino-
derms, and bottom fishes. Overall, midwater prey oc-
curred more frequently than benthic prey (76.7% and

51.8%, respectively). Of the 1,212 sablefish with prey
that could be categorized by prey habitat, 1,041 (85.9%)
had prey entirely from either the bottom or midwater
habitat, and 171 (14.1%) had prey from both habitats.
For sablefish with more than one prey item in their
stomachs, mixed midwater and benthic feeding ap-
peared in 31% (145 fish). Of the remaining 69% (325
fish) of sablefish with multiple prey items, approxi-
mately one third (110 fish) ate only benthic prey, and
two thirds (215 fish) ate only midwater prey.

There was a significantly lower frequency of occur-
rence of midwater prey with increasing sablefish length
(slope=-0.103%/mm; F, ,=21.8; p<0.01), whereas
benthic prey were more common with greater fish length
(slope=0.01%/m; F1’10=25.4; $<0.01; Fig. 9). The trend
of decreased feeding on midwater prey with greater
fish length was present for midwater fishes, squids,
mysids, heteropods, and thaliaceans. Sablefish that fed
on midwater prey averaged 484.2 mm long; sablefish
that fed on benthic prey had a significantly greater
average length of 520.3 mm (df=367; =-8.8; p<0.01).
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Figure 4
Percent frequency of occurrence of major prey catego-
ries by sablefish fork length, for all sablefish.

Sablefish from the south ate more midwater prey
than fish from the north. In the south, the frequency of
occurrence was 81.7% for midwater prey and only 33.9%
for benthic prey. In the north, the frequency of occur-
rence was 32.8% for midwater prey, and 33.7% for
benthic prey. This same trend emerged for percent diet
volume: in the south it was 48.0% for midwater prey
and 30.3% for bottom prey; in the north it was 26.2%
for midwater and 40.5% for benthic prey. In both areas,
the mean numbers of prey per sablefish were highest
from the midwater prey category, because of the high
numbers of euphausiids eaten.

Discussion

As sablefish increase in length, they change from a diet
of small, midwater prey to large prey primarily from the
benthos. The major prey of small sablefish are small
crustaceans (mostly euphausiids, gammarid amphipods,
and mysids), heteropods, and small fish (myctophids,
deepsea smelts, etc.). Large, adult sablefish eat many
different prey: fish, primarily thornyheads, are predomi-
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Figure 5
Percent diet volume of major prey categories by sable-
fish fork length, for all sablefish.

nant, followed by cephalopods. Since there is little dif-
ference in the diets of sablefish of the same size over
depth, the change in diet seems related to differences
in size rather than depth. A similar change in diet with
size was noted by Cailliet et al. (1988) off central Cali-
fornia, and by Conway (1967) off southern California.
However, Cailliet et al. (1988) observed that fishes were
the principal prey for the largest length classes of sable-
fish, but that cephalopods were less important than
euphausiids, amphipods, and decapod shrimps.
McFarlane and Beamish (1983), working off the west
coast of Canada, also found fish and cephalopods to be
the two dominant prey groups, although no specific
sablefish length classes were noted.

Sablefish feed on increasingly larger prey as they
grow. This change in prey size is due both to change in
predation tactics (mouth size, speed, etc.) with size and
to the different habitats that sablefish inhabit as they
mature. Conway (1967) observed a similar trend: two-
year-old sablefish fed on small Sebastolobus alascanus,
while older sablefish ate larger S. alascanus. This rela-
tionship has also been seen in species other than sable-
fish. Prince and Gotshall (1976) found that the size of
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Average number per fish of major prey categories by
sablefish fork length, for all sablefish.

prey for copper rockfish, Sebastes caurinus, increased
with increasing fish size. In large leopard searobin,
Prionotus scitulus, prey size increased with increasing
fish length (Ross, 1978).

Sablefish show geographic differences in both diet
and size distribution. Sablefish in the south feed more
prominently on midwater prey than fish in the north.
Sablefish in the southern area are smaller (Methot?)
and have a more pronounced depth-size relationship.
There may be some link between the smaller size in the
south and the pelagic feeding mode, but the mecha-
nism is not clear.

Different prey are taken in the two feeding modes—
in midwater and on the benthos. This pattern may
reflect the habitat that sablefish occupy at different life
stages, possibly showing an ontogenetic transition from
the pelagic juvenile stage to a benthic existence as
adults. During this transition, sablefish reduce their
midwater feeding and presumably their time in
midwater, and become more strongly associated with
bottom feeding. Although the time in midwater is re-
duced, sablefish are taken as bycatch in the midwater
Pacific whiting fishery (Sampson et al., 1997). This
gradual transition in feeding mode may help to explain

3 Methot, R. D. 1992. Assessment of the west coast sablefish stock
in 1992. In Appendices to the status of the Pacific coast ground-
fish fishery through 1992 and recommended acceptable biological
catches for 1993, App. D, 96 p. Pac. Fish. Manage. Council, 2000
S.W. First Ave., Metro Center, Ste. 420, Portland, OR 97201.
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why sablefish is one of the few species whose distribu-
tion extends from shallow water onto the slope.

The decline in midwater feeding with length, and
thus in time spent in the water column, may result in a
differential vulnerability to bottom trawl gear. Since, at
any given time, a larger proportion of smaller fish would
be feeding in midwater, bottom trawl estimates would
be lower for smaller fish than for larger fish. It is diffi-
cult to assess from the data presented here how large an
effect this trend would have, but the reduction in fre-
quency of occurrence of midwater prey is substantial
from the largest to the smallest length class. This trend
is similar to that seen in differential vulnerability to

trawl gear due to diel behavior reported in the north-
eastern Atlantic (Walsh, 1991; Engas and Soldal, 1992).
The differential vulnerability of fish to the trawl would
bias any trend of relative abundance from smaller to
larger fish and therefore reduce apparent mortality.
Predatory fish play a dominant role in marine ground-
fish ecosystems, and changes in abundance of major
piscivorous fish will cause a cascade of effects on these
ecosystems (Bax, 1991). Attempts to incorporate these
kinds of species interactions have been considered criti-
cal in heavily exploited ecosystems such as the North
Sea, where consumption by fish, marine mammals, and
seabirds are many times the amount taken by the fish-
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ery (Pope, 1991). This need has led to the development
of multispecies virtual population analysis (MSVPA)
where natural mortality consists primarily of abundances
of major predators multiplied by their feeding rates on
other harvested fish. The MSVPA assessments produce
results that often contradict single-species assessments,
and the question as to which of the contradictory pre-
dictions from single-species or MSVPA assessments is
more accurate has not been resolved.

The combination of predator relations and the har-
vesting of sablefish and the two thornyhead species in
the slope community presents the same situation that
led to contradictory advice from single-species and
MSVPA assessments in the North Sea. Sablefish and the
two thornyhead species are harvested together, and
sablefish are a major predator on the two species of
thornyheads, particularly S. altivelis. Stock assessment
of sablefish under the most optimistic conditions indi-
cates that biomass has decreased to less than one half of
1971 levels (Methot?), and potentially the decrease could
be much greater. Under the assumption of a MSVPA
management regime, the reduced sablefish biomass
would lead to a substantial reduction in natural mortal-
ity of S. altivelis and, to a lesser degree, S. alascanus,
although the degree of reduction is impossible to pre-
dict, since it would be a function of a number of factors
not known here, such as predation rate, digestion rate,
etc. Thornyhead landings have increased ninefold in

the same period as the sablefish decrease (Ianelli et
al.*) and although there is a great deal of uncertainty
associated with the assessment, S. altivelis is considered
a lightly exploited stock, and S. alascanus is considered
a highly exploited stock. If MSVPA assumptions be-
come accepted, assessments of these two thornyhead
species would change dramatically.
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ABSTRACT

Synoptic trap surveys were conducted during 1989, 1990, and 1991 off the west coast of
Canada to examine area- and depth-related differences in population parameters used to model
the life history of sablefish. It was found that age composition, size at age, size at maturity, and
age at maturity differed among depths and areas. Differences in most parameters with depth,
and between sites north and west of Vancouver Island result from the interaction of sablefish
ontogeny, varying temporal patterns of fishing effort, the width of available slope habitat, and
the physical and biological oceanography of the fishery production domains of the two areas.
Sablefish older than ten years were most abundant at depth and at southern sites, probably
because of the interaction of ontogenetic dispersion and differential fishing mortality. Length at
age declined with depth and increased with latitude. Plausible explanations for the variation in
size at age by depth and area include fishery effects, biotic effects including abundance and food
availability, and abiotic effects including temperature and oxygen. Length at maturity was similar
over all areas in shallow depths and decreased with depth, a relationship that was more
pronounced at southern sites. Age at maturity was lower for northern sites and shallow depths. A
two-stage hierarchy of maturation is proposed, with length and age as primary and secondary

stimuli, respectively. Implications to stock assessment are examined.

Introduction

Sablefish, Anoplopoma fimbria, is an economically impor-
tant demersal species inhabiting the continental shelf
and slope from Baja California to northern Japan. It
has a long history of exploitation throughout its range,
with landings recorded as early as 1913 from Canadian
waters (Fig 1.; McFarlane and Beamish, 1983a). Cana-
dian catches averaged 4,616 metric tons (t) over the
period 1977-92. Combined trap, longline, and trawl
fisheries landed 5,027 t in 1992.

In 1977, Canada assumed control of resources within its
200-nautical-mile Fishing Zone and initiated detailed stud-
ies of sablefish biology to support the stock assessments
required for management of the developing fishery. These
studies found substantial variation in most life-history pa-
rameters. For example, Beamish and Chilton (1982) and
McFarlane and Beamish (1983b) noted considerable
among-sample variation in sablefish size at age from the

same general area, although the cause of the variation was
not examined. A similar pattern of variation was noted in
maturity estimates. Age and length at 50% maturity were
estimated initially to be 5 y and 52 cm for males and 5y
and 58 cm for females (Mason et al., 1983). However,
McFarlane and Beamish (1990) subsequently reported
variation in estimated age and length at maturity. Their
estimates of length at 50% maturity for females ranged
from 51.7 to 54.0 cm, although those for males were less
variable, ranging from 53.6 to 53.9 cm. Similarly, esti-
mated age at 50% maturity ranged from 3.8 to 4.9 y for
males and from 3.8 to 5.0 y for females. These estimates
were based on samples from the commercial fishery.
Stock assessments conducted in recent years (Saunders
and McFarlane, 1990, 1991, 1993) noted a juvenation
of the commercial age composition over the period
1979-84, which coincided with a shift in the depth
distribution of fishing effort. From 1977 through 1984,
effort was directed at increasingly shallower depths (Fig.
2; Saunders and McFarlane, 1993). Since 1984, the age
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composition of the catch and the distribution of effort
by depth have been relatively stable, although the
amount of fishing in deeper water has gradually in-
creased in the northern area. Saunders and McFarlane
(1990) hypothesized that the cause of the juvenation
could be either an effect of fishing mortality or an
artifact of shifting effort patterns in conjunction with
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Figure 1
(A) Northern and (B) southern areas as defined in this study,
showing sablefish survey trap-fishing stations and sablefish
habitat (shaded) as indicated by bottom depths between 200
and 1,000 m.

variable age composition among depths. We extend
these hypotheses to include consideration of the effects
of natural variation in growth rate and an ontogenic
migration from shallow to deep water with age.

In order to identify the best of these competing hy-
potheses for observed changes in age composition and
variation in life-history parameters, we implemented a
fishery-independent survey over the stock range. Our
focus in this work is to describe the biological processes
responsible for our observations, rather than to simply
describe the data and attempt to account statistically
for observed variation. We report the results of these
area and depth investigations and provide evidence
that the observed differences result from an interaction
of ontogenetic processes and fishing mortality.

Materials and Methods

To examine the variation in age-specific parameters
related to area and depth, sablefish were sampled dur-
ing 1989-91 with longlined traps set at six standard
stations coastwide, and within three discrete depth in-
tervals at each station. The sampling was one compo-
nent of a survey designed to index the abundance of
sablefish. The stations were located in recognized com-
mercial sablefish fishing areas and were spaced ap-
proximately 60 n.mi. apart (Fig. 1). The stations and
related fishery data were divided into northern and
southern areas along a boundary at approximately
51°15'N. This division was based on tagging evidence
showing that the two areas draw recruitment from differ-
ent portions of the shelf (McFarlane and Saunders, 1997).

At each station, we fished one string of gear consist-
ing of 25 Korean conical traps attached to a 22-mm (7/8")
polypropylene groundline at 45.8-m (25-fm) intervals.
The traps were baited with 1 kg of frozen squid (Loligo
spp-) suspended from the top of the trap in a fine-mesh
bag. Target soak time was 24 h. Strings were set within
three depth strata at each station: shallow, <350 fm (<640
m); midrange, 351-450 fm (641-824 m); and deep, >450
fm (>824 m). Fish from every second trap were sampled
for fork length (mm), sex, maturity, and age.

Age was determined with Beamish and Chilton’s
(1982) criteria for interpreting burnt otolith cross-sec-
tions. Photographs of selected otoliths were used to
examine the individual growth patterns of fish cap-
tured from shallow and deep strata. The photographic
system consisted of a 35-mm camera attached to a Wild
M8! dissecting microscope with fiber-optic lighting, and
B/W T-max 100 ASA film. Maturity was assessed visually
with the criteria of Weir et al. (1978).

! Reference to trade names or commercial firms does not imply
endorsement by the National Marine Fisheries Service, NOAA.
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Lengths and ages at maturity (L;, A;,) were esti-
mated as the 50% point on a logistic model of percent
maturity as a function of length or age, where data were
sufficient. Parameters of the logistic model were esti-
mated by maximum likelihood (SYSTAT, 1992). Where
data were insufficient for analytic estimation, first ma-
turity was interpolated from observations.

Results

A total of 6,487 sablefish were aged from six stations
and three depth strata (Table 1) sampled during 1989,
1990, and 1991. Ages from all surveys were pooled,

since interannual differences in age distributions within
areas and depths were minor. For example, Barkley-
area age compositions from the three surveys over three
depth strata are similar (Fig. 3). The only difference is
that a mode of young fish present in the deep stratum
in 1989 is absent from the 1990 and 1991 surveys.

Age and Growth

Age compositions at the six stations, for all years com-
bined, were different among areas and depth strata
(Fig. 4). At the southern stations (Barkley, Esperanza,
and Quatsino) the proportion of older fish increased
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progressively from shallow to deep. Younger fish (<10
y) were present at all depths, although their abundance
was much lower in deeper water, and the abundance of
fish younger than 5 y, in particular, declined precipi-
tously with depth. Fish older than 10 y did not occur in
abundance until midrange depths and were dominant
in the deep stratum. By comparison, age distributions
from the northern stations (Gowgaia, Buck Pt., and
Langara) were dominated by ages 1-10 y, and a reser-
voir of older fish was not apparent. Fish older than 10y
were present only occasionally, and primarily in the
deep stratum, e.g., at Buck Pt.

Variation in other biological attributes was also depth
dependent. The mean length at age (LAA) for both
males and females decreased with depth, although the
trend was less pronounced off the Queen Charlotte
Islands. For example, plots of mean LAA by depth for
the Quatsino and Langara stations (Fig. 5) show the
mean length of females is above 70 cm for ages greater
than 5 y in the shallow stratum, but below 70 cm in the
deep stratum. Mean LAA averaged 7.2 and 5.1 cm larger
in shallow strata than in deep for the Quatsino and
Langara sites, respectively. Differences in mean LAA
across depths are highly significant (p<0.01) in both
areas. Sample sizes for northern stations reflect the
lower abundance of males at these sites (Table 1).

Length at Maturity

Assessment of maturity for sablefish is hampered by the
absence of immature fish in samples from most north-
ern sampling stations (Fig 6.).

In concert with variation in growth and age composi-
tion, maturity schedules by length are also depth spe-
cific. Analysis of variance shows that, for both males and
females, length at first maturity is significantly smaller
(p<0.01) with greater depth. This difference with depth
is greater for females than for males, and also greater
for both sexes in the southern area than in the north-
ern area (Fig. 7). For example, the range in female L,
across strata at Barkley (48-60 cm) is considerably
greater than that off the west coast of the Queen Char-
lotte Islands (e.g., Buck Pt., 56-60 cm). Differences
across strata are generally consistent in all areas, al-
though variation in the estimated L, for males in the
middle stratum is apparent (Fig. 7). The estimation of
differences at northern sites is hampered by the low
number of immature animals observed in any but the
shallow depth stratum.

Although the differences in L, across strata are sig-
nificant, a more notable feature of these data is the
coherence of the L, for females from shallow water,
across areas. This coherence accounts in large measure
for the lack of a significant area effect on the estimated

Table 1
Numbers of sablefish aged by sex, station, and depth.
Depth strata are: shallow, <350 fm (<640 m); midrange,
351-450 fm (641-824 m); deep, >450 fm (>824 m).
Depth stratum
Station Shallow  Midrange Deep Total
Males
Barkley Canyon 235 277 186 698
Esperanza 134 256 146 536
Quatsino 262 138 307 707
Gowgaia 50 92 57 199
Buck Pt. 110 235 90 435
Langara 80 18 29 127
Total 871 1,016 815 2,702
Females
Barkley Canyon 306 286 160 752
Esperanza 116 237 152 505
Quatsino 507 177 185 869
Gowgaia 183 275 208 666
Buck Pt. 324 164 122 610
Langara 280 32 71 383
Total 1,716 1,171 898 3,785
Total
Barkley Canyon 541 563 346 1,450
Esperanza 250 493 298 1,041
Quatsino 769 315 492 1,576
Gowgaia 233 367 265 865
Buck Pt. 434 399 212 1,045
Langara 360 50 100 510
Total 2,587 2,187 1,713 6,487

L, for females (p=0.08). Females sampled in middle
and deep strata show strong latitudinal trends in L,
whereas fish from the shallow stratum exhibit a uni-
form L, (Fig. 7). For both the deeper strata, L, in-
creases from south to north. Mean size at maturity for
females from deep samples ranged from as low as 48 cm
at Barkley to 55+ cm off the west coast of the Queen
Charlotte Islands. Male sablefish show significant varia-
tion (p<0.01) in length at maturity among areas, with
fish maturing at larger sizes at the northern sites.

Age at Maturity

We do not yet have age estimates for all the fish for
which length-at-maturity information was collected. Ex-
cept for fish from the shallowest depth stratum, over
90% of sampled fish are mature at the northern sites. In
areas where ages at maturity can be well determined,
sablefish from deeper water mature at older ages than
fish from shallower water (Fig. 8). Whereas shallow-
stratum females matured at a mean age of approxi-
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Figure 3
Abundance (CPUE) of sablefish age classes by survey and depth zone for the Barkley area. CPUE = number of fish per trap.
Depth zones: S = shallow, M = midrange, and D = deep. Note variable y-axis scale. J

mately 4.0 y (range 3.5-4.5y), fish at the same localities
from deeper water matured at a mean age of 4.4y (3.0-
5.5 y). Similarly, for male fish the estimated mean A,
was 2.7 y (range 2.5-3.0 y) in shallow water, and 3.3 y
(range 3.0-4.0 y) in the deep stratum. When all areas
are considered together, significant differences (p=0.02)
in A;, among areas are evident, although the difficul-
ties in obtaining precise estimates of A, in the north-
ern sites are noteworthy.

Discussion

Age Composition

In common with other demersal fish species, the age
composition of sablefish off British Columbia is area
and depth specific. The abundance of fish older than
10 y increases with depth, although this trend is less

pronounced off the west coast of the Queen Charlotte
Islands than off Vancouver Island. The depth differ-
ences are believed to result from the interaction of two
dynamic processes—ontogenetic dispersion and fish-
ing mortality. The differences in the expression of these
processes between northern and southern areas are
due to the effect of differences in available habitat.
Tagging studies have shown that juvenile sablefish
frequent nearshore habitats and gradually migrate off-
shore, recruiting to the adult population at approxi-
mately 5 y (McFarlane and Beamish, 1983b; 1983c;
Beamish and McFarlane, 1988; McFarlane and Saunders,
1997). These studies also show that most juvenile sable-
fish recruitment to northern offshore slope waters origi-
nates in Hecate Strait rather than in outside shelf wa-
ters. The progressive movement of juveniles into deeper
water with increasing size has been noted in the shelf
areas of Hecate Strait (Fargo et al., 1990) and off south-
ern Vancouver Island (Tanasichuk, 1997). Our age-
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Figure 4
Abundance (CPUE) of sablefish age classes from surveys conducted from 1989 through 1991, by area and depth zone.
CPUE = number of fish per trap. Depth zones: S = shallow, M = midrange, and D = deep. Note variable y-axis scale.

composition results indicate that this migration from
shallow to deep continues as adults populate the shelf
habitat. This clinal process is more pronounced off the
west coast of Vancouver Island because the available
habitat (200-1,000 m; Fig. 2) is geographically larger
there, compared with the precipitous slope off the west
coast of the Queen Charlotte Islands, where mixing of
all age classes may occur more readily.

Historical differences in the temporal and spatial
distribution of fishing effort also contribute to the ob-
served patterns of age composition. The diminished
abundance of older fish over all depths off the Queen
Charlotte Islands could be the result of higher fishing
rates in this area during the late 1960’s and 1970’s, as
noted in the most recent stock assessment (Saunders et
al.,, 1994).

Size at Age

Models of population dynamics used in stock assess-
ment rely on parameters estimated from random
samples. Parameter values are assumed to adequately
describe the development of individual fish. Growth
curves, for example, assume that pooled observations
of size at age from a single sample in time can be used
to describe and predict the growth trajectory of indi-
vidual fish. In reality, the length-at-age curves derive
from simultaneous observations of fish from many co-
horts, each of which is growing on its own trajectory.
Length at the time sampled can depend on genotype,
past history (biotic and abiotic influences), and sam-
pling biases arising from the selective nature of fisher-
ies and fishing gear. The effects on the interpretation
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Figure 4 (continued)

of growth have been treated in detail by Mulligan and
Leaman (1992).

Our results show significant variation in mean length
at age and length at maturity among areas and depth
strata. Similarly, Sigler et al. (1997) found variation in
mean size at age and in age composition with latitude
and depth in the Gulf of Alaska. Methot? found changes
in age composition with depth and latitude but did not
find any variation in mean size at age with depth from
Washington to California. A number of competing, and
in some cases confounding, hypotheses can be advanced
to explain these observations. Some hypotheses invoke
factors that influence growth rate, including the den-
sity-dependent effects of sablefish abundance and prey
abundance. Alternatively, abiotic, genetic, or fishery-

2 Methot, R. D. NW Fish. Sci. Cent., NMFS, NOAA, 2725 Montlake
Blvd. E., Seattle, WA 98112. Personal commun.

based factors can be suggested as root causes for the
observed differences.

Sablefish inhabit a broad range of depths across the
continental shelf and slope. The long history of the fish-
ery means that we have few observations of distribution in
what could be considered an undisturbed or natural state.
But we do know that the concentration of fishing effort
and removals from midrange depths is likely to distort the
distribution of biomass, leading to lower biomass in this
stratum and consequent density-dependent effects on
growth. Surveys conducted in 1989-92 indicated higher
average catch rates in the deep stratum (Saunders et al.,
1994), which would be consistent with density-dependent
effects in this stratum. Indeed, length at age is uniformly
smaller in the deep stratum, although we note that the
causes for variation in growth rate are manifold.

Growth rate in fish is sensitive to many abiotic fac-
tors. The decline in length at age observed with increas-
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Mean length at age of female sablefish from (A)
Quatsino and (B) Langara, by depth zone. Means are
calculated only for ages with a sample size of more than

five individuals.

ing depth could result from simple temperature effects,
since bottom temperatures decrease with depth, and
lower temperatures are known to depress both rate of
food consumption and growth efficiency (Wootton,
1990). Differences among sites can also arise from lati-
tudinal temperature effects. Our northern and south-
ern stations fall within two distinct oceanographic do-
mains (Ware and McFarlane, 1989), the Coastal Up-
welling Domain and the Coastal Downwelling Domain.
In summer, upwelling off the west coast of Vancouver
Island brings cold, saline water from the deep onto the
slope and shelf, a process not mirrored in northern
waters (Thomson?®), and which is consistent with ob-
served differences in growth.

3 Thomson, R. Institute of Ocean Sciences, Fisheries and Oceans
Canada, P.O. Box 6000, Sidney, B.C., V8L 4B2 Canada. Personal
commun.
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Area differences might also be examined in a genetic
context. Although no genetic studies have been con-
ducted on this species, genetic distinction requires
spawning distributions that are mutually exclusive, with
no mixing of the resulting progeny. Even with large
population numbers, gene flow maintenance requires
only a small number of migrants among units (Solbrig
and Solbrig, 1979), a number well within observed mix-
ing rates from our tagging studies. We note on this basis
that genetically-based stock separation is unlikely, but
this does not preclude the recognition of separate stocks
for management purposes.

Similarly, a genetic basis for the bathymetric varia-
tion is possible. However, the fact that the distribution
of spawning fish is continuous over the entire slope
from 174 to 1,450 m (Mason et al., 1983) suggests a
single stock. A genetic basis for observed variation must
therefore advance a mechanism for segregation in the
face of such continuous distribution. Potentially, the
width of the slope could play a role. There is little
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variation with depth in the northern area, where the
slope is narrow and potential stock segregation is di-
minished during spawning. In the southern area, where
the trend of declining size at age with depth is more
pronounced, the slope area is widest and therefore
imposes the greatest physical distance between slow-
and fast-growing fish. These deep and shallow water
components must be closed units—i.e., with no mix-
ing—to perpetuate unique genotypes. However, tag-
ging studies do not support such isolation. Laboratory
studies of egg and larval development (Beamish and
McFarland, 1992) showed that, due to the specific grav-
ity of eggs and larvae and the depth distribution of water
density off the coast of B.C., sablefish eggs must hatch in
water deeper than 1,000 m. This requirement restricts the
availability of suitable spawning habitat to a narrow coastal
band and reduces the likelihood of genetic segregation.
Examination of annulus widths provides further evi-
dence that the decline in growth with depth does not
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Age at 50% maturity for (A) male and (B) female
sablefish by area and depth stratum. * represents ob-
servations with very small sample sizes and poor esti-
mates of age at maturity (see also Fig. 6).

have a genetic basis. Photographs of broken and burnt
sagittal otoliths in Figure 9 are from two male fish
captured at the Barkley station. They are of comparable
ages—33 and 36 years. The former was captured in the
shallow stratum, the latter in the deep. At the time of
capture, the shallow fish measured 65.1 cm; the deep
fish 53.2 cm. On both otoliths the ninth annulus is
marked. If we assume that the annular width is propor-
tional to somatic growth, then the two fish had similar
rates of growth until the ninth year. At that point the
deep fish begins to show markedly lower otolith growth,
in spite of its obviously similar growth capacity. We
propose that the reduction in growth corresponds to the
age at which the fish recruited to the deepwater environ-
ment, and that one or more nongenetic mechanisms are
responsible for the reduced growth. It is thus possible that
observed patterns of growth on sablefish otoliths could be
used to infer movement among depth strata.
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In summary, length at age is lower at depth and in
southern sites. Plausible causes include density-depen-
dent effects of varying abundance (both natural and
fishery-induced); variation in abiotic factors (e.g., tem-
perature); or even prey availability. Our examination
indicates, however, that depth differences are unlikely
to have a genetic basis.

Maturation Hierarchy

The low abundance of juveniles in northern waters
renders a comprehensive discussion of maturation dif-
ficult. The ontogeny of sablefish in northern vs. south-
ern waters explains the low numbers of immature fish
off the west coast of the Queen Charlotte Islands.

Whereas the prime area for juveniles off Vancouver
Island is inshore and shallower than the adult distribu-
tion, most juvenile sablefish in northern waters are in
the inside waters of Hecate Strait, rather than in the
shallow waters of the narrow shelf off the west coast of
the Queen Charlotte Islands. Tagging studies (Beamish
and McFarlane, 1983; McFarlane and Saunders, 1997)
show conclusively that juveniles recruit from Hecate
Strait to the west coast of the Queen Charlotte Islands.
Most fish have matured by the time they arrive in the
fishery in this area.

Our study suggests a hierarchy of maturation stimuli
for sablefish. Maturation of fish and other organisms is
typically a mass-action phenomenon—i.e., it is medi-
ated primarily by body size rather than age. The coher-
ence in maturation of shallow female sablefish at an L,

of approximately 60 cm, across a broad geo-

Figure 9
Burnt otolith cross sections from male sablefish of comparable
ages captured from (top) shallow and (bottom) deep sets at
Barkley. Arrows indicate the position of the ninth annulus on
each cross section.

graphic range, confirms such a size-based pro-
cess. However, we have also shown that length
at age varies greatly with both depth and lati-
tude off British Columbia, and that sablefish
from deeper water mature at significantly
smaller sizes than those from shallower water.
Although the upper limit of size at maturity for
sablefish appears to be relatively fixed, the
threshold size is apparently labile. Clearly, matu-
ration of sablefish in deeper waters is governed
by factors other than size.

In general, the influences of size and age are
confounded in most analyses of maturation.
This can be seen in the analytical framework of
Richards et al. (1990), where age and size were
shown to be jointly influential in lingcod matu-
rity. The observations of age and size at matu-
rity noted above suggest a hierarchy of size and
age stimuli in the maturation of sablefish. At-
tainment of an appropriate size appears to be
the primary stimulus. The attainment of these
large sizes at maturity is associated with faster-
growing fish from shallower water. The obser-
vations of maturation in smaller and older fish
from midrange and deep waters indicate that if
growth rates preclude the attainment of the
threshold size for maturity within a specific time
frame, fish will mature irrespective of size. For
sablefish, our data indicate that the age ranges
of 4.0-5.5 and 3.0-4.0 y represent such a sec-
ondary stimulus to maturation of deepwater
females and males, respectively.

A two-stage maturation hierarchy is consis-
tent with life-history theory, which predicts plas-
ticity of maturation schedules in response to
different environmental challenges (Stearns and
Koella, 1986). Mayo et al. (1990) noted similar
dual stimuli for maturation in Atlantic redfish.




The type of hierarchy of stimuli observed for matura-
tion in sablefish is required for optimization of repro-
ductive effort against increasing mortality probability
with age, a topic on which there is a rich literature (e.g.,
Charlesworth, 1980; Potts and Wootton, 1984; Clarke,
1987). In general, species follow a mixed evolutionary
strategy in which optimal conditions for growth can be
capitalized upon to enhance lifetime reproductive suc-
cess, but age-mediated mechanisms will ensure that repro-
ductive opportunities are not forgone within suboptimal
growth trajectories. For sablefish, our data suggest a rela-
tively fixed age-dependent maturity schedule which can
be environmentally accelerated, but not delayed.

Summary and Implications for Stock
Assessment

Our results have several implications for stock assess-
ment and the estimation of yield from sablefish stocks.
The bases for these implications are the ontogenetic
behavior of the fish and its interactions with the spatial
distribution of the fishery, and the productivity of the
environments in which the sablefish live at different life
stages. We have shown that the bathymetric and spatial
distribution of the fishery, in conjunction with available
habitat for sablefish, can yield fishery observations which
are strongly biased compared with the total population.
In addition, the biological characteristics observed in
both research and commercial fishing reflect time-inte-
grated processes of growth and selective fishing mortal-
ity. This highlights the importance of synoptic sam-
pling surveys that cover the entire bathymetric and
latitudinal range of the species.

Stock assessment models must begin to account for
these selective processes, perhaps through the applica-
tion of weighting algorithms that reflect the origin and
history of the observed fish. For example, observed
sizes at age might be weighted for depth and geo-
graphic origin of catch to account for potential biases
associated with fishing patterns. Although such a con-
sideration is not novel, the depth and geographic dif-
ferences we have noted accentuate the need to bring
these aspects into assessment models for sablefish. His-
torically, stock assessment has often assumed implicitly
that fishery observations reflect general stock charac-
teristics. We show that analysis of data from fisheries
prosecuted primarily in shallow or deep water will pro-
vide over- and underestimates, respectively, of growth
and productivity. Similarly, the estimation of relative
cohort strengths through sequential population analy-
ses can be affected by alterations in bathymetric fishing
patterns, particularly if these patterns are progressive
over time. Declines in relative abundance will be masked,
and fishing mortality underestimated.
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Of greater concern from an assessment perspective is
the need to perceive stocks in a more detailed way. But
greater complexity in stock structure is not desirable
for fishery management because it makes monitoring
more difficult and less precise. One of the major chal-
lenges facing biologists is the need to evaluate the
effects of selective fisheries on long-term stock dynam-
ics and to determine whether the biological complexi-
ties we note are important to sound management.
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Diet of Sablefish, Anoplopoma fimbria,
from the Southwest Coast of Vancouver Island

R. W. TANASICHUK

Pacific Biological Station
Fisheries and Oceans Canada
Nanaimo, B.C.

VIR 5K6 Canada

ABSTRACT

I analyzed stomach content data for 2,479 sablefish, Anoplopoma fimbria, collected from
continental shelf or slope locations along the southwest coast of Vancouver Island in August
each year from 1985 through 1989. Euphausiids dominated the diet. Year and location had
no significant effect on the importance of euphausiids and other invertebrates as food;
however, the consumption of all invertebrates decreased as fish size increased. Pacific
herring, Clupea pallasi, was the most important fish prey. The importance of herring and
other fish as prey varied with year, location, and predator size. There was no effect of year,
location, or size on the proportion of fish with empty stomachs.

Introduction

Waters off the southwest coast of Vancouver Island,
including La Perouse Bank, are an extremely produc-
tive fishing area (Fig. 1). Commercial catches from the
relatively small (10,000 km?) bank region averaged 5.3
metric ton (t)/km2/y over the last 30 years. This is
about five times the average yield in the eastern Gulf of
Alaska (Ware and McFarlane, 1989). Pacific hake,
Merluccius productus, dominate the commercial catch.
Their catch averaged 52,000 t between 1984 and 1989.
Catches of sablefish, Anoplopoma fimbria, and other
groundfish species were between 4,000 and 5,000 t
annually over the same time.

Fisheries and Oceans Canada began an oceanographic
study of the southwest coast of Vancouver Island in
1985. The goal was to investigate how the ocean affects
fish production. The project has three parts: Physical
oceanographers use mooring and oceanographic cast
information to understand seasonal and interannual
variations in circulation. Biological oceanographers
monitor zooplankton abundance and community com-
position to see how they respond to such variations.
Fisheries oceanography surveys document interannual
variations in distribution and abundance of major fish
species and predator—prey relationships.

The aim of the present study was to describe the diet
of sablefish from stomach content data collected dur-
ing the Fisheries and Oceans Canada fisheries oceanog-
raphy surveys. I investigated the influence of year, fish
size, and location on diet composition. Although sable-
fish is not a dominant species in the study area, it is a
commercially valuable one. Information on sablefish
diet and its variation enhances understanding of the
trophic role this species plays, and also addresses fac-
tors that may influence sablefish growth and survival.

Materials and Methods

Sablefish were captured by commercial trawlers char-
tered for the Fisheries and Oceans Canada surveys.
Bottom trawls were conducted during daylight each
August between 1985 and 1990, in fishing subareas
defined for the study (Fig. 1).

Routine biological and stomach-content information
were collected from random subsamples from each
tow. All fish were examined fresh and at sea. Fork
length (cm) was measured, and sex, maturity, and stom-
ach contents were recorded. Stomach contents were
described by identifying each prey item to broad taxo-
nomic group, visually estimating the volume (cc) of
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Figure 1
Fishing subareas defined for the Fisheries and Oceans Canada study of the southwest coast of
Vancouver Island, B.C. The boundaries between subareas 9 and 9.1, 10 and 10.1, and 12 and
12.1 mark the Canada-U.S. fishing border between British Columbia and Washington.

each item, and then assigning a digestion code. Plastic
syringes were used as guides for estimating prey vol-
ume. Digestion codes ranged from 1 (fresh) to 5 (fully
digested). Standard length (mm) of ingested herring
was measured. There was no evidence of regurgitation.

I restricted my analysis to locations where sablefish
were caught consistently. These were nearshore around
100-m depth on and near 40 Mile and Finger Banks
(subareas 6 and 7), and offshore on the continental
slope at 150 m or deeper (subareas 12 and 12.1; Fig. 1).
Sample sizes are given in Table 1. Data for 1990 were
excluded because only 53 fish were caught that year in
subarea 6, and none from other subareas.

Opinion varies about how to best describe fish diets.
Volume or weight of prey can be misleading because
the digestion rates of prey must be considered.
Tanasichuk et al. (1991) estimated that Pacific hake and
spiny dogfish, Squalus acanthias, digest euphausiids at least
three times faster than they digest fish. However, sampling
throughout the day should minimize the effect of differ-
ing digestion rates. Percent occurrence is immune to
differences in prey digestibility, but can overemphasize
the importance of small prey which may not contribute
significantly to the amount of ingested material. I chose to
describe the diet using the procedure outlined in
Tanasichuk et al. (1991). I converted prey volume to
weight as weight = 1.08 X volume. I calculated sablefish

body weight (g) as W = 0.0014/3%° (McFarlane and
Beamish, 1983), where Lis fork length. Stomach contents
were then expressed as a percentage of total body weight,
which figure was used as a stomach fullness index.

I used 3-way factorial analyses of variance (Sokal and
Rohlf, 1981) to test for significant effects of year, loca-
tion, and fish size on the stomach fullness indices of
dominant prey groups (euphausiids, other invertebrates,
herring, and other fish). I tested the effect of size after
assigning fish to 10-cm length classes. Index data were
transformed with the arc sin transformation before analy-
sis (Sokal and Rohlf, 1981). I used the Bonferroni ¢ test
to compare means. Statistical differences were insignifi-
cant if p> 0.10. The likelihood ratio chi-square test was
used to compare sablefish size distributions.

I calculated the statistical power of these analyses
using the procedures described by Cohen (1977). Sta-
tistical power evaluates how effectively an experimental
design tested a null hypothesis that was not rejected. If
power is high, then the null hypothesis is true. Other-
wise, the null hypothesis cannot be accepted because
experimental design was inadequate. I assumed a me-
dium-sized effect for all tests, considering power less than
0.67 to be too low. All analyses had insufficient statistical
power, which was most likely due to using the mean
stomach-fullness index as the measure of feeding, reduc-
ing sample size to 1 for each combination of independent
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Table 1
Mean stomach fullness indices of prey in sablefish from the southwest coast of Vancouver Island. Size is the midpoint of
each 10-cm length class. Mt is the proportion of fish with empty stomachs.
Bank Slope
Size n Herr. Fish Euph. Invert. Mt n Herr. Fish Euph. Invert. Mt
1985
35 187 0 0.01 0.41 0.02 0.58 0 0 0 0 0 0
45 208 0 0.07 0.30 0.01 0.25 3 0 0 0.19 0 0.33
55 266 0.12 0.12 0.29 0.04 0.11 16 0 0 0.05 0 0.75
65 84 0.10 0.21 0.18 0.01 0.12 153 0 0.05 0.03 0.03 0.56
75 3 0 0.23 0.09 0 0 25 0 0.15 0.02 0.01 0.64
85 0 0 0 0 0 0 1 0 0 0 0 1.00
1986
35 68 0 0.04 5.18 0 0.05 4 0 0 1.76 0.28 0
45 116 0 0.14 2.37 0.01 0.09 12 0 0.02 0.65 0.19 0.17
55 58 0.04 1.29 0.45 0.04 0.10 6 0 1.08 0.40 0 0.33
65 42 0 2.80 0.08 0 0.07 13 0 0.19 0.19 1.06 0.15
75 16 0 1.49 0.01 0.01 0.06 2 0 0 0.10 0 0.50
85 0 0 0 0 0 0 0 0 0 0 0 0
1987
35 8 0 0 5.95 0 0.25 0 0 0 0 0 0
45 61 1.44 0.70 1.56 0.94 0.16 34 0.58 0.96 1.65 0.11 0.24
55 129 1.74 0.21 1.51 0.37 0.05 47 0.22 0.26 1.24 0.03 0.38
65 44 0.58 1.38 0.63 0.16 0.09 32 0.33 0.41 0.59 0.07 0.34
75 21 0.28 1.48 0.15 0.21 0.10 9 0 0.13 0.50 0 0.56
85 3 0 1.68 0 0 0.33 0 0 0 0 0 0
1988
35 2 0 0 0 0 1.00 1 0 0 5.63 0 0
45 32 0.84 0.60 0.05 0.02 0.31 24 0 0.02 2.06 0 0.04
55 24 0.89 0.84 0.02 0 0.17 199 0.25 0.07 0.92 0 0.04
65 0 0 0 0 0 0 107 0.21 0.06 0.66 0 0.02
75 0 0 0 0 0 0 18 0.17 0.02 0.36 0 0
85 0 0 0 0 0 0 0 0 0 0 0 0
1989
35 0 0 0 0 0 0 0 0 0 0 0 0
45 31 0.02 0.02 5.02 0 0 14 0 0.03 2.27 0.02 0.07
55 109 0.54 0.03 2.32 0.03 0.02 158 0.71 0.21 0.83 0.01 0.08
65 14 0.01 0.01 1.15 0 0 66 0.17 0.12 0.31 0.03 0.11
75 5 0 0.78 0.12 0 0.40 4 0 0.02 0.08 0 0.25
85 0 0 0 0 0 0 0 0 0 0 0 0

effects; power drops drastically as sample size declines. In
addition, sample collection during a fisheries survey rarely
allows the highly controlled experimental design possible
in the laboratory. This reduced the power of analyses for
this study, as it likely does for the vast majority of fish-diet
studies based on field sampling.

Results

Sablefish Size

Length-frequency histograms for the fish examined are
shown in Fig. 2. Bank and slope fish averaged 50 + 0.26
and 59 £0.25 cm (mean * SE), respectively. Location
had a significant (p<0.0001) influence on fish size.

Diet Composition

Sablefish consumed a variety of prey, including eu-
phausiids, Pacific herring (Clupea pallasi), myctophids,
Pacific hake, spiny dogfish, salmon, lingcod (Ophiodon
elongatus) , arrowtooth flounder (Atheresthes stomais) , Pa-
cific sand lance (Ammodytes hexapterus), rockfish, and
other invertebrates. I calculated weighted mean stom-
ach fullness indices (WMSFI) to determine the relative
importance of each prey item. Mean stomach fullness
indices were weighted by the number of fish in each
year/location/size category. Euphausiids were the most
important (WMSFI=0.95). Herring (WMSFI=0.30) was
as important as all other fish species combined
(WMSFI=0.27). Other invertebrates were least impor-
tant (WMSFI=0.07).
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Invertebrate Prey

Size affected the consumption of euphausiids (p<0.001)
and other invertebrates (p<0.05) (Table 1). This was
because invertebrates decrease in importance as preda-
tor size increases.

Fish as Prey

The MSFI of herring varied as a function of year
(p<0.001), location (p<0.10), and fish size (p<0.001;
Table 1). Herring was rare in 1985-86 and relatively
abundant in 1987-89. Herring was more abundant in
bank sablefish, and more common in sablefish between
40 and 80 cm (Fig. 3).

Table 2 gives the size composition of herring found
in sablefish. Herring ranged from 13 to 25 cm long and
averaged 20 cm. I found a significant (=0.07) relation-
ship between sablefish size and herring size. The func-
tional regression equation (Ricker, 1973), calculated
after pooling data over all years, was H=0.40 * §—2.73,
where His herring standard length (cm) and Sis sable-
fish fork length (cm), with R? = 0.04.

The importance of other fish in the diet was also
influenced by year (p<0.01), location (p<0.01), and size
($<0.01). Other fish occurred more frequently in 1986
and 1987, and in bank sablefish. Other fish entered the
diet of sablefish longer than 40 cm.
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Figure 2
Length frequencies of sablefish trawled from (A) bank
and (B) slope locations, 1985-89.

Fish with Empty Stomachs

I found no effect of year, location, or fish size on the
proportion of sablefish with empty stomachs. An aver-
age of 19%—weighted by the number of fish in each
year/size/location category—of the sablefish had empty
stomachs.

Discussion

Euphausiids dominate the diet of sablefish on the south-
west coast of Vancouver Island, as they do the diets of
hake and dogfish (Tanasichuk et al., 1991) and herring
(Ware and Tanasichuk, unpubl. data) there. Shubnikov
(1963), McFarlane and Beamish (1983), and Sasaki
(1985) described diets of sablefish from the Bering Sea,
Aleutian Islands, Gulf of Alaska, and northern British
Columbia. All studies reported a variety of prey items
ranging from benthic invertebrates to fish. The fish
component of the diet reflected local species composi-
tions. Shubnikov (1963) found that diet varied season-
ally in the Bering Sea: sablefish fed mostly on fish in
spring and autumn, and on ctenophores in summer.

I found a lower proportion of sablefish with empty
stomachs (about 19%) than other studies reported.
This could reflect feeding opportunity, as this area,
especially La Perouse Bank, is extremely productive
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Figure 3
Proportions of sablefish containing herring and other
fish, 1985—-89. Dots indicate bank hauls and circles
indicate slope hauls. Bars indicate 2 standard errors
about the mean of the arcsin-transformed data.




biologically. Sasaki (1985) found that 25%—36% of sable-
fish trawled in the Bering Sea, Aleutians, and Gulf of
Alaska did not contain food. Beamish et al. (1983, cited
in McFarlane and Beamish, 1983) reported that 72% of
the fish caught north of Vancouver Island had empty
stomachs.

The frequency of occurrence of herring in sablefish
stomachs from the southwest coast of Vancouver Island
may reflect herring availability. Herring were rare in
1985 and 1986, when herring fisheries on the west coast
of Vancouver Island and the Strait of Georgia were
closed because of low stock abundance. Historic tag-
ging statistics indicate that the herring fished in these
locales feed in the La Perouse area over summer.

Our experience is that the proportion of predators
containing fish increases with predator size to a point,
and then decreases. The increase is probably due to the
fact that fish become more important in the diet as
predator size increases. I suggest that the apparent
decrease is a simple sample-size effect, due to the diffi-
culty of obtaining a representative sample of less-com-
mon large sablefish.

I am completing a detailed study of the population
biology and productivity of euphausiids in Barkley
Sound, within the study area. Preliminary results indi-

Table 2
Length frequencies of herring eaten by sablefish.
Year

Length (cm) 1985 1986 1987 1988 1989 Total
13 0 0 1 0 0 1
14 0 0 0 0 0 0
15 0 0 0 2 0 2
16 4 0 1 3 0 8
17 2 0 2 2 0 6
18 1 0 6 2 0 9
19 1 0 6 5 0 12
20 3 0 8 4 6 21
21 0 0 8 3 0 11
22 1 0 4 3 0 8
23 0 0 4 3 1 8
24 0 0 1 0 1
25 0 0 1 0 1
Unknown 10 1 2 16 43 72
Total 22 1 44 43 52 162
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cate that euphausiid biomass and productivity dropped
by 75% after the 1992 and 1993 warm-water events, and
that euphausiid populations show no signs of recovery.
Biomass trends for Barkley Sound agree with those
from synoptic zooplankton sampling data for the La
Perouse area. This implies that euphausiid availability
to sablefish has declined dramatically, which could have
major implications for sablefish productivity given the
importance of euphausiids as sablefish prey.
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ABSTRACT

I develop an adaptive radiation hypothesis describing sablefish bathymetric stock
structure and consisting of three statements: 1) juvenile sablefish occupy relatively shallow-
water regions (<400 fm); 2) at some age near the onset of sexual maturity, adult sablefish
migrate to a preferred bathymetric range and remain within that range for the remainder of
their lifetime; 3) the cline in preferred depth for individual sablefish is maintained through
a dynamic balance between physiological efficiency (determined by a large suite of genes),
gene flow, and positive assortative mating (i.e., no reproductive migration). An important
management implication of this hypothesis is that trends in catch per unit of effort (CPUE)
from the commercial fishery may not reflect trends in overall stock abundance. CPUE’s
from the commercial fishery may overestimate stock abundance because fishing effort
moves from shallow to deep water as the more readily accessible and higher-quality shallow-
water portions of the stock become depleted. Thus observed relationships between mean
age and depth may be artifacts of the varying application of size-selective fishing mortality
with depth. The hypothesis offers an alternative to the ontogenetic hypothesis, which states
that sablefish move deeper as they get older.

Introduction

The diversity of animals has fascinated people for ages.
Darwin’s The Origin of Species (1859) revolutionized our
understanding of the origin of this diversity by refuting
the concept of special creation and introducing the
theory of evolution and its primary mechanism, natural
selection. It has been recognized, however, that Darwin
failed to adequately address the specific mechanisms of
speciation, most notably, reproductive isolation (e.g.,
review by Sinclair, 1988). Stebbins (1950) summarized
the problem as follows: “The processes responsible for
evolutionary divergence may be entirely different in
character and genetically independent of those which
produce isolation mechanisms and consequently dis-
tinct species. . . . Descent with modification and the
origin of species are essentially different processes.”
Although the very definition of species remains con-
troversial (e.g., review by Ereshefsky, 1992), many pos-
sible isolating mechanisms have been proposed, with
those involving some form of geographic separation
generally receiving the most attention (e.g., MacArthur
and Wilson, 1967; Mayr, 1970; White, 1978). Geographic
separation is an obvious isolating mechanism for many
terrestrial non-fish and freshwater fish species. Cohen

(1970) has noted that although freshwater covers only
about 1% of the earth’s surface, it contains about 41%
of modern fish species. By contrast, salt water covers
about 70% of the earth and contains only 58% of the
species (the remaining 1% inhabit both fresh and salt
water). Geographically isolated freshwater “islands in a
sea of land” have undoubtedly played a major role in
creating the relatively wider diversity of freshwater spe-
cies. Isolating mechanisms in the marine environment,
where there are few apparent geographical barriers to
migration and dispersal, are more difficult to visualize.
How does a single interbreeding population of marine
fish diverge into two distinct species?

Understanding speciation mechanisms is of more
than theoretical interest. Sinclair (1988) has suggested
that unraveling the mysteries of speciation may im-
prove fishery management by elucidating the factors
controlling population abundance. He suggests that
the general question of population regulation should
be split into four components:

1. What determines the differences between species in
population richness?

2. Why are the component populations of a particular spe-
cies distributed in the observed geographical patterns?
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3. What processes control the absolute abundance of
the individual populations (or what controls their
means)?

4. What processes control the temporal fluctuations in
abundance of the individual populations (or what
controls their variance)?

Most marine fish research and management, includ-
ing that for sablefish, Anoplopoma fimbria, has focused
on questions 3 and 4. Annual stock assessments are
conducted to identify temporal trends in abundance,
and correlations with environmental factors are com-
puted to infer processes. But without adequate under-
standing of stock structure (i.e., the temporal and spa-
tial distribution of populations), interpretation of as-
sessments is problematic.

This paper addresses questions 1 and 2, particularly
the bathymetric distribution of sablefish and its pos-
sible relationship to speciation processes. Sablefish is
an excellent species for investigation of such issues
because it is known to inhabit such broad geographic
and bathymetric ranges. They are found along the edge
of the continental shelf from Baja California to the
Aleutian Islands and Hokkaido, Japan (Hart, 1973) and
from the surface to depths of 2,740 m (Beamish et al.,
1979). Sablefish are most abundant in the Gulf of Alaska
and within the 400-1,000-m bathymetric range (Alverson
et al., 1964; Hyamoto and Alton, 1965; Shippen').

Two questions related to those posed by Sinclair
(1988) arise: 1) In the region between California and
Alaska, why are there at least 20 species within the
genus Sebastes, but only a single species within the genus
Anoplopoma? and 2) What isolation mechanisms created
this extreme difference in species richness within gen-
era? By seeking answers to these questions, I develop an
alternative hypothesis concerning the bathymetric struc-
ture of sablefish stocks.

Most studies of sablefish stock structure have focused
on delineating populations within their geographic
ranges. Preliminary electrophoretic studies indicate that
some genetic substructure may exist (Gharrett et al.,
1983). Numerous tagging studies have been conducted
to determine sablefish movements and delineate geo-
graphic stock structure (e.g., Holmberg and Jones, 1954;
Beamish and McFarlane, 1983, 1988; Dark, 1983;
McFarlane and Saunders, 1997; Rutecki and Varosi,
1997; Shaw?; Wespestad et al.%). In general, these stud-

1 Shippen, H. H. 1972. Progress report on sablefish studies by
the U. S. National Marine Fisheries Service 1971-1972. NWFC
Proc. Rep. Northwest Fish. Cent., NMFS, NOAA, 2725 Montlake
Blvd. E., Seattle, WA 98112.

2 Shaw, F. R.  1986. Data report: an update of sablefish tagging
studies in waters off the coasts of Washington, Oregon and Califor-
nia, through 1984. NWAFC Proc. Rep. 86-04, 35 p. Northwest
and Alaska Fisheries Cent., NMFS, NOAA, 2725 Montlake Blvd. E.,
Seattle, WA 98112.

ies indicate that 1) juvenile sablefish tend to migrate
more than adults; 2) most adult sablefish remain within
the same geographic region (i.e., within 200 km); and
3) some adult sablefish conduct extended migrations,
occasionally up to 3,600 km. Beamish and McFarlane
(1988) concluded that 1) “sablefish constitute one popu-
lation throughout the range, and within this range
most adults are resident,” and 2) “because recruitment
is irregular and most adults are resident, localized over-
fishing can occur even if exploitation rates are rela-
tively low.”

Sablefish management has generally reflected the
Beamish and McFarlane view, in that separate stock
assessments and harvest guidelines are prepared for
different geographic regions. The associated mathemati-
cal models generally ignore the possibility of significant
bathymetric stock structure (i.e., patterned bathymet-
ric distribution of sablefish over time) and treat the
stock within a geographic region as one homogeneous
unit (e.g., Stocker and Saunders, 1997; Methot*). The
tacit assumption is that within a given management
unit both sablefish and fishing effort are more or less
randomly distributed throughout the bathymetric range.

Historical data on the bathymetric distribution of
sablefish are generally lacking. Only within the past 20
years has fishing technology permitted widespread ex-
ploitation of and research on sablefish throughout its
bathymetric range. A few historical observations on
diurnal and seasonal bathymetric migrations are avail-
able, however. Cox (1949) reported a seasonal migra-
tion to shallower water during the summer. Kulikov
(1965) reported a diurnal migration to the surface
during the day and a return to the bottom at night.
More recently, Sullivan (1982) used a sonic tag to track
the movements of a 54-cm male sablefish in La Jolla
Canyon over a 44-h period. The fish migrated between
206 and 610 m, moving into shallow water at night and
back into deeper water during the day.

The past decade has seen considerable work related
to the bathymetric distribution of sablefish. Most of this
work has focused on documenting intraspecific differ-
ences in life-history parameters correlated with depth.
These findings are usually discussed within the context
of general biology rather than stock structure, however.
For example, this symposium places these subjects in
the category of “Juvenile and Adult Biology,” and, with

3 Wespestad, V. G., K. Thorson, and S. Mizroch. 1978. Movement
of sablefish (Anoplopoma fimbria) in the northeastern Pacific Ocean
as determined by tagging experiments (1971-1977). NWAFC Proc.
Rep., 54 p. plus appendices. Northwest and Alaska Fisheries Cen-
ter, NMFS, NOAA, 2725 Montlake Blvd. E., Seattle, WA 98112.
Methot, R. D. 1992. Assessment of the west coast sablefish stock
in 1992. In Appendices to the status of the Pacific coast groundfish
fishery through 1992 and recommended acceptable biological
catches for 1993. Pac. Fish. Manage. Council, Metro Center, Ste.
420, 2000 S.W. First Avenue, Portland, OR 97201.
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the exception of this paper, the “Stock Delineation and
Movement” section contains papers dealing only with
tagging studies. Thus relatively little attention has been
paid to the possibility of bathymetric stock structure,
despite a growing body of evidence that shallow- and
deepwater sablefish appear to be “different.” This evi-
dence raises three questions analogous to those posed
for geographic stock structure: Are most adult sablefish
resident within a specific bathymetric zone? What is the
pattern of recruitment to these bathymetric zones? Is
localized depletion or overfishing possible within a
bathymetric zone?

Controlling fishing effort within bathymetric zones is
probably impractical. However, the existence of bathy-
metric structure may influence the interpretation of
commercial catch and biological survey data used in
stock assessments. For example, if fishing effort moves
from shallow to deep water as fishing technology im-
proves or as the more readily accessible shallow-water
portions of the stock become depleted, long-term trends
in catch per unit of effort (CPUE) from the commer-
cial fishery may not reflect overall stock abundance.
Also, observed life-history characteristics, such as the
relationship between mean length or age and depth,
may be artifacts of the varying application of size-selec-
tive fishing mortality with depth, as suggested by
Saunders et al. (1997).

Some hypotheses regarding bathymetric stock struc-
ture have been proposed. Fujiwara and Hankin (1988)
observed declining mean length and age at 50% sexual
maturity with depth for sablefish off the coast of north-
ern California. They proposed two hypotheses to ex-
plain these observations: 1) “sablefish may move to
deeper waters at the onset of sexual maturity (for which
size and age may vary considerably among individu-
als),” and 2) “distinct deep water and shallow water
stocks may exist off northern California.”

Sullivan (1982) noted that sablefish appear to have a
deeper distribution at the southern end of their range,
and tested the hypothesis that the geographic and bathy-
metric distribution of sablefish follows a pattern of
tropical submergence, whereby fish living at lower lati-
tudes move to greater depths following isotherms. Her
experiments on thermal tolerance limits indicated that
temperature per se was not forcing fish to live deeper as
adults, and thus her results did not support the tropical
submergence hypothesis.

A more common hypothesis is that sablefish move
into deeper water as they get older (e.g., Hunter et al.,
1989; Saunders et al., 1997; Methot*). Hunter et al.
(1990) proposed the same hypothesis for Dover sole,
Microstomus pacificus, a species that occupies the same
general bathymetric range as sablefish. This ontoge-
netic hypothesis is based primarily on the observation
that mean age of specimens collected from different

depths tends to increase with depth. For example, us-
ing age-composition data collected from pot surveys
along the Washington, Oregon, and California coasts,
Methot* observed that 1) length at age is relatively
similar in the three major depth zones; 2) age at length
increases greatly in deeper water; 3) age composition at
150 fm includes no old sablefish; and 4) age composi-
tion deeper than 550 fm contains no young sablefish.
He concluded that “the ontogenetic movement of sable-
fish into deeper water is related more to age than to
size.”

The ontogenetic hypothesis presents three difficul-
ties. First, mean age (or mean length) at depth is typi-
cally not calculated separately for immature and ma-
ture fish (e.g., Hunter et al., 1989; Parks and Shaw,
1990; Methot*). As I demonstrate later, a much
different pattern emerges when mean lengths for im-
mature and mature fish are considered separately. Sec-
ond, ageing methods often use depth of capture to
“assist” in assigning ages to otoliths.’ If age readers
subscribe to the ontogenetic hypothesis and tend to
assign older ages to otoliths from deeper-dwelling fish,
analyzing mean age at depth involves circular reason-
ing. Third, there is empirical evidence from the early
fishery (1917-18) that the virgin sablefish stock con-
tained very large, and presumably old, fish in shallow
water. Bell and Pruter (1954) report that average size of
sablefish captured near Cape Flattery declined from
15-17 1b in 1917-18 to only 8 b by 1952. Thus the
absence of large, old fish in shallow water observed by
Methot* may simply be the result of “fishing up” the
shallow portion of the stock (i.e., changing the age
structure toward younger fish by harvesting the older
fish).

Hypotheses rarely gain full acceptance on the strength
of observations alone: an underlying theory to explain
the observations at both proximate and ultimate levels
is generally required. Existing hypotheses regarding
bathymetric stock structure are poorly developed. For
example, the ontogenetic hypothesis for sablefish and
Dover sole focuses on the proximate question: What
determines the depth-preference range of an individual
sablefish? It provides only a partially satisfactory an-
swer: age. The hypothesis fails to describe the mecha-
nistic details (i.e., stimulus-response system) of how age
might be linked to depth preference. Do older fish
move deeper because they prefer greater hydrostatic
pressure, lower temperature, less food, less light, or do
they just want to get farther from the juveniles? Fur-
ther, the hypothesis does not address broader adapta-
tion and evolutionary (ultimate) issues, such as identi-

5 Kastelle, C. Ageing Task, Natl. Mar. Fish. Serv., NOAA, 7600
Sand Point Way, N.E., Seattle WA 98115-0070. Personal commun.
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fying the selective advantages of a life-history pattern
that includes moving into deeper water with age. Does
separation of juveniles and adults make more efficient
use of food resources? Is recruitment better when eggs
are spawned in deeper water?

The purpose of this paper is to initiate discussion and
suggest research on these issues by developing an alter-
native hypothesis regarding the bathymetric structure
of sablefish stocks. The hypothesis was motivated by
previous research on two congeneric fishes (Sebastolobus
altivelis and S. alascanus, commonly known as longspine
and shortspine thornyheads, respectively), living at dif-
ferent depths but within the same general bathymetric
range as sablefish. Siebenaller and Somero (1978) found
that although these two species were electrophoreti-
cally indistinguishable, they appeared to have different
muscle enzyme adaptations to hydrostatic pressure. The
authors suggest that “hydrostatic pressure may play a
major and heretofore unappreciated role in biochemi-
cal adaptation to the marine environment” and that
“biochemical adaptations could be a significant factor
in speciation events in the marine environment.”

Since thornyheads occupy the same bathymetric range
as sablefish, and are in fact managed by the Pacific
Fishery Management Council as part of a multispecies
deepwater complex that also includes sablefish and
Dover sole, a reasonable question is: Are the observed
differences between shallow- and deepwater sablefish
also the result of enzyme adaptations to hydrostatic
pressure? In previous work (Norris, 1989) I speculated
that if they are, “sablefish may be in the initial stages of
a population formation or speciation process.”

In this paper I develop the hypothesis more fuily.
The underlying premise is that all species are con-
stantly probing the margins of their habitats. Through
genetic variation and natural selection they are
adaptively radiating, at varying speeds, into new habi-
tats, such as deeper bathymetric zones. Briefly, the adap-
tive radiation hypothesis consists of three statements:
1) juvenile sablefish occupy relatively shallow waters
(<400 fm); 2) at some age near the onset of sexual
maturity, adult sablefish migrate to a preferred bathy-
metric range and remain within that range for the
remainder of their lifetime; 3) the cline in preferred
depth of occurrence for individual sablefish is main-
tained through a dynamic balance between physiologi-
cal efficiency (determined by a large suite of genes),
gene flow, and positive assortative mating (i.e., no re-
productive migration).

The paper is divided into six sections. First, I review
what is known about sablefish growth and energetics,
both in the wild and in controlled environments, and
demonstrate that sablefish growth is extremely plastic
(i.e., responsive to environmental conditions). This in-
formation provides the necessary background for in-

terpreting the observed intraspecific differences corre-
lated with depth, which are reviewed in the second
section. There I argue that the differences are suffi-
ciently great to conclude that individual sablefish oc-
cupy different bathymetric zones. The third section
discusses a common characteristic of deep-dwelling te-
leost fishes—the “soft-textured condition”—which il-
lustrates that the intraspecific sablefish differences are
similar to interspecific differences between other shal-
low- and deep-living species. The fourth section devel-
ops the adaptive radiation hypothesis in detail. In the
fifth section, I discuss both the ontogenetic and adap-
tive radiation hypotheses from two perspectives: proxi-
mate mechanisms and evolutionary significance. Finally,
I draw conclusions and make recommendations for
further research.

Sablefish Growth and Energetics

Sullivan and Smith (1982) conducted laboratory stud-
ies on sablefish captured at a depth of 468 m and found
that sablefish fed a large ration (14% of wet body weight)
every 7-10 d grow at rates two to three times greater
than known growth rates for field fish. They also found
that sablefish starved for 6 mo in the laboratory did not
show signs of stress. Sullivan (1982) estimated that sable-
fish can tolerate food deprivation for up to 260 d under
laboratory conditions, and found that sablefish utilize
lipid stores in white muscle to tolerate food depriva-
tion, followed by liver protein and lipid stores. Sullivan
and Somero (1983) reported that starved sablefish un-
der laboratory conditions had significantly higher wa-
ter content and lower fat and protein content in muscle
tissue than half- and full-ration fish. Furnell (1987)
found evidence that “sablefish are able to allocate oxy-
ren supply preferentially to locomoter muscles and
suppress oxygen demand of digestion when active.”
Shenker and Olla (1986) reported that growth rates for
small juvenile sablefish collected from the neuston off
Oregon were highly dependent on ration size and prey
type.

In preliminary mariculture studies, Kennedy (1974)
reported growth rates of 0.11-0.15 kg/mo for pen-
reared sablefish held off Nanaimo, B.C. Growth for
larger fish (>2 kg) decreased dramatically when seawa-
ter temperature rose above 10°C, apparently due to lower
ingestion rates; smaller sablefish (<2 kg) were less suscep-
tible to decreased growth rates at high temperatures.

Later mariculture studies by McFarlane and Nagata
(1988) demonstrated that sablefish growth rates vary
widely between individuals and can be significantly af-
fected by environmental factors (e.g., temperature, ra-
tion level, and food availability) during larval develop-
ment. They found that sablefish raised on low ration



levels during their first 10 months of life could not
reach the same lengths as sablefish from the same co-
hort raised on high ration levels, even though ration
levels for all treatment groups were maximized after 10
months. They also found that growth rates (about 0.13
kg/mo) for large juvenile and adult sablefish raised for
a period of 24 mo were four to five times the rate for
similar-sized wild fish. They concluded that sablefish
“appear to have an adaptive physiology which is plastic
enough to compensate for the changing metabolic needs
associated with a variable food supply.”

These laboratory and mariculture findings suggest
that sablefish growth in length is not only quite plastic,
but also that maximum length attained by any indi-
vidual during juvenile and young adult stages (ages 3-
12) may be strongly influenced by feeding success dur-
ing the first year of life. The plastic nature of sablefish
growth is reflected in the high variability of von
Bertalanffy growth parameters estimated by different
researchers (Fig. 1). Although some of the variability in
these growth curves can be attributed to ageing errors,
most studies on sablefish ageing methods conclude
that the methods are relatively accurate up to ages 7 or
8 (e.g., Lai, 1985; Parks and Shaw, 1987). One observes,
however, that even at these younger ages the predicted
mean lengths at age are quite different (Fig. 1).

Most growth curves are determined by analyzing
length-at-age data from a synthetic cohort composed of
age classes from many separate true cohorts. If maxi-
mum attainable lengths for true cohorts are strongly
influenced by environmental conditions during early
life history, true cohorts may have different average
growth functions. Thus growth-curve estimates from
synthetic cohorts depend on the mixture of true cohort
growth functions, especially for the younger ages (3-7).

Seasonal growth and sampling patterns may also in-
fluence estimated growth functions. For sablefish cap-
tured in depths less than 730 m (400 fm), Norris et al.
(1987) estimated that mean raw fillet weight for 63-cm
sablefish was 71 gm higher in October than in June, a
9.2% increase. Further analysis indicated that the ob-
served increase was due primarily to increased skeletal
muscle tissue rather than to increases in other somatic
body parts (Norris, 1989).

Methot® examined length, age, and maturity data
associated with depth from NMFS pot surveys in the
area between northern California and Washington, and
hypothesized that this region “contains a mixture of a
morph with small maximum size, like that found south

6 Methot, R. D. 1993. Latitudinal and bathymetric patterns in
sablefish growth and maturity off the U.S. west coast. Presented
at the Intl. Symp. on the Biology and Management of Sablefish,
April 13-15, 1993, Seattle, WA. NWFSC, NMFS, NOAA, 2725
Montlake Blvd. E., Seattle, WA 98112.
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of San Francisco, and a large-maximum-size morph,
such as that found in the Gulf of Alaska.” In light of the
extremely plastic nature of sablefish growth, as demon-
strated by laboratory and mariculture studies, it seems
that those observations could be equally well explained
by regional differences in environmental conditions,
both biological and physical.

I believe that the evidence more strongly supports
the hypothesis that most of the growth variability ob-
served in wild sablefish stocks is due to sampling vari-
ability and environmental conditions rather than to
ageing errors or genotype. The fact that cultured sable-
fish can exhibit four to five times the growth rate of wild
sablefish seems sufficient evidence to support this con-
clusion. The flip side is that observed phenotypic differ-
ences among sablefish captured from different geo-
graphic or bathymetric regions may indicate prolonged
exposure to different environmental conditions. In the
next section I review the observed morphological dif-
ferences associated with depth for sablefish and draw
conclusions about bathymetric distributions.

Phenotypic Characteristics
Correlated with Depth

General Morphology

Norris (1989) reported that sablefish caught in deep
water (>400 fm; 730 m) have darker external belly
coloration, whiter raw fillet coloration despite external
evidence of bruising, increased scale loss, thinner belly
walls, and overall emaciated appearance. The differ-
ences in external coloration may be the result of tem-
perature differences. Sullivan (1982) noticed that dur-
ing temperature-tolerance tests, sablefish first responded
to increased temperature with a bleaching of the ven-
tral surface. Whiter raw fillet color may be due to lower
hematocrits, as has been observed for other deepwater
species (Blaxter et al., 1971).

Length—Weight Relationship

Klein (1985) noted a statistically significant difference
in the length-weight relationship between sablefish
caught by setnet gear and those caught by trap gear.
Setnet fish, which were caught in relatively shallow
water (90-150 fm; 160-275 m), had higher mean round
weight for a given length than did the trap-caught fish,
which were caught in deeper water (250-500 fm; 460-
914 m). Since gear effects may have confounded the
depth effects, these results are inconclusive.

To explore these differences further I compared
length-weight relationships for shallow-water (< 350
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Eight sets of sablefish growth curves (male and female) taken from the literature. Refs. 1-3 are

McFarlane and Beamish (1983); Ref. 4 is Klein (1985); Ref. 5 is McDevitt!; Refs. 6 and 7 are

Parks and Shaw (1987); Ref. 8 is Maeda and Hankin (1983).

1 McDevitt, S. A. 1986. The status of the sablefish resource in waters off the U.S. west coast.  In Status of
the Pacific coast groundfish fishery through 1987 and recommended acceptable biological catches for
1988, p. B1-B32. Pacific Fishery Management Council, Metro Center, Suite 420, 2000 SW First Ave.,
Portland, OR 97201.

fm; 640 m) and deepwater (>350 fm; 640 m) sablefish
captured during NMFS trap surveys in 1979, 1981, 1985,
1987, and 1989 off the coasts of Oregon and Washing-
ton. Off Oregon, shallow-water sablefish had greater
round weight at a given length in all years except 1989,
but the differences were statistically significant (95%
level) only in 1979 (Fig. 2; Table 1). Off Washington,
shallow-water sablefish had significantly greater round
weight at a given length in all years (Fig. 3; Table 2).

Norris et al. (1987) found that for each 100 fm (183
m) of depth, mean raw fillet weight for 63-cm sablefish
declined by about 5%. For example, 63-cm sablefish
caught in 600 fm (1,100 m) averaged about 21% (170
gm) less raw fillet weight than sablefish of equal length
caught in 200 fm (365 m). To put this difference in a
temporal perspective, the mariculture studies by
McFarlane and Nagata (1988) indicated that juvenile
and adult sablefish fed a high-ration diet gained about
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Figure 2
Length-weight relationships for shallow (<350 fm) and deep (>350 fm)
sablefish captured during 1979, 1985, 1987, and 1989 by NMFS survey trap

130 gm per month, which was about four to five times
the growth rate of wild fish. Thus, for the average
63-cm sablefish living at 600 fm, it would take at least
a month and a half to gain enough skeletal muscle
weight to equal that of the average 63-cm shallow-water
sablefish.

Mean Length and Age vs. Depth

Several studies document an increase in mean length
with depth of capture (e.g., Hunter et al., 1989; Parks
and Shaw, 1990; Methot?). But none of these studies
computed separate relationships for immature and
mature fish. I computed separate relationships for im-
mature and mature sablefish captured during the NMFS
trap surveys off the Oregon and Washington coasts
using data from random samples (Fig. 4). For imma-
ture fish, mean length is fairly constant (48-53 cm)

Table 1
Results of coincidence tests for length—weight relation-
ships between shallow- and deepwater sablefish cap-
tured during NMFS trap surveys off the coast of Oregon.

Year N F P

1979 1,079 13.35 0.000
1985 565 0.40 0.671
1987 508 1.50 0.224
1989 337 2.30 0.102

over the 150—-450-fm (275-820-m) depth range (no im-
mature fish were captured in waters deeper than 450
fm; 820 m). For mature fish, mean length vs. depth
follows a V-shaped pattern, declining from about 62 cm
at 150 fm (275 m) to a low of 55 cm at 450 fm (820 m)
and then increasing back to 62 cm at 700 fm (1,280 m).
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Length-weight relationships for shallow (<350 fm) and deep (>350 fm)
sablefish captured during 1979, 1981, 1985, 1987, and 1989 by NMFS survey
trap gear off the Washington coast.

I have found no published graphs of mean age vs.
depth of capture. However, as mentioned earlier, sev-
eral studies allude to increased mean age at depth (e.g.,
Hunter et al., 1989; Methot?).

Physiology

Gibbs and Somero (1990) measured the activity of Na*-K*-
adenosine triphosphatase (Na*- K*-ATPase; the primary

enzyme responsible for monovalent ion transfer) in the
gills of several marine teleosts from different depths. They
found that Na*K*-ATPase activity decreased significantly
with depth of capture. For sablefish, “Na*-K*ATPase ac-
tivities of shallow-occurring sablefish resembled those of
other shallow-living species, whereas deeper-occurring in-
dividuals had much lower Na*-K*-ATPase activities which
were similar to those of solely deep-living fishes.”
Sullivan (1982) conducted temperature stress tests
on sablefish and found that the upper acclimation tem-
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Mean fork lengths for mature and immature sablefish captured during NMFS trap surveys
off the Washington and Oregon coasts from 1979 through 1989.

perature was about 18°C and that fish acclimated to 6°C
died within 2 hr at 3°C, but lived indefinitely at 4°C. This
apparent sensitivity to low temperature may be a critical
factor in determining the maximum depth for sablefish.

Norris et al. (1987) reported that 24-h drip loss (free-
drip water loss from a raw fillet sample within a 24-h
period) increased significantly with depth of capture.
For example, mean 24-h drip loss from sablefish cap-
tured in 200 fm (66 m) and 600 fm (1,097 m) was 6%
and 24%, respectively.

Histology

Norris (1989) found that histological sections of muscle
tissue from shallow-water sablefish were characterized
by polygonally shaped muscle fibers with a large num-
ber of fat cells in between, whereas those from deepwater
sablefish were characterized by spherical muscle fibers
and an absence of fat cells. Muscle fibers from deepwater
specimens appeared to be so severely hydrated that the

Table 2
Results of coincidence tests for length-weight relation-
ships between shallow- and deepwater sablefish captured
during NMFS trap surveys off the coast of Washington.

Year N F p

1979 965 10.45 0.000
1981 839 6.27 0.002
1985 688 31.60 0.000
1987 526 12.60 0.000
1989 463 14.07 0.000

cell walls were pulled away and the myofibrils were torn
apart.

Summary

Shallow- and deepwater sablefish have significant dif-
ferences in external morphology, mean weight atlength,
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mean length and age at depth, physiological proper-
ties, and histological characteristics. Two important
questions arise from these observations. First: To what
extent are the observed intraspecific differences that
are correlated with depth acquired or inherited? For
example, differences in growth rate between shallow-
and deepwater sablefish (or between sablefish from
different geographic regions, for that matter) may be
due to different environmental conditions or different
genotypes. There is ample evidence that the habitats at
the extremes of the most populated adult bathymetric
range (150-1,300 m) differ both physically and biologi-
cally (Sullivan, 1982; Mason et al., 1983; Hunter et al.,
1989). These factors may influence growth rate, and thus
it is possible that occupying different bathymetric zones,
or living under different environmental conditions in
general, may result in the observed differences. A re-
viewer has suggested that the observed differences may
simply be due to the ageing process.

A second question is: Are the observed differences
great enough to suggest prolonged exposure to differ-
ent environments? The only evidence linking observed
differences with residence time is the finding that it
would take the average (63-cm) deepwater sablefish at
least a month and a half to gain enough skeletal muscle
weight to equal that of the average (63-cm) shallow-
water sablefish. Thus, it appears that deepwater sable-
fish cannot acquire the characteristics of shallow-water
sablefish quickly, and vice versa—they must occupy the
habitat for at least several months.

I conclude from this evidence that sablefish do not
fully commingle throughout their bathymetric range.
If this is true, the assumption of most stock-assessment
and harvesting models—namely, that sablefish distrib-
ute themselves randomly over the continental slope
and can be treated as a homogeneous unit—appears to
be false. What is not so clear is: In what pattern and by
what mechanisms do individual sablefish distribute
themselves throughout the bathymetric range? The on-
togenetic hypothesis states that sablefish move deeper
as they get older, without suggesting the specific mecha-
nisms. Before stating an alternative hypothesis, I discuss
the “soft-textured condition” exhibited by sablefish and
many other teleosts. The widespread occurrence of this
condition provides a critical component of my hypoth-
esis regarding sablefish bathymetric stock structure.

The Soft-textured Condition
in Teleost Fishes

fillets from such fish unmarketable. The fillets have
been described as being “slimy,” “jelly-like,” “quivering,”
“glossy,” and “opalescent” (Templeman and Andrews,
1956; Hendrickson et al., 1984; Patashnik etal.”). Chemi-
cal composition analyses have indicated that soft fish
generally have higher water content and lower protein
content than normal fish (Templeman and Andrews,
1956; Hendrickson et al., 1984; Patashnik et a].7). Other
species exhibiting the soft-textured condition include
winter flounder, Pseudopleuronectes americanus (Pearcy,
1961) and cabezon, Scorpaenichthys marmoratus (Lauth®).
Some noncommercial species, such as those studied by
Blaxter et al. (1971), also exhibit soft-textured charac-
teristics. In similar work, Childress and Nygaard (1973)
examined 37 species of midwater fishes off southern
California and found a progressive increase in body
water content with increasing depth, accompanied by
decreases in protein, lipid, and skeletal ash content,
especially for species without swim bladders.

Moisture content of skeletal muscle tissue may be
related to both biological and environmental factors.
Several authors have suggested that water content in
muscle tissue increases as protein or fat is removed to
meet the development needs of the gonads (Templeman
and Andrews, 1956; Love, 1970; Bilinski et al., 1984).
Sullivan and Somero (1983) found that starved sable-
fish under laboratory conditions had significantly higher
water content and lower fat and protein content in
muscle tissue than half- and full-ration fish. Seasonal
effects may also be significant. Protein emaciation of
the skeletal muscle tissue during the winter caused by
the gonads having priority in the use of protein has
been documented for American plaice (Templeman
and Andrews, 1956; MacKinnon, 1972); Dover sole
(Hendrickson et al., 1984); and English sole, Parophrys
retulus (Dygert, 1985).

Haard (1987) suggested that the location of water
within the muscle tissues (i.e., within cells or between
cells) may be important in determining how that water
affects the quality of the flesh. Templeman and Andrews
(1956) suggested that drip-loss water from American
plaice may be from between, rather than within, the
muscle cells. Their conclusion is supported and gener-
alized to other species by histological analyses of skel-
etal muscle tissues of American plaice (Templeman
and Andrews, 1956), Dover sole (Fisher, 1985), and
sablefish (Norris, 1989).

Norris (1989) selected sablefish specimens collected
during mid-July to October from both depth strata that

It has long been recognized that some commercially
important species—most notably sablefish; American
plaice, Hippoglossoides platessoides; and Dover sole—can
have a “soft” or “jellied” condition which makes the

7 Patashnik, M., H. Barnett, and J. Conrad. 1980. Soft sablefish
(Anoplopoma fimbria) from the pot fishery off the Washington
coast. Utilization Res. Div., NWAFC, NMFS, NOAA, 2725 Montlake
Blvd. E., Seattle, WA 98112. Unpubl. rep., 12 p.

8 Lauth, Robert. Fish. Res. Inst., Box 357980, Univ. Washington,
Seattle, WA 98105. Personal commun.
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had a total moisture content of 69.0% to 77.0%. Totals
of 103 specimens from the shallow stratum and 47 from
the deep stratum satisfied this criterion. Mean total
moisture percentages for these two subgroups were
72.1% and 73.2%, respectively. Two-sample ttests indi-
cated that deep samples had higher mean drip loss
(18.6% vs. 11.3%) and lower smoked-fish yield (68.6%
vs. 73.2%). These results support the hypotheses of Haard
(1987) and Templeman and Andrews (1956) that the
location of the water within the flesh (within or between
muscle cells) may be more important in determining the
quality characteristics than the amount of water.

Species exhibiting a soft-textured condition can be
divided into two groups: 1) species for which soft tex-
ture is a seasonal condition correlated with spawning
(e.g., American plaice, winter flounder, cabezon), and
2) species for which soft texture is a more permanent
condition associated with depth—e.g., sablefish and
Dover sole, species studied by Blaxter et al. (1971) and
Childress and Nygaard (1973). The results of histologi-
cal analyses on sablefish (Norris, 1989), American pla-
ice (Templeman and Andrews, 1956), and Dover sole
(Fisher, 1985), along with studies of the effects of star-
vation on moisture content (Sullivan, 1982; Sullivan
and Somero, 1983) suggest that the soft-textured con-
dition for both groups is caused by large, water-filled
intercellular spaces resulting from protein or fat deple-
tion in skeletal muscle tissues.

This hypothesis implies that soft texture is not a
pathological condition, but rather a normal response
to marginal environmental conditions (e.g., low food
availability, low temperature, low oxygen) which may
be either temporary (e.g., when the time of gonad
maturation coincides with low food availability) or per-
sistent (e.g., when a fish occupies a marginal habitat,
such as the bathypelagic zone). The hypothesis has two
important elements. First, it implies that the soft-tex-
tured condition is not related to hydrostatic pressure, and
therefore explains how the condition can exist in both
shallow- and deepwater species. Second, it implies that the
soft-textured condition is reversible for some species.

No theories have been proposed to explain the adap-
tive significance of the soft-textured condition. How-
ever, two theories have been proposed to explain the
correlation between high moisture content and depth.
The first is that low-density body fluids/tissues function
as an energy-efficient buoyancy control mechanism
(Blaxter et al., 1971). The second is that low-density
body fluids/tissues reduce the caloric content per unit
weight, decrease the energy required per unit of growth,
permit fish to grow to a larger size, and thereby make
more prey items available (Childress and Nygaard,
1973). Both of these theories imply that increased mois-
ture percentage increases the metabolic efficiency of the
fish and thereby permits occupation of marginal habitats.

In Norris (1989) I proposed a third hypothesis: in-
creased moisture content may be necessary to maintain
hydrodynamic efficiency. It is possible that as muscle
tissue is depleted it is replaced by water to maintain a
relatively constant tissue volume within the skin. Fish
skin has a limited amount of elasticity (Marshall, 1966)
and performs critical biomechanical functions during
locomotion (Wainwright et al., 1978; Wainwright, 1983).
Wrinkled or baggy skin increases drag and reduces
hydrodynamic performance (Hebrank, 1980). Increased
moisture might be held between the individual muscle
cells rather than within them because ionic patterns
and levels must remain fairly constant within cells (Lutz,
1975). Haard (1987) has noted that the starvation situa-
tion in fish contrasts with that of mammals because in
mammals there is no advantage to maintaining a con-
stant body form during periods of starvation. In mam-
mals, the added weight of any water retained to main-
tain external body form would impose a significantly
greater cost than permitting the skin to hang loosely
around the frame.

The Adaptive Radiation Hypothesis

To this point I have presented evidence supporting
four statements: 1) sablefish morphology is strongly
influenced by environmental conditions; 2) observed
intraspecific morphological differences associated with
depth are consistent with predictions from laboratory
and mariculture studies (e.g., starved laboratory sable-
fish have characteristics similar to those of sablefish
from deep water where food availability is thought to be
low); 3) observed intraspecific morphological differ-
ences associated with depth are sufficiently large to
conclude that individual sablefish occupy different depth
ranges for extended periods of time; and 4) the physi-
ological characteristics of deepwater sablefish are simi-
lar to those of many other deepwater species. To incor-
porate these statements into a common theory of sable-
fish stock structure, I return to a question posed in the
introduction: How does a single interbreeding popula-
tion of marine fishes diverge into two distinct species?
Siebenaller and Somero (1978) hypothesized that
“successful colonization of deeper regions by a popula-
tion may be attendant on the acquisition of pressure-
adaptive changes in enzymatic properties. Such bio-
chemical adaptations could be a significant factor in
speciation events in the marine environment.” Note
that their hypothesis could be generalized to read “. . .
the acquisition of any characteristic improving survival
in deeper water.” This type of speciation is referred to
as clinal speciation. White (1978) describes clines as
“geographic gradients in phenotypic characters that
are generally assumed to be adaptive to some geo-
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graphic regularity of the environment . . . The clinal
mode of speciation is based on the idea that ‘steps’ in a
cline become gradually steeper until an adaptive dis-
continuity is reached.”

One can envision the speciation process in marine
fishes proceeding as follows. Competition for limited
resources forces poorer competitors to the margins of
the habitat, such as deeper water. Genetic variation
provides individuals better suited for survival at greater
depths. If there is no spawning migration, assortative
mating develops in which individuals adapted for spe-
cific depth zones reproduce with one another. The
mature population develops a cline in characters asso-
ciated with preferred depth zones, and the process
continues until individuals at the extremes of the cline
are reproductively isolated. Once isolation is established,
speciation can proceed.

A full discussion of clinal speciation is beyond the
scope of this paper. But from my cursory review of the
literature, I draw three conclusions: 1) clinal speciation
has been observed in the wild (e.g., see review by White,
1978); 2) clinal speciation has been demonstrated math-
ematically with a simple model of clines with coadaptive
modifiers (Endler, 1977); and 3) the specific mecha-
nisms differentiating clinal speciation and relatively static
polymorphism within marine populations are poorly
understood (e.g., Wilson and Hessler, 1987). Results
from Endler (1977) suggest that clinal speciation oc-
curs when the adaptive significance of the characteris-
tic is large and gene flow is low.

Clines and clinal speciation are relevant to the bathy-
metric distribution of sablefish in demonstrating the
possibility that geographic gradients in phenotypic char-
acters (e.g., the soft-textured condition) may be adap-
tive to some geographic regularity of the environment,
such as the physical factors associated with depth (e.g.,
pressure, temperature, salinity, oxygen, and light). From
these observations I derive the adaptive radiation hy-
pothesis, which consists of three statements:

1. Juvenile sablefish occupy shallow-water (<400 fm)
regions.

2. At some age (perhaps the onset of sexual maturity)
adult sablefish migrate to a preferred bathymetric
range (to which they are adapted) and remain within
that range for the remainder of their lifetime.

3. The cline in preferred mean depth for individual
sablefish is maintained through a dynamic balance
between physiological efficiency (determined by a
large suite of genes), gene flow, and positive assorta-
tive mating (i.e., no reproductive migration).

This hypothesis is consistent with Beamish and
McFarlane (1983) in describing sablefish as one popu-
lation, with the additional comment that there exists

large variability within that population. It assumes that
the highly migratory behavior of some sablefish permits
significant gene flow and inhibits complete reproduc-
tive isolation and further speciation. In the next section
I discuss the hypothesis in relation to the ontogenetic
hypothesis.

Discussion

Proximate Mechanisms

At the mechanistic level, one would like to know: What
stimulus-response systems determine the bathymetric
distribution of an individual sablefish throughout its
lifetime? The ontogenetic hypothesis proposes age; the
adaptive radiation hypothesis proposes an unspecified
suite of physiological adaptations. Thus, at the proxi-
mate level, the hypotheses differ primarily in the timing
and duration of the migration to deeper water. Under
the adaptive radiation hypothesis, individual fish move
relatively quickly (at most a few years); under the onto-
genetic hypothesis, individual fish move gradually
throughout their lifetime. Without further research, it
is impossible to determine which hypothesis is more
correct, or if a combination of both is more plausible.

The two hypotheses have different implications for
management. If the bathymetric distribution of fishing
effort is fairly constant over time, the ontogenetic hy-
pothesis implies a gauntlet-type fishery through which
fish move as they get older. Those that survive the
gauntlet and reach depths below which there is little
fishing effort have little fishing mortality. Thus, older
fish should have lower fishing mortality. Under the
adaptive radiation hypothesis, fishing mortality is high-
est on fish of all adult ages living within the bathymetric
zone of greatest fishing effort. It is possible that rela-
tively young adult sablefish preferring bathymetric zones
outside those of concentrated fishing effort can have
low fishing mortality.

Evolutionary Significance

The differences between the two hypotheses are perhaps
more interesting from an evolutionary perspective. What
evolutionary mechanism would favor each hypothesis?
What are the selective advantages of each pattern of move-
ment? As a basis for discussion, I first review the Member/
Vagrant hypothesis proposed by Sinclair (1988), which
comprises three statements:

1. Population pattern and richness are functions of the
number and location of geographic settings within
which the species’ life cycle is capable of closure.
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2. Absolute abundance is scaled according to the size of
the geographic area in which there is closure of the
life cycle of the free-crossing population.

3. Temporal variability in abundance is a function of the
intergenerational losses of individuals (vagrancy and
mortality) from the distributional area that ensures
membership within a given population.

An important feature of this hypothesis is that “a
population can lose members either by spatial or by
energetics processes.” Sinclair (1988) describes the sig-
nificance of these two types of processes:

In this conceptualization the energetics, or food-
chain, processes lead to intraspecific competition
for resources. Such competition generates selec-
tion for a certain class of adaptations associated
with food-chain events. The spatial processes gen-
erated by the constraints of free-crossing in sexu-
ally reproducing animals result in relational events
(membership, vagrancy), which generate what can
be defined as life-cycle selection.

Sinclair’s comments suggest that the ontogenetic hy-
pothesis describing the bathymetric distribution of sable-
fish is more closely aligned to spatial processes and life-
cycle selection than to energetics processes. That is,
moving gradually into deeper water puts fish in the
right place at the right time. Perhaps eggs spawned at
certain depths have greater probability for life-cycle
closure, given long-term current and weather patterns.

By contrast, the adaptive radiation hypothesis is more
closely aligned with energetics processes. Competition
for limited resources may force poorer competitors to
the margins of the habitat. Those that have the best
physiological adaptations survive and reproduce at the
margins. The result is adaptive radiation into deeper
habitats without speciation. If fishing mortality is con-
fined to narrow bathymetric regions, localized deple-
tion would be most likely under the adaptive radiation
hypothesis.

Summary and Recommendations

I have presented evidence supporting the hypothesis
that individual sablefish occupy different bathymetric
regions for considerable periods of time. The strength
of this support is in the observation that intraspecific
phenotypic differences correlated with depth of cap-
ture are too great to be caused by short-term migrations
between habitats. I hypothesized that the intraspecific
differences observed for sablefish may be the result of
adaptive radiation into deeper water. This hypothesis
states that individual sablefish move to a preferred bathy-

metric range during a short time period around the age

of sexual maturity and then remain in that range for

the rest of their lives. I discussed the similarities with
and differences from the ontogenetic hypothesis, and
concluded that it was not possible at this time to distin-
guish between the two hypotheses.

Many interesting questions remain:

* In the early fishery, how old were the large fish caught
in shallow water?

¢ Is the cline in age an artifact of harvest history, or
does it represent the age structure in the virgin stock?

* How broad is the bathymetric distribution of indi-
vidual sablefish?

e What is the mean and variance for the bathymetric
range of individual sablefish?

® Do sablefish alter their typical bathymetric distribu-
tion during the spawning season?

e What is the likelihood of reproductive isolation for
individuals living at the extremes of the bathymetric
range for the stock?

® Does assortative mating occur?

¢ Are the physiological differences between deep- and
shallow-water sablefish acquired characteristics, or are
they inherited?

¢ Will deepwater sablefish have the same physiological
characteristics as shallow-water sablefish after rearing
in aquaria with high-ration feeding?

e If the physiological differences are acquired simply
by occupying a different habitat (e.g., higher pres-
sure, lower food availability), what are the advantages
of occupying that habitat?

¢ In more general terms, what are the selective pres-
sures for adaptive radiation into the deep ocean?

The above questions suggest several areas of future
research that will enhance our understanding of sable-
fish stock structure. Sonic tagging studies would help
determine the daily migration patterns of individual
sablefish captured at different depths. Electrophoretic
and mitochondrial DNA analyses on sablefish from dif-
ferent depths may help determine possible genetic as-
sociations or divergence. Physiology studies, similar to
those employed by Siebenaller and Somero (1978) and
Gibbs and Somero (1990), may help determine which
characteristics are acquired and which are inherited.
For example, comparing enzyme activity rates under
hydrostatic pressure for sablefish captured at different
depths and acclimated to low pressure for several months
in aquaria would indicate whether or not such rates are
fixed (suggesting an inherited trait) or variable (sug-
gesting an acquired trait). Modeling studies to examine
the behavior of life-history parameters (e.g., mean length
and age at depth) under different biological hypoth-
eses (adaptive radiation vs. ontogenetic) and different
harvesting scenarios (uniform fishing pressure at all



112 NOAA Technical Report NMFS 130

depths vs. increased fishing effort in deep water cver
time) may also be helpful in understanding landing
and survey data. And finally, experiments to determine
if ageing biases are created by using depth-of-capture
information to age sablefish would make age-at-depth
data more usable.
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ABSTRACT

During 1983-91, 67,000 adult sablefish, Anoplopoma fimbria, were tagged and released
by the National Marine Fisheries Service in six areas within the eastern Gulf of Alaska
(EGOA). Over half of the tagged fish were released in Chatham Strait, an area of intense
fishing and high sablefish abundance. As of September 1992, 3,649 fish had been recovered.
Over three-fourths of all tags were recovered in the EGOA, most of them in or adjacent to
the original release area. Chatham Strait, with its high density of mature fish and low rate of
tag recovery outside the EGOA, appears to have a high proportion of nonmigrating fish. Of
the fish recovered outside the EGOA, more small fish (<57 cm FL when tagged) moved
north and westward, and more large fish (>66 cm FL when tagged) moved south and
eastward. Size composition of fish recovered in southern and eastern areas changed over
time; recovery rates of fish tagged when small increased for fish recaptured after three years
at liberty, indicating the return of westward migrants.

Introduction

The Gulf of Alaska supports a valuable commercial
fishery for sablefish, Anoplopoma fimbria, which is cur-
rently managed by regulatory areas and harvest quotas
set by the North Pacific Fishery Management Council
(NPFMC). Several tagging studies have shown sablefish
to be highly migratory for at least a portion of their life
cycle (Bracken, 1982; Sasaki, 1985; Beamish and
McFarlane, 1988; Fujioka et al., 1988). Heifetz and
Fujioka (1991) studied the movement dynamics of sable-
fish in the northeastern Pacific Ocean and concluded
that migration affects the number of harvestable sable-
fish in an area. Analysis of tag data is the primary
method used to study sablefish movements.

Some of the most concentrated and intense fishing
for sablefish takes place in the eastern Gulf of Alaska
(EGOA). During 1983-91, the National Marine Fisher-
ies Service (NMFS) tagged and released 67,000 adult
sablefish in the EGOA. By September 1992, 3,649 of
these fish had been recovered, with recovery locations
ranging from California to the Bering Sea. This report
summarizes the resulting data in terms of general pat-

terns of movement outside and within the EGOA. Move-
ment patterns of tagged juvenile sablefish are summa-
rized in Rutecki and Varosi (1997).

Methods

Sablefish data included in this report are for fish tagged
and released at exploitable size—>40 cm fork length
(FL)—in the EGOA from 1983 through 1991. Recover-
ies of tagged fish were analyzed by release and recovery
areas, size at release, and recovery patterns over time.

Fish were tagged by the NMFS Auke Bay Laboratory
and other agencies, such as the Alaska Department of
Fish and Game. Recoveries of tagged fish released in
the EGOA during the Japan-U.S. cooperative longline
survey are also included. The methods of Sasaki (1985)
were used to tag the fish, which were recaptured mostly
by commercial fishing operations in the areas of the
northeast Pacific Ocean shown in Figure 1.

For analysis, the EGOA was divided into six release
areas (Fig. 2). The inside waters of southeast Alaska
include Clarence Strait and Chatham Strait; the outer
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Figure 1

Northeast Pacific Ocean, British Columbia, and the
West Coast of the United States, showing North Pacific
Fishery Management Council regulatory areas. WC =
West Coast; BC = British Columbia; EGOA = eastern
Gulf of Alaska; CGOA = central Gulf of Alaska; WGOA =
western Gulf of Alaska.

coastal waters were divided into the Southern Outside,
Ommaney, Northern Outside, and Yakutat areas. The
Ommaney area, although smaller than the others, was
separated because of its strategic location at the en-
trance to Chatham Strait, an area of high sablefish
abundance and an intensive fishery. The sixth area,
Yakutat, extends from 137° to 147°W. Over half the
tagged sablefish releases (hereafter referred to as “re-
leases”) were made in Chatham Strait.

Results of other studies have indicated differences in
direction and extent of movement among different sizes
of sablefish (Bracken, 1982; Fujioka et al., 1988). In gen-
eral, small fish tend to move north or west from their
release sites. Large fish tagged in the western areas of
the Gulf of Alaska tend to move south and eastward,
whereas large fish tagged in southern and eastern areas
tend to remain close to the area of release. The three
size categories of sablefish analyzed in our study were
the same as those of Heifetz and Fujioka (1991): <57
cm FL (small), 57-66 cm FL (medium), and >66 cm FL
(large). These size categories refer to size at release;
accurate size at recovery is usually not available.

The size composition of releases from each area var-
ied (Table 1). Clarence was the only area where most
releases were small; other release areas had mostly me-
dium fish (Southern and Northern Outside and Yakutat)
or approximately equal numbers of medium and large
fish and relatively few small fish (Chatham and Ommaney).

Recoveries of tagged fish (hereafter referred to as
“recoveries”) are expressed as percentages or, where
appropriate, as rates of recovery, i.e., adjusted for re-
lease numbers (recoveries/1,000 releases). Adjustment
of recoveries to the number of releases yields estimates
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Figure 2
The six release areas for sablefish tagged in
the eastern Gulf of Alaska.

' Table 1
\ Numbers of tagged sablefish released, by fish size and
i area of the eastern Gulf of Alaska, 1983-91.

Size®
’ Release area Small Medium Large Total
Clarence 2,600 1,216 694 4,510
Chatham 3,562 16,113 15,136 34,811
S. Outside 1,811 3,632 947 6,290
Ommaney 331 1,069 1,182 2,682
N. Outside 1,721 4,536 2,343 8,600
Yakutat 3,070 5,103 2,034 10,207
Total 13,095 31,569 22,336 67,000

¢ Smallis <57 cm FL; medium is 57-66 cm FL; large is >66 cm FL.

of recoveries that would have been obtained if the same
number of fish had been released from each area.
Recoveries were not adjusted for reporting rates or
level of fishing effort within an area.

For our analysis, we assigned recoveries to one of
four areas. Data from the few (seven) recoveries from
California, Oregon, and Washington were combined
with those of British Columbia (BC). Bering Sea and
Aleutian Island recoveries were combined with those of
the western Gulf of Alaska (WGOA). The other two
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Recoveries of tagged sablefish (percentage) by release area in the
eastern Gulf of Alaska. BC = British Columbia; EGOA = eastern
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recovery areas are the EGOA and the central Gulf of
Alaska (CGOA).

Results

Recoveries

Most recoveries from all six release areas were made in
the EGOA (Fig. 3). The recovery patterns observed for
the two southernmost release areas, Clarence and South-
ern Outside, were similar: over 20% of the recoveries in
the adjacent BC area, about 65% in the EGOA, and the
remainder in the CGOA and WGOA. Less than 10% of
the recoveries of the other release areas were made in BC.

Nearly 90% of the recovered Chatham releases were
in the EGOA, and <2% occurred in the CGOA or WGOA
(Fig. 3). Percentage of recoveries made in the EGOA
declined from south to north for the four northern-
most release areas: Chatham releases (89%), Ommaney
(75%), Northern Outside (67%), and Yakutat (57%).
Conversely, the percentage of recoveries in the CGOA
and WGOA increased from the southern to the north-
ern release areas.

The rates of recovery in each of the four recovery
areas are shown by release area in Figure 4. More BC
recoveries were released in the two southernmost areas
(Clarence and Southern Outside) than in the northern
areas. EGOA recoveries were relatively high from all
release areas, but highest from Chatham and Ommaney.

In contrast, recoveries in the CGOA and WGOA were
notably few from Chatham, and were highest from the
northern (Northern Outside and Yakutat) releases.

Recoveries by Size

Recovery rates for all three sizes of fish were highest in
the EGOA, except that slightly more small fish from
Yakutat were recovered in the CGOA.

Small fish (i.e., release size <57 cm) from all release
areas were recovered in all areas, except that no small
Chatham fish were recovered in the WGOA and few in
the CGOA (Fig. 5).

Medium fish from the Clarence or Ommaney areas
were not recovered in the WGOA, and few from Clarence
or Chatham were recovered in the CGOA. Most recov-
eries of medium fish in BC came from the Clarence and
Southern Outside release areas. Most medium fish re-
covered in the CGOA originated from Ommaney, North-
ern Outside, and Yakutat; most in the WGOA origi-
nated from Yakutat.

No large fish from Clarence or Ommaney and few
from the other release areas were recovered in the
WGOA. Appreciable numbers of CGOA recoveries of
large fish originated from the Ommaney, Northern
Outside, and Yakutat areas, but there were few or none
from Clarence, Southern Outside, and Chatham. In
BC, recoveries of large fish were highest from Clarence
and Southern Outside.
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The proportions of the three size categories recov-
ered in BC and the EGOA were similar to the overall
release composition: a low percentage of small fish, a
high percentage of medium fish, and an intermediate
percentage of large fish (Fig. 6). CGOA and WGOA
recoveries were mostly small and medium fish.

Recoveries by Size over Time

Size composition of recoveries in each recovery area
changed over time (Fig. 7). BC and EGOA recoveries
were mostly medium and large fish for the intervals up
to four years after release. The proportion of small fish
recovered remained low up to three years after release,
increased for fish recovered between three and four
years after release, and increased again for fish at lib-
erty more than four years. These increases may repre-
sent migrating mature fish returning from the west-
ward areas, fully recruited to the fishery.
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Figure 4
Recovery rates (recoveries/ 1,000 releases) of tagged
sablefish in four recovery areas of the northeastern
Pacific Ocean, by release area. BC = British Colum-
bia; EGOA = eastern Gulf of Alaska; CGOA = central
Gulf of Alaska; WGOA = western Gulf of Alaska. Nis
the actual number of recoveries made in an area.

Fish at liberty less than six months were not recov-
ered in the CGOA or WGOA (Fig. 7), probably because
of a combination of the travel time required and a lack
or slowdown of fishing effort in winter. Most releases
were made during summer and early fall. Small and
medium fish made up 75%-80% of the recoveries in
the CGOA and 85%-90% of those in the WGOA.

Movement within the EGOA

Over three-fourths of all recoveries were made in the
EGOA. Most recoveries in an area originated within
that area or in an immediately adjoining area (Table
2). Recoveries of Ommaney releases differed from those
of the other release areas in that only about one-third
were recovered within the Ommaney area, probably
because of the relatively small size of the Ommaney
area and its location at the intersection of the Northern
Outside, Southern Outside, and Chatham areas. Also,
22% of the recoveries of Ommaney releases were made
in Chatham, but only 2% of the recoveries of Chatham
releases were made in the Ommaney area.

The distribution of releases and recoveries by size-at-
release category within the EGOA is shown in Figure 8.
The recoveries of small fish within Chatham were dis-
proportionate to the releases: although only one-fourth
of the total small fish releases were from Chatham,
about one-half of the EGOA recoveries of small fish
were made in Chatham. The Southern Outside and
Ommaney areas also show slightly elevated levels of
recoveries of small fish, whereas Clarence and the two
northern areas exhibited the opposite trend.

The recovery distribution of medium and large fish is
similar to that of the small fish. This pattern suggests an
influx of fish of all size groups into Chatham, Southern
Outside, and Ommaney, and a corresponding outward
movement from Clarence and the northern areas. Analy-
sis of each area’s recoveries by origin and duration of
liberty after release, adjusted for fishing and reporting
rates, is needed to clarify these observations.

Conclusions

Results of this study are consistent with those of other
studies of sablefish movement within the northeastern
Pacific: smaller fish tend to move north and west from
their release sites, and large fish in the eastern area
move less than other size groups. CGOA and WGOA
recoveries were dominated by small and medium fish,
whereas medium and large fish composed the greatest
part of BC and EGOA recoveries. In our study, recover-
ies of fish released when small in BC and EGOA in-
creased after three to four years, which may indicate
the return of westward migrants.
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Recovery rates (recoveries/ 1,000 releases) of tagged sablefish
by recovery area and size for each of the six release areas in the
eastern Gulf of Alaska. BC = British Columbia; EGOA = eastern
Gulf of Alaska; CGOA = central Gulf of Alaska; WGOA = west-

Figure 5

Percentage of tagged sablefish recoveries, by recovery area, for each of the six release areas in the eastern Gulf of Alaska.
Columns sum to 100% of each release area’s eastern gulf recoveries.

Table 2

Release area

Recovery Clarence S Outside Chatham Ommaney N Outside Yakutat

area (%) (%) (%) (%) (%) (%)

Clarence 58 3 <1 <1 <1 1

S Outside 35 63 4 13 7 3

Chatham 5 7 89 22 11 9

Ommaney 0 9 2 31 10 4

N Outside 1 8 3 15 37 20

Yakutat 3 10 2 19 35 63

Part of the EGOA population may be nonmigratory. appears to have a high proportion of nonmigrating
Chatham Strait, with its high density of mature fish, and fish. To verify this result, future analysis should account

few released fish recovered in areas outside Chatham, for how different fishing and reporting rates affect
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Figure 6

Percentages of small (<57 cm FL), medium (57-66 cm
FL), and large (>66 cm FL) sablefish released in the
eastern Gulf of Alaska and recovered from each recov-
ery area in the northeastern Pacific Ocean. BC = Brit-
ish Columbia; EGOA = eastern Gulf of Alaska; CGOA =
central Gulf of Alaska; WGOA = western Gulf of Alaska.
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Figure 8
Releases and recoveries (percentage) of tagged sable-

fish by size at release for recoveries in the eastern Gulf

of Alaska.
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Figure 7
Recoveries (percentage) of tagged sablefish by size at
release and by time at liberty after release for each of
the four recovery areas in the northeastern Pacific
Ocean. BC = British Columbia; EGOA = eastern Gulf of
Alaska; CGOA = central Gulf of Alaska; WGOA = west-
ern Gulf of Alaska.

recovery rates of tagged fish (e.g., Heifetz and Fujioka,
1991). Reporting rates may have some area specificity.
The EGOA and BC are thought to have higher tag-
reporting rates than other areas (Beamish and
McFarlane, 1988). Incorporating this information into
future analyses would tend to decrease the proportion
of nonmigratory fish in the EGOA and increase the
proportion of westward migrants.

The advent of management by individual fishing quo-
tas (IFQ’s) should disperse fishing effort over time.
Recoveries from different seasons may provide useful
information on seasonal distribution and movement.
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ABSTRACT

From 1985 through 1991, approximately 20,000 juvenile sablefish, Anoplopoma fimbria,
were caught, tagged, and released in the waters of southeast Alaska. Otolith analysis
revealed that most were age 1, although some were age 0 or age 2. Of 818 recoveries, 220
provided sufficient information for analysis of migration patterns. Forty-six tags (21%) were
recovered from the inland waters of southeast Alaska and 174 (79%) from outer coastal
waters. Fish caught in outer coastal waters had moved in a westerly (counterclockwise)
direction around the Gulf of Alaska; those recovered from inland waters had moved in a
southerly direction within the Alexander Archipelago. Most juvenile sablefish migrated
inshore during the summer of their first year (age 0) and to outer coastal waters in the fall of
their second year (age 1). Few age-2 sablefish stayed in the inland waters of southeast Alaska.

Introduction

Sablefish, Anoplopoma fimbria, is a slow-growing, long-
lived demersal fish of the continental slope of the North
Pacific. Most commercially caught sablefish range in
age from 4 to 35 years but can be as old as 70 (McFarlane
and Beamish, 1983). The sablefish fishery is the third
most economically important of Alaska’s groundfish
fisheries: ex-vessel landings of 22,000 t were worth about
$58.3 million in 1991 (Kinoshita et. al, 1996). In Alaska,
sablefish are caught primarily in the Gulf of Alaska
(GOA) and in the inside waters of Chatham and
Clarence Straits.

Sablefish juveniles (age 0 and age 1) are common,
but rarely abundant, in the inland waters of southeast
Alaska. In summer 1985, however, they were exception-
ally abundant—as indicated by the catches of sport

anglers and commercial salmon trollers—providing an
opportunity to study their patterns of abundance, dis-
tribution, and migration. Surveys directed at monitor-
ing abundance and at tagging juvenile sablefish were
conducted from 1985 through 1991.

In this paper we summarize information on the on-
shore movement and migration of juvenile sablefish in
the GOA based on recoveries of juveniles tagged dur-
ing 1985-89 and recovered during 1985-91. This study
adds to knowledge about the life history of sablefish in
Alaska and provides information about the migration
of juveniles as well as information that will be used for
future age validation and studies of age at recruitment.
Because movement plays an important role in deter-
mining the number of sablefish available for harvest in
an area (Heifetz and Fujioka, 1991), results from this
study will also be used to develop appropriate harvest
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strategies for the waters off Alaska. Additional informa-
tion from these surveys on distribution, relative abun-
dance, and age and growth is presented by Rutecki and
Varosi (1997).

Methods

Gear used to capture juvenile sablefish consisted of
hand-jigging equipment (Rutecki and Meyers, 1992);
basket and Korean-style pots (Clausen and Fujioka, 1988);
trawls; longlines; and purse seines (Rutecki and Varosi,
1997). Hand-jigging proved to be the best capture
method because it was the most consistent (Rutecki
and Varosi, 1997) and resulted in lower fish mortality
than pots when water temperatures were relatively low
(Rutecki and Meyers, 1992). The National Oceanic and
Atmospheric Administration research vessels John N.
Cobb and Murre Il were the primary sampling platforms

used during the survey. Skiffs and the Auke Bay Labora-
tory float also were used as platforms for hand-jigging.

Tagging

Juvenile sablefish were caught and tagged at 11 of 74
sites sampled in southeast Alaska during the 1985-91
study (Rutecki and Varosi, 1997). Most tagging was
opportunistic and was done when other research in the
GOA was suspended because of adverse weather. An
exception was tagging at St. John Baptist Bay (SJBB),
which was sampled more often than any other site
because of its accessibility and the consistent availability
of juvenile sablefish (Fig. 1). The fish were caught
throughout the water column in SJBB, where the bot-
tom depth was 26-30 m.

Fish caught from the RV John N. Cobband RV Murre Il
were placed immediately into 667-L tanks of flowing
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Figure 1
Locations (circled numbers) where juvenile sablefish were tagged and released in
southeast Alaska, 1985-91. Numbers of fish tagged and released are given in the key

to locations.



seawater. Fish caught from skiffs were put immediately
into a plastic basket (1.5 m deep, 1.5 m diameter, 2-cm-
mesh plastic webbing) submerged at the surface. The
fish in the basket were transported to one of the re-
search vessels, where they were put into the tanks be-
fore being tagged. Fish caught at the Auke Bay Labora-
tory float were held in plastic tubs (0.8 m deep x 1 m
long x 0.8 m wide) filled with seawater. All fish were
tagged and released within 2 h at the point of capture,
except one group captured at S|BB and released near
Sitka, Alaska, about 4 h after capture.

Fish were dipnetted from the live tanks and placed
into a tagging cradle; anesthesia was not used. They
were measured (fork length) to the nearest 0.5 cm,
tagged with plastic Floy FD-68' anchor tags, and re-
leased. They swam directly toward the bottom and dis-
appeared within seconds, indicating that any adverse
effects from tagging were probably slight. During March
and April of 1987, tagged juvenile sablefish caught by
hand jigging and traps were held in tanks for observa-
tion of latent mortality (Rutecki and Meyers, 1992).

Data Analysis

To examine the migration of fish recruiting to the
commercial fishery, we used data from the most reli-
able tag returns: those with a recovery location recorded
to the nearest degree of latitude and longitude, and
from fish at large 300 or more days. Shorter times were
excluded because they provided little information on
migration. For example, many of the fish excluded
were released in Auke Bay and recovered a few days
later by sport anglers nearby. The intent of this study
was to look at the migrations of sablefish caught in the
commercial fishery. Ages were assigned to fish based on
their length and an age-length translation matrix
(Rutecki and Varosi, 1997).

Results and Discussion

Releases

Nearly 20,000 juvenile sablefish were tagged and re-
leased during this study (Table 1). Based on length,
most tagged sablefish were age 1, but some were age 0
or age 2 (Table 1). Tagged fish were released in the
inland waters of southeast Alaska at 11 sites (Fig. 1).
Most (99.6%) were released at five sites: S|BB (68.3%),
Auke Bay (15.6%), Sitka (12.2%), Ketchikan (2.2%),
and Tee Harbor (1.3%). Most sablefish were tagged at

! Reference to trade names or commercial firms does not imply
endorsement by the National Marine Fisheries Service, NOAA.
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S|BB because juveniles were abundant there through-
out most of the study. After 1986, juvenile sablefish
were either not caught, or only a few were caught, at
sites other than SJBB (Rutecki and Varosi, 1997).

Tagged fish were 20-52 cm long, with modes at 27
cm, 36 cm, and 45 cm (Fig. 2). The fish tagged and
released at a given site in a given month and year were
termed a “release group.” The size of each release
group was proportional to the number of fish caught at
the same site in the same month and year. The release
group with the largest size (41.4 cm mean length) was
tagged in July 1986 at Sitka, where the fish were feeding
on offal from fish-processing plants. These fish appeared
to be exceptionally heavy for their length. Fish tagged
near Ketchikan during August 1985 were also very heavy
for their length as a result of feeding on fish offal.
Although not weighed, the fish feeding on offal prob-
ably weighed approximately 1 kg. The smallest fish
(23.8 cm mean length) tagged were caught at SJBB
during October 1988. They were slender and averaged
about 90 g. The relationship between length at release
and percentage recovered is discussed later.

Recoveries

We used 220 of the 818 tags recovered for this study.
Tagged sablefish were recovered in the following areas:
Vancouver and Queen Charlotte Islands (4%); outer
coastal waters of southeast Alaska (27%); inland waters
of southeast Alaska (Chatham and Icy Straits 16%,
Clarence Strait 4%); Yakutat (17%); Kodiak (18%);
Chirikof (5%); Shumagin (6%); and the Bering Sea
and Aleutian Islands (3%; Fig. 1, 3). These percentages
show that recoveries of tagged fish were about equal in
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Figure 2
Length frequency histogram of all juvenile sablefish
tagged in southeast Alaska, 1985-91.




126 NOAA Technical Report NMFS 130

Table 1
Releases (1985-89) of juvenile sablefish tagged in southeast Alaska and recoveries (1985-91) of tags from the commercial
fishery. Release sites shown in Figure 1.
Releases Recoveries
Site Date Number Mean length (cm) Age (y) Number (%)
Tee Harbor Jun 85 265 31.4 1 1 (0.38)
Auke Bay Jul 85 1,687 31.3 1 23 (1.36)
Aug 85 1,382 35.2 1 14 (1.01)
Lisianski Inlet Aug 85 1 38.0 1 0 (0.00)
Fish Bay Aug 85 35 34.0 1 2 (5.71)
Jul 86 54 36.0 1,2 1 (1.85)
Nakwasina Sound Mar 87 1 28.0 1 0 (0.00)
St. John Baptist Bay Aug 85 1,014 36.0 1 14 (1.38)
Jul 86 154 41.3 1,2 0 (0.00)
Mar 87 6,667 26.8 1 60 (0.90)
Apr 87 1,085 27.6 1 13 (1.20)
Jun 87 82 27.8 1 0 (0.00)
Aug 87 19 29.1 1 0 (0.00)
Mar 88 641 26.2 1 2 (0.31)
May 88 840 27.2 1 12 (1.43)
Jun 88 659 28.1 1 7 (1.06)
Oct 88 1,763 23.8 0,1 1 (0.06)
Jun 89 442 32.5 1 3 (0.68)
Sep 89 89 36.8 1 0 (0.00)
Sitka Aug 85 1,380 37.7 1 28 (2.03)
Jul 86 969 41.4 1,2 30 (3.10)
Mar 87 62 26.5 1 1 (1.61)
San Fernando Island Aug 85 1 39.1 1 0 (0.00)
Ernest Sound May 87 1 24.5 1 0 (0.00)
Doyle Bay Mar 88 10 29.4 1 1 (10.00)
Ketchikan Aug 85 410 377 1 7 (1.71)
Total 19,713 220 (1.12)

inland and outside coastal waters of southeast Alaska
(20% and 27%), and also in southeast Alaska (47%)
and the remainder of the Gulf of Alaska and Bering Sea
and Aleutian Islands areas (49%).

During the first few years of the study, most tagged
fish were recovered close to release sites. As the study
progressed, fish were caught farther from the release
sites. For example, 12 of the 15 fish recovered during
1986 and 1987 were recovered from the eastern GOA
one and two years after being tagged and released; no
fish were recovered from the Aleutian area until 1990—
five years after release (Table 2). The number of tagged
fish recovered increased each year from 1986 to 1990 as
the total number of fish tagged increased over time
(Table 2); the recovery rate remained about the same.

Most (77%) fish recovered from the outer coastal
waters had moved westward (counterclockwise) around

the GOA (Fig. 4). Other studies have also described a
westward movement of juvenile sablefish in the GOA.
Heifetz and Fujioka (1991) quantified annual move-
ment of tagged sablefish among regulatory areas and
concluded that small (<57 cm) sablefish move westward
along the continental slope. Bracken (1982) described
the same direction of movement for small sablefish; he
hypothesized that the eastern GOA is a pooling area for
spawning adult sablefish and that the juveniles rear in
shallow nearshore waters and migrate to deeper water
in their third or fourth year. From there, most fish
migrated westward before returning to southeast Alaska
to spawn.

Of fish recovered from the Chatham Strait commer-
cial fishery, 40% had been released at Auke Bay, 34% at
SIBB, and 26% at Sitka. Fish tagged at these release
sites could have migrated through inland waters to
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Areas where sablefish tagged as juveniles were recovered.

Table 2

Recoveries (1986-91) by year and area of tagged juvenile sablefish released in southeast Alaska, compared to total
numbers released (1985-89).

Number of fish recovered
Area 1985 1986 1987 1988 1989 1990 1991 Total (%)
Clarence 0 1 2 3 2 0 0 8 (4)
Chatham 0 1 1 3 12 8 11 36 (16)
Vancouver 0 0 0 0 2 0 0 2 (1)
Charlotte 0 0 0 2 0 0 (3)
Southeast 0 3 3 9 23 15 60 (27)
Yakutat 0 0 1 7 8 17 37 (17)
Kodiak 0 0 1 6 6 14 13 40 (18)
Chirikof 0 0 2 3 0 2 10 (5)
Shumagin 0 0 0 1 2 6 13 (6)
Aleutian 0 0 0 0 0 2 7 (3)
Total recoveries 0 5 10 34 55 66 50 220 (100)
Total tagged 0 6,175 1,177 7,927 3,903 531 0 19,713

Chatham Strait and remained there, or migrated to the
outer coastal waters before moving to Chatham Strait.
Fish tagged at Sitka and SJBB and recovered from the
Chatham Strait fishery were recovered east of the re-
lease sites in inland waters. Fish tagged at Auke Bay and
recovered in Chatham Strait showed a net migration to
the southwest. Although the path these fish took from
Auke Bay to reach Chatham Strait is unknown, they
could have entered Chatham Strait through Icy Strait
or Frederick Sound. From Sitka and S]BB, fish could
have migrated through Peril Strait (Fig. 1) or to outer

coastal waters before entering Chatham Strait. Regard-
less of migration route, sablefish that reared in coastal
inlets of northern southeast Alaska contributed to the
Chatham Strait fishery.

Most (75%) sablefish tagged as juveniles and recov-
ered in the Clarence Strait fishery were tagged and
released near Ketchikan; the remainder were released
in Auke Bay (12.5%) and Sitka (12.5%). Fish released
in Auke Bay and near Sitka were recovered in Clarence
Strait southeast of the release sites. Fish released near
Ketchikan were recovered in Clarence Strait (Fig. 1),
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west of the release site. Except for one fish recovered in
British Columbia, all recoveries from the Ketchikan
release group were made in the Clarence Strait area.
The tag recoveries from Clarence Strait show that juve-
nile sablefish that rear in inlets throughout southeast
Alaska contribute to the Clarence Strait fishery.
Although additional analysis will be done when more
tags have been recovered, no relationship was apparent
between size (fork length) at release, known distance
traveled, and time at large (Table 3). Of the more than
1,600 age-0 fish tagged and released in SJBB, only one

Table 3
Mean distance traveled and days at large for various

size groups of tagged juvenile sablefish recovered dur-
ing 1986-91.

Length Distance traveled

(cm) (km) Days at large
17-31 540 1,085
32-41 555 1,346
42-55

392 1,158

P Kilometers \
-V & ‘.\r T T

B2 1000 2000

S

Figure 4
Distance and direction traveled by sablefish tagged as juve-
niles in southeast Alaska, 1985-89, and recovered in 1986—
91. The central point 0 represents the site of release, and
the black squares mark the sites of recovery of individual
fish (N=220).

was recovered (Table 1). The low rate of return for the
age-0 fish tagged in October may be due to a high rate
of mortality. Those fish may have been too small to
overwinter after being tagged. Rutecki and Meyers
(1992) found a greater survival of hook-caught tagged
juvenile sablefish in summer than in winter. Because of
the low return rate for those fish, age-0 fish are no longer
tagged. Return rates were greatest for release groups of
larger age-1 (31-37 cm) and age-2 fish (Table 1). McFarlane
and Beamish (1990) and Saunders et al. (1990) also ob-
served lower recovery rates for smaller sablefish.

Onshore Movement

In British Columbia, sablefish spawn offshore about
mid-February. Juvenile sablefish are commonly observed
inshore and are habitually present in many major in-
lets, indicating that onshore movement is a feature of
the life history of juvenile sablefish (McFarlane and
Beamish, 1983). Kendall and Matarese (1987) describe
the early life history of sablefish off the coasts of Califor-
nia, Washington, and Oregon, where pelagic eggs are
spawned in winter near the edge of the continental
shelf. The eggs float deeper than 200 m and prob-
ably require 2-3 weeks to develop. Shortly after
hatching, larvae seem to swim to the surface and
grow quickly (up to 2 mm per day) as part of the
neuston during spring. Although not documented,
spawning in southeast Alaska is assumed to also
take place in outer coastal waters in winter. Wing
(1997) noted that few, if any, sablefish larvae were
collected inshore, but large numbers of larvae were
collected far offshore (out to 220 km) during May.
Migration shoreward is indicated by the juvenile
sablefish (125-156 mm) caught during research
cruises for salmon at various locations in July and
August, from southern Chatham Strait to 46 km
offshore (Table 4, Fig. 5). Wing (1985) found juve-
nile sablefish (100-170 mm) in the stomachs of
salmon collected during August on the outer coast
of southeast Alaska. The periodic abundance of
small juvenile sablefish throughout the inland wa-
ters of southeast Alaska (as in 1985) also indicates
that they migrate into the Alexander Archipelago
from the GOA.
Changes in mean length of sablefish captured in
SIBB have been used to determine the timing of
juvenile onshore and offshore migration (Rutecki
and Varosi, 1997). Sablefish captured in SJBB from
July 1986 to October 1991 showed an annual pat-
tern of increasing length until about September or
October, when mean fork length decreased mark-
edly, especially in 1990 (from 34 cm in July to 21 cm
in September). According to Rutecki and Varosi
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Table 4
Location and date of collection, type of gear used, and size of juvenile sablefish captured in southeast Alaska during
salmon research cruises, 1983-84. Locations shown in Figure 5.

Length
Location Date Gear type N (mm)
South Chatham Strait Jul 83 Gill net 1 125
4 130-139
7 140-149
5 150-156
Cape Ommaney Jul 84 Purse seine 5 83-95
27.8 km offshore
Herbert Graves Is. area Jul 84 Purse seine 1
nearshore
Graves Harbor Jul 84 Purse seine 1
18.5 km offshore
Lituya Bay Jul 84 Purse seine 2 115-140
37 km offshore
Lituya Bay Jul 84 Purse seine 1 95
18.5 km offshore
Inner Pt. Sophia Jul 84 Purse seine 1 342
Cape Ommaney Aug 84 Purse seine
37 km offshore 166 100-170
46.3 km offshore 1 156
37 km offshore 2 110-119
3 120-129
4 130-139
+ 140-149
3 150-159
4 160-170
Cape Edgecumbe Aug 84 Purse seine
18.5 km offshore 1 115
Fish Bay Aug 84 Purse seine 1 391
Graves Harbor Aug 84 Purse seine
9.3 km offshore 2 160-180
18.5 km offshore 1 190
37 km offshore 16 160-190
\ 46.3 km offshore 16 131-175

(1997), this decreased mean length was due to immigra-
tion of the current year class from offshore to inland
waters. By October, age-1 sablefish were absent from SJBB,
which means that they emigrated from the bay about the
same time age-0 sablefish immigrated into the bay.
Although the direction of migration of age-0 sable-
fish is shoreward, it is not known where the juveniles
originate. Sablefish are known to spawn off British Co-
lumbia and are assumed to spawn off southeast Alaska
in deep (>500 m) water (Wing, 1997). According to
Wing (1993), pelagic sablefish eggs, which float deeper
than 200 m, can be carried 15-30 km per day. Assuming
a 3-4 week incubation period (Mason et al., 1983),
hatching areas could be distant from spawning areas.
For instance, eggs and larvae originating off British
Columbia could be carried by rapid coastal currents,
such as the Haida current, to Alaska waters. Off south-
east Alaska, oceanographic currents such as the Sitka
Eddy could carry eggs and larvae toward the coast. Or

eggs and larvae could be carried north of southeast
Alaska. Regardless of spawning and hatching locations,
juvenile sablefish migrate shoreward in southeast Alaska
and arrive in inland waters in autumn.

In conclusion, our study has provided information
on the migration behavior of juvenile sablefish in south-
east Alaska as they become available to the commercial
fishery. This study is unique because all fish were tagged
exclusively in nursery areas; most other studies have
relied on fish tagged outside nursery areas (Bracken,
1982; McFarlane and Beamish, 1983). Further analyses
are underway to determine the relation between re-
lease factors (i.e., site, age, size, and date) and recovery
rates. Continuation of the tagging studies for juvenile
sablefish will provide data for estimating the relation
between age and availability to the commercial fishery.
Estimates of age-specific availability are important
parameters for assessing and managing sablefish in Alas-
kan waters (Sigler and Fujioka, 1993; Sigler?).
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Figure 5
Locations (dots) where juvenile sablefish were caught
during salmon research cruises, 1983-84.
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ABSTRACT

The parasites of sablefish, Anoplopoma fimbria, collected from three seamounts off
Canada’s west coast were investigated for their potential as biological tags. The distribution
of several parasites was shown to be significantly different between seamounts, supporting
the view that sablefish inhabiting seamounts are discrete stocks. Other data collected on the
parasites of sablefish include new host and locality records, the relation between host age
and infection, seasonal variation in parasite prevalence, and geographic distribution of the
parasites. Of the nine identified species of parasites, three (Genolinea laticauda, Gonocerca
japonica, and Grillotia heptanchi) had not been previously recorded in sablefish.

Introduction

In the process of developing a rational management
strategy for sablefish, Anoplopoma fimbria, off Canada’s
west coast, the need arose for more detailed biological
information, particularly with regard to stock delinea-
tion. Previous studies (Beamish and McFarlane, 1983,
1988), using tag-recovery information, reported that
the population of sablefish inhabiting slope waters off
Canada’s west coast could be managed as a single unit,
separate from sablefish in the United States zones to
the north and south. Other attempts to differentiate
between stocks of sablefish using genetic techniques
have proved inconclusive (Gharrett et al., 1983).

The use of parasites as biological tags is a well-estab-
lished technique for differentiating fish stocks. When para-
sites are restricted to a particular area, such as the shallow
water over seamounts, by the environmental requirements
of their intermediate hosts (e.g., molluscs, which are inter-
mediate hosts for many trematodes), any movement of
the host fish from that focus of infection can be detected.
Fish from different localities can be separated because
they carry different assemblages of parasites.

In an earlier study of sablefish parasites (Kabata and
Whitaker, 1984) it was found that sablefish carry relatively
few species, mostly helminth parasites in the digestive

tract. Subsequently, Kabata et al. (1988) collected sable-
fish from a number of localities off the British Columbia
coast to determine whether fish from the different areas
could be distinguished on the basis of their parasites.
Kabata et al. (1988) found that they could use the helm-
inth parasites from the digestive tract to differentiate sable-
fish taken from two seamounts (Cobb and Union) from
those collected on the continental slope. This suggested
that sablefish stocks on seamounts were discrete and could,
perhaps, be developed as localized fisheries.

The current study reexamined a previously sampled
seamount to confirm earlier results, and expanded the
number of seamounts sampled for biological tags. To
this end, three seamounts were sampled in 1987 and
1988. The Union Seamount (Kabata et al., 1988) was
revisited, and the Bowie and Dellwood Seamounts were
sampled for the first time (Fig. 1).

Concurrently, in 1987, traditional tagging of sablefish
was employed on the Bowie and Union Seamounts to
allow a direct method of detecting sablefish movements.

Materials and Methods

Five samples from three seamounts off the British Co-
lumbia coast captured 246 sablefish: 49 from Dellwood

131
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Figure 1
Locations of seamounts sampled for sablefish parasites.

(50°37'N, 130°42'W) in January 1987; a total of 120
from Bowie (53°18'N, 135°38'W) in February 1987 and
September 1988; and a total of 77 from Union (49°35'N,
132°45'W) in July and September 1988 (Fig. 1). The
samples from Bowie and Dellwood Seamounts were
caught with traps which were fished for approximately
24 hours in depths of 585 m to 1,170 m. At Union
Seamount, longlines were used in 318 to 1,155 m, also
for 24 hours. At capture the fish were sampled for
length and sex, and the otoliths were taken for later age
determination. The viscera, including the gallbladder,
of the fish selected for parasitological examination were
removed, individually bagged, labeled, and frozen.

Following the examination protocols used by Kabata
and Whitaker (1984) and Kabata et al. (1988), the
viscera were thawed and the various organs separated.
The contents of the stomach, caeca, and intestines were
examined for trematodes with a dissection microscope
at 9-75%. Scrapings and contents of the gall bladder
were examined for Myxosporea under a compound
microscope with phase contrast illumination at 160X
and 320x. Parasites that could not be identified at the
time of necropsy were preserved in acetoformolalcohol,
then stained with Semichon’s acetic carmine for later
identification. Sablefish ages were estimated according
to the methods of Beamish and Chilton (1982).

Prevalence data were examined with the chi-square
test, and intensity differences with the Mann-Whitney
and Kruskal-Wallis tests.

In addition, during February 1987 sablefish were
captured, tagged, and released at both Bowie and
Union Seamounts, in order to directly examine move-
ment between seamounts. A Floy FD-68! anchor tag
was applied according to the procedures described
in Beamish and McFarlane (1988). We also exam-
ined recapture information for fish tagged by tradi-
tional methods and released off the west coasts of
Vancouver Island and the Queen Charlotte Islands,
and in Queen Charlotte Sound between 1977 and
1986, and subsequently recaptured during fishing
operations on seamounts.

Results

Ten species of parasites were found, of which nine

were identified (Table 1, 2). Four species were com-

mon to all five samples: the myxosporean Ceratomyxa
anoplopoma from the gall bladder, and the trema-
todes Fellodistomum breve, Lecithochirium exodicum, and

Podocotyle atomon from the digestive tract. Of the re-

maining five species, two—Derogenes varicus and

Lecithaster gibbosus—are ubiquitous marine parasites

that, along with the four species listed above, have

been previously recorded from sablefish (Moser 1976,
Kabata and Whitaker, 1984). The other three species—
the hemiuroid trematodes Genolinea laticauda and
Gonocerca japonica and the trypanorynch cestode Grillotia
heptanchi—however, are recorded here in sablefish for
the first time.

The data showed several significant differences in
prevalence between the seamounts (Table 3) but no
significant differences in the intensities of infection by
any of the parasites. It is possible that this result was due
to the small sample sizes.

The ages of the fish ranged from 3 to 40 years, with
median ages of 7 or 8 years depending on the sample
(Table 4). Only two samples, Bowie of September 1988
and the Dellwood sample, contained fish younger than
5 years. The September Bowie sample also contained
the oldest fish (age 40). When parasite prevalences
were combined by fish age class, only infections of L.
exodicum, and perhaps P. atomon, were found to be age-
related (Table 5).

Of the 229 fish both aged and sexed, 62% were male.
Fish under age 5 composed 1.3% of the total (0.9%
males and 0.4% females); fish of age 5-10 composed
74.3% (43.7% males and 30.6% females); fish of age
11-15 composed 9.2% (7.0% males and 2.2% females);
and fish over age 15 composed 14.9% (10.5% males
and 4.4% females). The prevalences of the four para-

! Reference to trade names or commercial firms does not imply
endorsement by the National Marine Fisheries Service, NOAA.



—  Whitaker & McFarlane: Identification of Sablefish Stocks from Seamounts Using Parasites as Biological Tags 133
Table 1
Prevalence of parasites in sablefish collected from three British Columbia seamounts, 1987-88.
Percentage of fish infected
Bowie Union Dellwood
February 1987 September 1988 July 1988 September 1988 January 1987
Species (N=50) (N=70) (N=37) (N=40) (N=49)
Ceratomyxa anplopoma 14.0 17.1 37.8 27.5 24.5
Fellodistomum breve 24.0 12.8 16.2 20.0 28.6
Lecithochirium exodicum 22.0 11.4 13.5 15.0 18.4
Podocotyle atomon 4.0 1.4 8.1 5.0 10.2
Derogenes varicus 4.0 0.0 5.4 0.0 20.4
Genolinea laticauda’ 0.0 1.4 135 7.5 0.0
Gonocerca japonica’ 0.0 0.0 0.0 0.0 21
Lecithaster gibbosus 0.0 5.7 13.5 7.5 0.0
Grillotia heptanchi’ 0.0 1.4 0.0 0.0 0.0
Unidentified trematode 8.0 1.4 10.8 0.0 2.0
I Species previously unreported in sablefish.
Table 2
Intensity of parasite occurrence in sablefish from three seamounts, 1987-88.
Mean (range) number of parasites
Sample  Fellodistomum  Lecithochirium  Podocotyle ~Derogenes ~ Genolinea ~ Gonocerca  Lecithaster ~ Grillotia
Date location breve exodicum atomon varicus laticauda  japonica  gibbosus  heptanchi  Unidentified
January 1987 Dellwood 2.6 3.4 1.0 2.0 0.0 2.0 0.0 0.0 3.0
(1-10) (1-16) (1-6)
Feburary 1987 Bowie 10.0 45 3.5 1.0 0.0 0.0 0.0 0.0 2.9
(1-48) (1-14) (1-6) (1-4)
September 1988  Bowie 37.1 1.8 2.0 0.0 1.0 0.0 27 1.0 0.0
(1-478) (1-6) (1-7)
July 1988 Union 9.7 3.8 2:3 1.0 2.8 0.8 6.8 0.0 1.2
(1-29) (1=7) (1-4) (1-8) (2-15) (1-2)
September 1988  Union 2.1 2. 1.0 0.0 2.0 0.8 1.7 0.0 0.0
(1-7) (1-6) (1-3) (1-3)
sites in all samples were similar for both sexes except —
for P. atomon: 3.4% of males were infected, and 7.1% of . . i .
females Chi-square analysis for differences in prevalence of
E h' f the ni ) ies identified is di parasites among seamounts. * Indicates significant dif-
ach ot the m'ne parasite species 1 entl. 1ed 1s dis- ference (95% level).
cussed below for its relevance as a stock delineator for
sablefish. Bowie vs. Union vs. Dellwood vs.
Species Union  Dellwood Bowie
Ceratomyxa anoplopoma—The site of infection of this
S Ceratomyxa anoplopoma e
myxosporean parasite is the gall bladder. Moser (1976) D . N N
. . . ! erogenes varicus
described C. anoplopoma in sablefish collected in Cali- Gonolinea laticaiidi * *
fornia, but this is the first record in Canadian waters. Lecithaster gibbosus * *
Found in all five samples, C. anoplopoma was most preva-
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lent in fish from Union Seamount and least prevalent
in fish from Bowie Seamount. There was a significant
difference in prevalence between these two seamounts
(x2=7.48; df=1, p<0.05). There were no seasonal differ-
ences in prevalence (Table 1), and similar levels were
seen in all age groups (Table 4).

Fellodistomum breve—Sablefish in all samples were in-
fected with this trematode. Although there were no
statistically significant differences (%%=1.90; df=2, p>0.05)
between the three seamounts, this parasite was more
prevalent in the winter samples than in the summer
samples (Table 1).

Lecithochirium exodicum—This trematode was also found
in all samples of sablefish. The differences in preva-
lence between the seamounts were not significant
(x?=0.69; df=2, $20.05). Like F. breve, L. exodicum vras
more prevalent in winter samples than in summer
samples. It was the only one of the four common para-
sites that showed any definite trend related to increased
age (Table 5).

Podocotyle atomon—This parasite was common to all
samples. No statistically significant differences (%%=3.04;
df=2, p>0.05) were seen in prevalence between sea-
mounts or seasons. Younger fish (age <5) showed a
higher prevalence than older fish (Table 4) but this

Table 4
Range and median ages of fish in each seamount sample.
* One fish was not aged.

Sample N Range (y) Median (y)
Dellwood, January 1987 49 3-31 8
Bowie, February 1987* 49 5-27 8
Bowie, September 1988 70 4-40 8
Union, July 1988 37 5-29 7
Union, September 1988 40 5-21 7

result, as well as an apparent difference in sex of hosts,
may be due to the parasite’s low prevalence.

Genolinea laticauda—Prevalence of G. laticauda was sig-
nificantly different in sablefish from Union Seamount
and those from Bowie (x%=7.41; df=1,p<0.05) and
Dellwood Seamounts (x?=5.44; df=1, $<0.05; Table 3).

Derogenes varicus—This is a frequent parasite of marine
fishes. Its prevalence differed significantly between
Dellwood and the Union (X2=11.02; df=1, p<0.05) and
Bowie (x2=18.53; df=1, $<0.05) samples (Table 3). Al-
though it was found at all three seamounts, it was not
found in all fish. It was not found in either of the
September samples taken at the Union and Bowie Sea-
mounts. It was found in the July sample from Union
and the February sample from Bowie (Table 1, 2).

Lecithaster gibbosus—This trematode is another frequent
parasite of marine fishes. Its prevalence differed signifi-
cantly between fish from Union and Bowie (x?=4.08;
df=1, p<0.05) and from Union and Dellwood Seamounts
(x2=b.44; df=1, p<0.05; Table 3).

Gonocerca japonica—Specimens were found in only one

fish; it would appear to be an infrequent parasite of
sablefish.

Grillotia heptanchi—A metacestode of this trypanorhynch
cestode was found in the stomach of one sablefish.

In February 1987, 268 sablefish were tagged and re-
leased at Bowie and 379 at Union Seamount. Of the fish
tagged and released at Bowie Seamount, 8 were recap-
tured between 1989 and 1992, all of them at Bowie. Of
the fish tagged and released at Union Seamount, 9
were recaptured between 1989 and 1991, 8 at Union
Seamount and 1 at Kodiak, Alaska.

Of the fish released in continental slope waters off
Canada (west coast of Vancouver Island, west coast of
Queen Charlotte Islands, Queen Charlotte Sound, and
Hecate Strait) between 1977 and 1986 (Beamish and
McFarlane, 1988; McFarlane and Saunders, 1997), 25

Table 5
Combined prevalence of the four common parasites by age group of fish.

Prevalence (%)

Age No. of

group (y) fish Fellodistomum breve Lecithochirum exodicum Podocotyle atomon Ceratomyxa anoplopoma
<5 10 0.0 10.0 20.0 20.0

5-10 178 22.5 12.4 4.5 23.6

11-15 22 18.2 22.7 9.1 13.6

>15 35 28.6 31.1 0.0 20.0
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recaptures were made on seamounts between 1989 and
1992: 16 on Bowie Seamount, 5 on Union, 2 on Warwick,
1 on Dellwood, and 1 on Cobb.

All fish tagged and released in continental slope wa-
ters and later recovered at seamounts were tagged as
juveniles. These fish ranged in length from 40 to 51 cm
at time of tagging, corresponding to ages 3 and 4. None
of the fish tagged as adults (>55 cm) were recovered
from seamounts during the period of our study.

Discussion

The objectives of this study were to confirm the parasite
tag results of Kabata et al. (1988), which suggested that
stocks of sablefish on seamounts were discrete, and to
determine if their results applied to other seamounts.
The discreteness of seamount sablefish stocks would
significantly affect the development of management
strategies for these stocks. Specifically, could individual
seamount stocks be fished without affecting sablefish
inhabiting other seamounts, or the large, commercially
important stock in the slope waters?

Of the nine species of parasites identified from the
viscera of seamount sablefish, three—G. laticauda, G.
japonica, and G. heptanchi—were previously unreported
from sablefish. The infection rate from these species
was low, and (with the possible exception of G. laticauda,
which was more prevalent on one seamount) they can-
not be regarded as frequent parasites of sablefish. Kabata
et al. (1988) reported only three trematode species (.
breve, L. exodicum, and D. varicus) when they sampled the
Union Seamount in September 1985, whereas we identi-
fied three additional trematodes at Union. But these spe-
cies—P. atomon, G. laticauda, and L. gibbosus—showed
prevalences of less than 10% in our September sample,
which may explain why they were not observed earlier.

Our study indicated no relationship between sex of
the host fish and prevalence of three of the four para-
sites common to all samples. Podocotyle atomon was found
in female fish about twice as often as in male fish; however
itoccurred too infrequently to allow inferences about how
the sex of the host affects parasite prevalence.

Life-span data have been reported for two of the
parasites found in this study: L. gibbosus lives less than
one year (2-9 mo) in its definitive host (Margolis and
Boyce, 1969), and D. varicus can live over one year (8—
15 mo; Meskal, 1967). However, the total age of these
parasites—from egg through the first (mollusc) and
second (crustacean) intermediate hosts to the defini-
tive fish host—was not calculated. It is known that the
cercaria of L. gibbosus, after being released from a snail
and eaten by the copepod host, must develop for about
three weeks before the resulting metacercaria is infec-
tive to fish (Kgie, 1983).

Some parasite populations were associated with season.
F. breveand L. exodicum were more prevalent in the winter
samples; others—L. gibbosus and G. laticauda—were found
only in summer samples. Because L. gibbosus has a life span
of less than a year (Margolis and Boyce, 1969) the similar
variation in seasonal prevalence observed for other para-
sites may indicate comparable life spans.

A correlation between host age and parasite preva-
lence or intensity is often seen in parasite studies. This
may result from a change in diet as the host matures or
from an accumulation of parasites over time. Of the four
parasite species common to all samples, only L. exodicum
showed any correlation with host age: its prevalence in-
creased with the age of its host. Kabata et al. (1988) did
not find a relation between the prevalence of any parasite,
including L. exodicum, and fish age. However, their calcu-
lations combined fish from all samples, even those in
which L. exodicum was not present, which may have ob-
scured the relation seen in the current study. If, as sug-
gested, L. exodicum has a life span of under one year, then
the relation seen here between this species and host age
would result from changes in the fish’s diet rather than an
accumulation with time. In contrast to the earlier study of
Kabata et al. (1988), Fellodistomum breve was not identified
here in any fish under age 5. This may be because we
collected only a small number of fish from this age group.

Statistically significant differences were found between
seamounts for several parasite species. The prevalences
of both L. gibbosus and G. laticauda at Union Seamount
were significantly different from those at Dellwood and
Bowie Seamounts. But the Dellwood sample was taken
in January, and these parasites were found only in the
summer samples, so perhaps the Union-Dellwood dif-
ferences for these species are not real. We believe that
the results of the Union-Bowie comparisons are valid
because summer samples were taken at both seamounts.
Prevalence of the myxosporean parasite C. anoplopoma
was statistically different between the Union and Bowie
Seamounts, and there were no apparent seasonal or
host-age differences between populations of this para-
site. D. varicus was found in all seasons and with statisti-
cally different prevalences between the Dellwood sample
and both the Union and Bowie samples. Therefore the
prevalence of these species of parasites statistically sepa-
rated (p=0.05%) the three seamounts. Fish from the
Bowie and Union Seamounts could be differentiated
on the basis of the prevalence of C. anoplopoma, G.
laticauda, and L. gibbosus. The Dellwood Seamount could
be differentiated from both the Bowie and Union Sea-
mounts by the prevalence of D. varicus.

The prevalence of Derogenes varicus at these seamounts
allows some speculation on the extent of any sablefish
migration that may occur between the seamounts. D.
varicus was found in samples collected in both winter
and summer and was also found by Kabata et al. (1988)
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in their winter and summer samples. From these obser-
vations and Meskal’s (1967) findings on the parasite’s
life span, we conclude that this species is present in
sablefish throughout the year. These data can be used
for a preliminary analysis of the magnitude of possible
exchange of sablefish between seamounts. The restricted
distribution (Dellwood Seamount) and the life span
(~1 year) of D. varicus indicate that any transit by sable-
fish between seamounts must require more than one
year to complete. If there were frequent and rapid
exchange between seamounts, the prevalence and in-
tensity of D. varicus would be similar on all seamounts.
But we found its prevalence and intensity at Bowie and
Union Seamounts very low, implying that exchange
between Dellwood and the other seamounts is slight.

The trematodes recovered from sablefish from the
three seamounts corroborate the faunal differences seen
by Kabata et al. (1988) between fish collected on sea-
mounts and on the continental slope. In addition, the
absence of fish under age 3 in this study confirms the
previous work of Kabata et al. (1988), which suggested
that movement of juveniles aged 3+ from the continen-
tal slope is the major source of recruitment to the
seamounts. Tagging studies off the west coast of Canada
support this hypothesis. Of the fish tagged and released
on Bowie and Union Seamounts, all but one were re-
covered (up to five years after release) on the seamount
on which they were released. In addition, sablefish
tagged in continental slope waters and recovered on
seamounts were all juveniles (age 3+, 4) at the time of
tagging, corroborating the conclusion that recruitment
to the seamounts results from the movement of juve-
nile fish. Once they become established on a particular
seamount there is little evidence to suggest any major
movement between seamounts.

The statistical differences that we found between the
prevalences of C. anoplopoma, L. gibbosus, G. laticauda,
and D. varicus, as well as the tagging data lead us to
conclude that any exchange of sablefish between sea-
mounts must be at a low level and over an extended
time. Such movement would contribute little to the
established biomass at any given seamount.

Although some small exchange may occur between sea-
mounts, for purposes of the development of management
strategies (which are modified annually), these stocks of
sablefish can be considered discrete, both from other sea-
mount stocks and from stocks along the continental slope.
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Dispersion of Juvenile Sablefish, Anoplopoma fimbria,
as Indicated by Tagging in Canadian Waters
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ABSTRACT

A total of 72,296 juvenile sablefish, Anoplopoma fimbria, were tagged and released off the
west coast of Canada between 1979 and 1987. As of December 31, 1992, 2,992 (4.1%) had
been recaptured. Movement of juveniles from the northern (Queen Charlotte Sound/
Hecate Strait and the west coast of the Queen Charlotte Islands) and southern (west coast of
Vancouver Island) areas differed, when standardized for differences in recovery effort
(exploitation rate). Over 60% of juvenile fish tagged in Queen Charlotte Sound/Hecate
Strait from 1979 to 1981 (predominantly the 1977 year class) moved north of the tagging
area into U.S. waters in the Gulf of Alaska. When corrected for unreported recaptures, this
percentage increases to approximately 75% recaptured in the Gulf of Alaska. Fish tagged in
the same area from 1982 to 1985 also showed a tendency to move northward, but the
percentage recovered in U.S. waters (Gulf of Alaska) averaged approximately 20% (35%
when corrected for unreported recaptures). The majority of juveniles tagged and released
off the west coast of the Queen Charlotte Islands from 1983 to 1985 also moved into the Gulf
of Alaska. In contrast, juvenile fish tagged and released off the west coast of Vancouver Island
from 1983 to 1985 and in 1987 tended to remain near the release area. Of the fish that moved
out of the area, approximately equal numbers moved to the north and south of the release area.

Introduction

From 1979 to 1987, juvenile (<55 cm FL) sablefish,
Anoplopoma fimbria, were tagged and released off the
west coast of Canada to examine migration (recruit-
ment) patterns. Other studies have reported a ten-
dency of juvenile sablefish to move northward (Beamish
and McFarlane, 1983, 1988; Bracken, 1983; Dark, 1983;
Heifetz and Fujioka, 1991). In particular, a preliminary
analysis of juveniles tagged in Canadian waters (Beamish
and McFarlane, 1983) showed that the majority of juve-
niles tagged in Queen Charlotte Sound and Hecate
Strait in 1979 and 1980 (predominantly the 1977 year
class) moved northward, and the majority of these fish
(60% to 70%) were recovered in the Gulf of Alaska
(Figure 1). Beamish and McFarlane suggested that this
area must be regarded as an important nursery area for
sablefish recruiting to the United States fishery—just
how important depends on the contribution of nursery
areas off Alaska itself and how consistent this pattern
remains. This study was continued in 1981 and 1983 to

include tagging areas off the west coasts of the Queen
Charlotte Islands and Vancouver Island in order to
determine whether the northward movement of juve-
niles was consistent over a number of years and areas,
and particularly whether movement into Alaskan wa-
ters was a general feature of juvenile movement.

In this paper we examine the movement of juvenile
sablefish tagged in three areas (the west coast of
Vancouver Island, the west coast of Queen Charlotte
Islands, and Queen Charlotte Sound/Hecate Strait)
between 1979 and 1987 and discuss the implications for
management of the resource.

Materials and Methods

Fishing Methods

Juveniles were captured with trawl nets in Hecate Strait
and Queen Charlotte Sound in 1979, 1980, and 1981.
All other juveniles were captured with Korean-style coni-

137



138 NOAA Technical Report NMFS 130

120°—

T
o

o
S

60°—

HECATE STRAIT

Q‘e Y -
L 9 SV oueen
S0 & . X:;.' - CHARLOTTE
O« / k:: .~ SOUND
O D s
RS
- ¥ 5%
- 40°—

Figure 1

Major areas referred to in this study. Hecate
Strait and shallow waters in Queen Charlotte
Sound are sometimes referred to as “inside wa-
ters.” Deeper waters in Queen Charlotte Sound,
and areas off the west coast of the Queen Char-
lotte Islands, off Vancouver Island, and off the
northern and southern coast of the United States
are considered “outside” waters.

cal traps. Traps were baited with frozen herring and
squid. Traps were set on bottom in strings of 15-60 at
average depths of 300-500 m for approximately 24 hrs.

Tagging and Recapture

A Floy FD-68! anchor tag was applied according to
procedures described in Beamish et al. (1979) and
Beamish and McFarlane (1988). On the fishing vesscl,
fish were transferred directly into holding tanks with a
continuous supply of seawater. Most fish were mea-
sured for fork length, tagged, and released immedi-
ately. Initially, fish were anaesthetized with MS 222
(ethyl aminobenzoate methane sulfonate), but its use
was discontinued after several cruises when it was found
that fish could be handled easily without anaesthetic.
Most tagged fish were recaptured in commercial sable-
fish fisheries that used traps and longline gear. The

! Reference to trade names or commercial firms does not imply
endorsement by the National Marine Fisheries Service, NOAA.

remainder were caught in trawl nets. As part of the
recovery procedure, letters describin<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>