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Executive Summary

R.L. Smith

Institute of Marine Science and Department of Biology and Wildlife
University of Alaska Fairbanks, Fairbanks, Alaska, USA

The International Symposium on North Pacific Flatfish was held in
Anchorage, Alaska, October 26-28, 1994. Forty-nine papers were
presented during the symposium, and 35 of those are included in this
proceedings book.

Dr. Donald McCaughran, executive director of the International
Pacific Halibut Commission, gave the keynote speech in which he
addressed some of the research needed to better understand and
manage Pacific halibut. He suggested that more survey data was
needed to correlate with commercial catch data. Also, a spatial
analysis of CPUE data is needed. Dr. McCaughran indicated that we
need to examine harvest strategies for halibut. Halibut bycatch and
the issue of regulatory and economic discards of halibut were also
discussed.,

The first session, reproduction, consisted of four papers. We heard
of the influence of hydrometerological events on the reproduction of
five species from the West Kamchatkan shelf (Dyakov) and of the
latitudinal patterns in life history traits of northeast Pacific flatfishes
(Castillo). The batch spawning behavior of yellowfin sole in the Bering
Sea was described (Nichol) as were the interrelationships of condition,
gonad development, and the possibility of skip spawning in winter
flounder {Burton).

Eleven papers were presented in the early life history session.
They included an analysis of early life history patterns (Chambers),
and a major focus on nursery habitats of flatfish (Norcross, Donchoe,
Minami, Holladay, and Toole). In addition, there were papers on the
variation in distribution and abundance of flatfish eggs and larvae
(Grigorev), on larval types (Mulligan), and the copepod prey of flatfish
larvae were documented (Paul), The hormonal, morphological, and
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physiological changes associated with Japanese flounder metamor-
phosis were documented {Tanaka).

A general biology session included two papers. The Bechtol paper
addressed biological characteristics of three abundant flatfish species
in Kachemak Bay, Alaska. The Meyer paper discussed characteristics of
the southcentral Alaska sport halibut fishery and alluded to potential
conflicts between commercial and sport fisheries,

Nine papers addressed feeding and growth of flatfishes in session
four. Four papers (Yang, Lang, Chilton, and Yokoyama) dealt with food
habits and diet overlap. The Chilton and Yokoyama papers reported on
single-species feeding habits, while the Yang and Lang papers exam-
ined diet similarity and diet overlap among several species. Otoliths
were the focus of two papers: Blood compared age reading techniques
on Pacific halibut otoliths, and Hagen examined microstructures and
their deposition patterns in halibut. The three remaining papers
addressed different aspects of food and energy requirements in three
different flatfish species: brown sole (Tominaga), yellowfin sole
(Smith), and flathead sole (Paul}.

Session five was on abundance, biomass and distribution and
consisted of 10 papers, 8 of which were single species studies. Those
species were: English sole (Shi and Sampson), Greenland turbot
(Ianelli, Kodolov, and Vatulina), Pacific halibut (Kodolov and Hooge}
and petrale sole (Castillo). Papers by McConnaughy and Ivankova
dealt with multispecies populations.

A session on pollution, parasites, and disease included four
papers. Avoidance of hydrocarbons in sediments was discussed by
Moles and contaminant effects on reproductive output was reported
by Sol. Lesions and parasites were discussed by Smith while the utility
of parasites as indicators of flatfish biological characteristics was
described by Moles.

Management and economics was the subject of the final session
of contributed papers. Problems confronting the arrowtooth flounder
commercial fishery were described by Cullenberg. Mortality of Pacific
halibut caught incidental to other fisheries was described and ana-
lyzed by Trumble and Williams. The Witherall paper addressed man-
agement of flatfish in U.S. waters.

The last session was a discussion of future research needs, Partici-
pants identified a list of topics that require further research activity.
The areas identified could serve as a guide for further cooperation
between the agencies and institutions represented at this symposium.
Further, it could serve as a reference for future research funding
priorities.
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Flatfish Management in the
Eastern Pacific Ocean with Special
Reference to Pacific Halibut

Donald A. McCaughran

International Pacific Halibut Commission
Seattie, Washington USA

Abstract

Commercial flatfish harvesting began in the eastern Pacific in the late
1800s. Several vessels began fishing for Pacific halibut on the coast of
Washington and British Columbia in 1883. The fishery quickly ex-
panded to British Columbia and Alaska, and by 1920 harvesting of
Bering Sea stocks had begun. Harvesting of other species of flatfish
began later than halibut mainly due to the ease of fishing halibut with
longline fishing techniques. Most species of flatfish are too small to be
caught with longline gear. It was not until the arrival of the modern
“trawler” that fishing for the other species of flatfish began. Early in
the 1900s several steam-driven “otter” trawlers were brought from
New England and tried unsuccessfully to trawl for halibut. These
vessels did not develop fisheries for other species of flatfish but
instead turned to longlining halibut. Later, diesel powered trawlers
were built, and sporadic trawling began for species such as English
and petrale sole, but it was not until after the Second World War that
intensive fishing for other flatfish species developed.

A brief discussion of the various flatfish fisheries is given, and
since Pacific halibut have been harvested for a much longer time, and
have received a higher level of research and management, a more
thorough discussion will be presented for that species.
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Table 1. Exploited flatfish species of the northeast Pacific and eastern Bering

Sea.
Common name Scientific name
Alaska plaice Pleuronectes quadrituberculatus
Arrowtocth flounder Atheresthes stomias
Butter sole Pleuronectes isolepis
Dover sole Microstomus pacificus
English sole Inopsetta ischyra
Flathead sole Hippoglossoides elassodon
Greenland turbot Reinhardtius hippoglossoides
Longhead dab Pleuronectes proboscidea
Pacific sanddab Citharichthys sordidus
Pacific halibut Hippoglossus stenolepis
Petrale sole Eopsetta jordani
Rex sole Errex zachirus
Rock sole Pleuronectes bilineatus
Starry flounder Platichthys stellatus
Yellowfin sole Pleuronectes asper

The Flatfish Resource

The flatfish species that are currenily being harvested in the eastern
Pacific are given in Table 1. The estimated present (1993) biomass and
vield of each species is given for the eastern Bering Sea, Gulf of Alaska,
British Columbia, and the Washington-Oregon coasts (Table 2) (Fargo
1994, NPFMC 1994, PFMC 1994). The vields of flatfish amount to 12%
of the total Bering Sea groundfish yield, 27% of the Gulf of Alaska, 9%
of British Columbia and 9% of the Washington-Oregon groundfish
yield. This amounts to a significant impact on the total economy of
our North American fisheries. The ex-vessel value of Pacific halibut
alone is approximately 130 million doliars annually. Only Alaska
pollock exceeds flatfishes in economic value,

The importance of flatfish will continue to grow since many
species are not exploited at their full potential, we have barely begun
to exploit arrowtooth flounder for example. The only species fully
exploited are Pacific halibut and yellowfin sole in the Bering Sea, and
petrale sole, Dover sole, and English sole off the Pacific Coast. All
other species are under-utilized, particularly in the Guif of Alaska.
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& McCaughran — Flatfish Management in the Eastern Pacific Ocean

Strange as it might seemn, to those not familiar with these fisheries, it
is often the bycatch of Pacific halibut that controls the yields of many
of the other species.

Stock assessment and management

Table 3 suimarizes the methods used for stock assessment and
harvesting strategy for most of the exploited flatfish species. Pacific
halibut will be discussed in detail later because of its long history of
exploitation and management. Trawl surveys and catch at age analy-
ses are the most common stock assessment methods. Trawl surveys
alone often give extremely variable results, however when combined
with age structure analysis satisfactory results can be obtained.

The most common exploitation strategy used is the so-called F.,,
method developed by Dr. William Clark of the International Pacific
Halibut Commission (Clark 1991). Strangely enough, as we will see
later, this method is not used for Pacific halibut. In addition, the older
F, , method is used with considerable success in British Columbia.
Both the F,., and the F;; methods are largely empirical methods but
seem to work quite well for many species. The test of any method is
the “test of time.” If “good” yields can be taken from a species over a
long period of time and thereby creating stability in the supply side of
the industry, then the method is deemed a “good strategy.” The Fyy is
relatively new in its deployment; only time will tell if this strategy
combined with the current stock assessment methods produces a
satisfactory management and harvesting strategy.

Pacific Halibut

Pacific halibut {Hippoglossus stenolepis) is the largest of the Pacific
Ocean flatfishes. It occurs from northern California throughout the
Gulf of Alaska and Bering Sea across to the coast of Russia and south
to northern Japan. In the eastern Bering Sea and the eastern Pacific it
has the longest history of exploitation and management of any of the
flatfishes. Its exploitation and management structure therefore are
worthy of a detailed description.

Historic catches

Histarically, the annual domestic yield of halibut has varied between
13,000 and 45,000 tons. The catches began with less than 100 tons in
the 1880s and rose guickly to 40,000 tons by 1915 and dropped to
21,000 by 1918 (Figure 1). This drop in catches was a major concern
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Figure 1. Historic halibut commercial catches.

for fishermen and created the demand for management. The Interna-
tional Fisheries Comumission was formed by the United States and
Canada in 1923. With the onset of management and winter fishing
closures the stock began to grow until a yield of 42,000 tons was
reached in 1961. At that time groundfish fishing began by non-
domestic vessels and within several years these vessels had an annual
bycaich of halibut in the 15,000 ton range. The large bycatch com-
bined with high domestic catches at that time resulted in a precipitous
decline in halibut stocks. The commission quickly reduced domestic
catches and by the mid-1970s were the lowest in the modern history of
the fishery (13,300 mt). With the imposition of the U.S. and Canada
200 mile zones bycatch was finally controlled and by 1985 the total
bycatch was 3,200 mt. Combined with reduced domestic removals and
a favorable environment (increased survival), in the 1980s, the stocks
grew to a level that allowed a harvest of 45,000 tons in 1988. This has
been followed by a natural downturn in recruitment and the stocks
have decreased to a level that now produce a yield of 34,500 tons.
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History of management

Thirty years after the fishery began the decline in catches mentioned
earlier prompted fishermen and processors to lobby their govern-
ments for some type of research and management program, The
governments of Canada and the United States negotiated a treaty
(signed in 1923} to jointly investigate the causes for the apparent
decline in the stocks. The International Fisheries Commission was
created and a staff of seven undertock a series of research projects to
study halibut life history and to investigate the necessity of imposing
catch restrictions on the fishery. Tn 1930 the treaty was tevised to allow
the commission to restrict catches by area and time and to provide a
forum with industry to annually promulgate fishing regulations.
Further amendments to the treaty have been made from time to time
increasing the commission’s role in the conservation of the stocks. The
commission was renamed the International Pacific Halibut Commis-
sion (IPHC) in 1953. The last amendment to the treaty was made in
1979 in response to the creation of the national 200 mile zones. The
amendments continued the commission’s conservation role and
allowed the two national governments to allocate among domestic
user groups providing the national regulations do not conflict with
those of the commission.

Stock assessment

Prior to 1960 no scientifically based estimates of halibut biomass were
attempted. Fortunately, the commission had set up a data collection
system in the 1930s to sample otoliths and loghooks from various
ports over the range of the fishery. The loghook program was initiated
to obtain estimates of effort and catch-per-effort. As stock assessment
methods developed, these long-term data sets became very useful. In
the 1970s as population assessment methods developed the commis-
sion began 1o use age structure data to estimate biomass. Cohort
analysis was the first method used to provide the commission with
estimates of biomass. The commission staff developed a computer
program called “CAGEN" to implemenut catch at age data in its annual
stock assessment. We use a modification of this method at present.
The method produces annuat estimates of exploitable biomass (8-20
years old) by region and re-estimates the past 13 years annual esti-
mates as well,
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Figure 2. Historic halibut CPUE and biomass.

Harvesting strategies

Prior to 1975 the commission had no real scientifically based harvest-
ing strategy. The commission had long data records of catch and
effort. Yield recommendations were arrived at by trial and error. Yields
were increased when catch per effort increased and were reduced
when CPUE dropped. In retrospect this was not too bad an approach,
since CPUE follows the stock biomass very well (Figure 2). The
method was conservative and achieved a great deal of success as
measured by a re-analysis of the older data to produce historic
biomass estimates. In the 1960s the commission used yield-per-recruit
analysis and stock production methods to attempt to arrive at an
estimate of maximum sustainable yield. The commission abandoned
the strategy of managing the stocks to produce maximum sustainable
yield 25 years ago and has investigated and employed a variety of
different harvesting strategies since that time. In the 1970s, after the
rapid decline in the stocks, an emphasis was placed on rebuilding the
depressed biomass. With biomass estimates available from cohort
analysis, a temporary strategy of setting yields at 75% of the annual
surplus production was used with success until 1984 when a more
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scientific long term fishing strategy called constant exploitation yield
was initiated.

This method began by setting yields at 35% of the exploitable
biomass (ages 8-20). The 35% was initially arrived at by looking at the
exploitable stock size that produced the calculated maximum sus-
tained yield and recognizing that MSY was 35% of that value. This
strategy has the desirable feature of having yields follow the natural
cycles in stock abundance caused by a somewhat cyclic recruitment
patiern. The constant exploitation rate strategy was then subjected to
a great deal of analysis by computer simulation and was found to
produce large long term yields while offering little risk of over-fishing.
The commission felt this strategy would serve the halibut industry
best by insuring a considerable measure of stability.

In 1991 further research on the exploitation rate was conducted. It
was found that 0.30 resulted in a small reduction in long term yield
but gave a very high assurance that the spawning biomass would not
drop below the lowest recorded level. This additional measure while
more conservative was considered to be desirable and the commis-
sion adopted it in 1992. We are at present computing yields at 0.30 of
the exploitable hiomass.

Bycatch

Prior to 1960 there was little bycatch of halibut in the fisheries for
other species. Figure 3 shows the tremendous increase in bycatch
since that time, and documents the events which caused the increase.
Non-domestic trawlers were mainly responsible for the rapid
increase in bycatch. The large and poorly documented bycatch began
at a time when the commission was attempting to maximize catches
from a stock in excellent condition (high level of abundance}. The
high hycatch and high catches coincided with the natural downturn in
the recruitment cycle. The combined result of these factors caused the
stocks to drop to very low levels in a very short period of time. The
official documented maximum bycatch by the non-domestic trawl
fleet was 15,000 tons. IPHC believes the maximum bycatch occurred
in the late 19605 and was probably in the 20,000 ton range. With the
creation of the 200 mile zones in the United States and Canada
bycatch controls were placed on the foreign fleets and bycatch de-
clined to 3,200 tons by the mid-1980s. As the foreign fleets were
replaced by a domestic fleet bycatch again increased until protests
from the halibut industry and IPHC caused bycatch caps to be im-
posed. At present the bycatch is capped in the Bering Sea and Gulf of
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Figure 3. Histaric bycaich mortality.

Alaska, but not in British Columbia and the Washington-Oregon
fisheries. The present total bycatch is approximately 10,000 tons.

The IPHC compensates the halibut stocks for the reproductive
loss from bycatch by reducing the domestic commercial catch by the
total amount of bycatch and allocates the reductions on a regional
basis proportionatl to the biomass of halibut in each region.

The IPHC believes that the bycatch is higher than necessary to
prosecute the groundfish fisheries in both the United States and
Canada. The high bycatch is caused by too many fishing vessels
fishing for groundfish which in turn causes a “race” for fish and a
disregard for selective fishing practices. Reductions in bycatch will
only be brought about by an incentive program such as an individual
vessel bycatch quota system.

The fishery

The first 75 years of the north American halibut fishery was very
stable. In total there was less than 1,500 vessels participating in the
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Figure 4. Number of fishing days and caich in Area 3A (central Alaska).

fishery. Beginning in the mid-1970s and continuing into the 1990s a
large increase in the number of vessels occurred. This increase
occurred mainly in Alaska. The result was fewer and fewer fishing
days. Figure 4 shows the number of fishing days in Area 3 (ceniral
Alaska) and the catch from 1977 to 1992. The fishery is now completed
in two 24-hour fishing periods. The total yield is 35,000 tons. This is
spread over the various management areas proportional to the
biomass in each area. The commission has adopted the strategy of
subdividing areas whenever it is determined that unequal exploitation
rates are occurring in a large area.

Over the past 15 years a sizable sport fishery for Pacific halibut
has developed, partially in response, in some areas, to reduction in
salmon stocks. The sports fishery has grown into a profitable business
in many areas of the coast and the 1993 removal by sport fishermen
was approximately 4,000 tons.

As previously mentioned, the total allowable catch by area is
computed as 0.3 x exploitable biomass in each area. Once these
estimates are obtained bycatch, sports catch, wastage caused from
lost gear, and juvenile handling mortality are subtracted and the



14 McCaughran — Flatfish Management in the Eastern Pacific Ocean

Sport Catch (8.4%)

Personat Use (1.1%) Bycateh Mortality (18.2%)

Waste (2.7%)

Commercial Catch (69.7%
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remainder allocated to commercial halibut fishermen. Seasons are
computed which do not allow overages in catch to occur and, if
necessary, trip limits by vessel size are imposed. Figure 5 shows the
removals from the various sources. In Area 2A (Washington, Oregon)
further allocation is done by the 1.S. government to sports, comimner-
cial, and native Indian treaty tribes.

In Area 2B (British Columbia)} the Canadian government further
allocates to each vessel in an individual fishing quota system. The
Canadian fishery is open from March 1 to October 31 and quota
holders fish any time during that period. The Canadian catch mainly
goes to the domestic (United States and Canada) fresh market and
brings the highest price {$2.50-2.80 per pound U.5.).

In 1995 the United States hopes to implement an individual vessel
quota system as well. Their vessels will also fish from spring to fall.
This system will bring order, safety, and conselidation to the U.S.
fishery, and make the management of the fishery easier.

These changes create a more professional and responsible fleet
with a stronger interest in conservation. Since the U.S. system also
applies to sablefish there should be a reduction in the halibut bycatch
in the sablefish fishery. These savings will then be passed onto the
halibut/sablefish fleet directly.
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The future

As previously indicated, the fishery will change dramatically with the
advent of individual vessel quota systems. These changes will improve
the prosecution and management of the fishery considerably. The
economic value of the fishery will increase with a larger proportion of
the catch being sold Tresh. With a more complete log book system,
and with better navigation (GPS) we hope to be able to refine the level
of management. We anticipate using spatial statistical methods to get
more precise estimates of CPUE by area. This will improve the bio-
mass estimates as well as improving allocation by area. Continual
analysis of different harvesting strategies may find better methods of
computing harvest levels.

If the U.S. government can create a system of individual bycatch
quotas for its groundfish fleet we expect to see reductions in bycatch
in the future, allowing more harvesting by the domestic halibut fleets.

The IPHC has enjoyed considerable success in the past in manag-
ing this valuable resource. We feel the future may prove to be even
more successful,

References

Bell, EH. 1981. The Pacific halibut, the resource and the fishery, Alaska Northwest
Publishing Co., Anchorage, Alaska.

Clark, W.G. 1991, Groundfish exploitation rates based on life history parameters.
Can. Jour. Fish and Aquatic Sci. 48(5):734-750.

Fargo, ]. 1994. Flatfish stock assessment for 1994 and recommended yields for
1995. D.EO. Bio. Sci. Branch Report, Pacific Biological Station.

North Pacific Fishery Management Council (NPEMC). 1994. Stock assessment and
fishery evaluation report for the groundfish resources of the Gulf of Alaska as
projected for 1994,

North Pacific Fishery Management Council. 1994. Stock assessment and fishery
evaluation report for the groundfish resources of the Bering Sea/Aleutian
Islands region as projected for 1994,

Pacific Fishery Management Council (FFMC). 1934 Status of Pacific Coast
groundfish fishery through 1993 and recommended acceptable biological
catches for 1994, Portland, Oregon.






Praceedings of the International Symposium on North Pacific Flatfish
Alaska Sea Grant College Prograrn wfp AK-5G-95-04, 1895

Reproduction of Some
Flounder Species from the
West Kamchatkan Shelf

Yu.P. Dyakov

Pacific Fisheries and Oceanography Research Institute (TINRO)
Kamchatka Branch, Petropaviovsk, Russia

Abstract

Reproductive aspects of five species of commercially important
flounders inhabiting the shelf off Kamchatka were studied as part of a
long-term research project (1963-1990). They are: yellowfin sole
(Pleuronectes asper Pallas), Alaska plaice (Pleuronectes quadrituber-
culatius Pallas) Sakhalin flounder (Limanda sakhalinensis Hubbs),
longhead dab (Limanda proboscidea Gilbert) and flathead flounder
{Hippoglossoides elassodon Jordan et Gilbert).

Experiments were carried out to ascertain the influence of abun-
dance, biological structure of the parental stock, and hydrometeoro-
logical conditions on brood formation. The analyses were used to
judge the optimum number of spawners necessary to maintain the
population in a stable state and to obtain high catches. The analyses
were also used to forecast year-class abundance entering the commer-
cial stock. The dependence of brood abundance on parental stock
abundance and biological structure was examined. The dependence of
brood abundance on the commercial stock biomass of the species and
of the total for all flounders was studied.

The species were determined and the coefficients of reproduction
models were calculated describing brood abundance dependence on
corresponding indicators common to the species. It appears that
brood abundance is dependent on the parental stock and can be
described as a certainty by nonlinear equation.

Hydrometeorological conditions during spawning influenced the
formation of year-class abundance. Year-class abundance decreased
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for some species of flounders during years of high storm activity. This
is probably caused by an increase in fish mortality during early life.
The forecast equations of year-class harvest dependence on storm
activity were calculated for three flounder species.

Introduction

When investigating the reproductive cycle of any animal species,
especially fish, factors influencing their dynamics are considered.
Main factors include the status of the reproductive segment of the
population and the environment of the offspring. Year-class abun-
dance in the offspring can be quite dependent on the quantity and
biological state of the spawners, and on the population as a whole. In
addition, formation of year-class abundance is determined by their
survival, which is influenced by environmental factors during early
life.

This article is devoted to the influence of population dynamics,
biological structure, and hydrometeorological factors (storm activity)
on the formation of brood abundance for five species of flounders of
Kamchatka's western shelf: yellowfin sole (Pleuronecies asper Pallas),
Alaska plaice (Pleuronectes quadrituberculatus Pallas), Sakhalin
flounder {Limanda sakhalinensis Hubbs), longhead dab (Limanda
proboscidea Gilbert) and flathead flounder (Hippoglossoides elassodon
Jordan et Gilbert). Analyses showed the optimum level of spawners
needed to maintain a stable population and obtain rather high
catches, Analyses were also used to forecast year-class abundance
entering the commercial stock,

No early investigations of the flounders off western Kamchatka
were conducted. The only known attempt recognizes the influence of
the abundance of the parental stock on brood harvest for yellowfin
sole {Tikhonov, unpublished data). The results, however, were not
published and no definite conclusions were found.

Materials and Methods

Samples were collected by trawl survey in the waters off western
Kamchatka by scientists from the Kamchatka and central departments
of the Pacific Scientific Research Institute of Fisheries and Oceanogra-
phy during flounder spawning in spring and summer of 1963-1989,
The dynamics and biomass of the flounder reserves were determined
by squares {Aksyutina et al. 1965). Calculation of spawners and fish
population fertility is based on sex, sexual maturity rate, individual
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fertility, and the age structure of the population. Calculation of the
individual fish fertility of various age groups was carried out by
Tikhonov (1977, 1982).

Regressive analysis was performed to show how parental stock
traits influence reproductive efficiency. The analysis demonstrated the
possibilities of forecasting year-class abundance by size and biological
status of the population. The analysis contained some mathematical
models describing identical reproductive processes. Harvest stock
formation is probably not influenced solely by parental stock abun-
dance, but also by its biological structure: sex, age, and total fish in
the population. The dependence of absolute year-class abundance on
the brood (million fish: ¥} was analyzed by 12 indicators characteriz-
ing the state of the population. The indicators include the following:

Number of males in the parental stock (million fish): X

Number of females in the parental stock {million fish): X,

Number of parents in stock (million fish): X

Absclute population fertility (million eggs): X,

Relative population fertility (thousand eggs), for one female in

accordance with the abundance and age structure of the popula-

tion: X;

6. The number of fish of a commercial stock of the investigated
species (million fish}: X;

7. Biomass of a commercial stack of the investigated species (thou-
sand ton): X,

8. Biomass of a commercial stock of all the investigated flounders
(thousand ton): X

9. Absolute number of fish spawning first (spawning replenishment)
{million fish): X,

10. Relative number (to the total number of spawning stock) of fish
spawning first (spawning replenishment) of the investigated
species {%): Xy

11. Median age of the spawning replenishment of the investigated
species (vears): X,

12. Median age of the spawning stock (years}: X,

U

The reproduction models used for approximating corresponding
connections were the Beverton-Holt model, the Ricker model, a model
by Cushing, linear equation, parabola equation, and parabola equa-
tion modified.

Year-class abundance at 4+ was defined retrospectively based on
the number of fish and age when recorded during the trawl survey.
One calculation, assuming year-class abundance in the current year
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will be the same as in a previous year, taking inte account natural
diminution and catch, is expressed as:

(N:-l_nz-l}(l_(aMr,”:Nz;

where N,= absolute year-class abundance (million fish) at the age 1,

starting from the year of recruitment into the fishery

N_; = absolute abundance (million fish} of the same brood in
a previous year

®m,_, = natural diminution {portion of the unit) of brood in a

previous year

n,; = the number of brood caught fish {million fish) in a
previous year.

The natural reduction ¢y,,_, at various ages was determined by
the method developed by Zykov and Slepokurov (1982). The final
formula for retrospective calculations was obtained by further trans-
formations:

N, +n,_(1- Pr,_, )

Ny, =
l—(le‘_]

The calculation of first spawner abundance was made in accordance
with the formula:

§= Z Z[Nrfq _(N;[- —n,t.)(l— ‘PM,, J][J
.tj t 4

absolute first spawning fish abundance (million)
age of maturing fish of the same brood in different years
age of the maturing fish of different broods in a concrete
year
N, N, = absolute abundance of maturing fish (million) of brood
atage f;and 141
1, = the number of maturing fish at age #, caught in a period
of fishing
Puy, = the natural diminution in a portion of the unit at age .
Investigating the connection between breod abundance and
storm activity, we took into consideration the fact that the formation
of year-class abundance at that time was influenced by hydrometeoro-
logical factors mainly during early ontogenesis. Thus, the number of
days when storms passed through areas of flounder habitation during
spawning, March-September, was used in corresponding calculations.
Time gradation of the duration of storm activity was calculated taking
into account the spawning period for each species. In other words, in

where

I

)
L
5
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Figure 1. Dependence of year-class absolute abundance in brood on internal
population factors for yellowfin sole (a), Alaska plaice (b), Sakhalin
flounder (c). longhead dab (d), flathead flounder (e). Y = brood
abundance, X = population factors {explanation is in the text);

1 = empirical daa, 2 = curve, calculated by equation.
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order to calculate correlated connections with year-class abundance
indicators, the total days with storms for 1, 2, 3, and 4 closely con-
nected months with a successive step into one month was used as a
variable,

Results and Discussion

The dependence of brood abundance on internal
population factors

Year-class abundance at 4+ for species under investigation varies. The
abundance for yellowfin sole varies between 100 and 1,100 million
fish, for Alaska plaice between 40 and 130 million fish, for Sakhalin
flounder between 100 and 1,800 million fish, for longhead dab be-
tween 30 and 110 million fish, and for flathead flounder between 70
and 200 million fish (Figure 1). Thus, yellowfin sole and Sakhalin
flounder can be classified as high abundance species, but the others
are low abundance.

In order to calculate the influence of various internal factors on
the formation of brood abundance, the nature of its dependence on
the above indicators was examined using a regressive equation, Their
significance in numbets is given in Tables 1-5. In selecting models and
population factors, we chose those which showed minimum mean
square deviation of empirical data of brood absolute abundance
calculated by the models. The corresponding regressive equations are
shown in Table 6. Mean deviation (percent) of empirical data calcu-
lated by equation (forecast error} and cases not increasing the indi-
cated error (forecast supply) are also shown in Table 6.

The regressive analysis shows that the reproduction of yellowfin
sole, longhead dab, and flathead flounder can be indicated by the
Ricker equation more satisfactorily. Mainly, broed abundance is
dependent on the following: yellowfin sole from number of females in
the parental stock (X,), longhead dab from biomass of a commercial
stock for all the flounder species under investigation (X}, and flathead
flounder from absolute population fertility (X,). For a mathematical
description of Alaska plaice reproduction, the Cushing equation can
be used; for Sakhalin flounder reproduction, the modified parabola
equation is employed. Brood abundance of the first species is very
dependent on the number of fish in its commercial stock (X;), but for
the second species, brood abundance depends on relative population
fertility (X,).
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Table 1, Meanings of some population factors for yellowfin sole in figures
{designation factors are given in Materials and Methods).
Year broods
Factors 1963 1964 1965 1966 1967 1968 1969 1970 1971 1972
Y 1252 1318 1831 2272 2908 2805 35L.4 2515 2684 3398
X, 34.7 32 487 40 288 216 1185 255 64.4 404
X, 35 12.9 6 29.2 28.2 12 394 10.7 253 212
X, 382 449  B4T 692 57 336 1519 362 89.7 61.6
X, 2,805 9464 24,144 23,247 21,533 8334 27,141 7,421 13,128 12,220
X 801 734 671 796 764 694 689 694 518 576
X, 85 762 1283 1004 76.1 441 2179 491 142 825
X, 184 185 325 315 25.9 12 545 14.3 298 223
Xy - - - - - - 230 595 1153 8A.2
% - 344 T3V 401 34 123 1442 29 80 258
X0 - 766 87 574 59.6 366 913 g 492 116
X - .7 74 75 6.8 5.9 6.8 5 6.3 6.4
Xz 5.7 .7 7.6 79 7 7.3 6.9 7.2 6.5 7
Year broods

Factors 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982
Y 6347 B45.1 9718 4234 L 10L3 8168 6121 4446 4151  640.2
X 69.8 558 67 1713 65.8  BLLE 1042 1907 1874 2916
X, 41.2 189 186 559 612 719 583 562 2116  175.1
X, 111 747 1056 1272 127 1535 1625 2469 399 468.7
X, 23285 10,542 24,915 25958 35871 40758 26,974 33912 106,721 127,959
X, 565 558 845 464 586 567 163 603 504 731
X 1328 964 1416 3066 146 1785 2332 339 5402 6394
X, 336 223 313 671 34.2 478 56 771254 1633
Xa 922  B7.3 964 176  124.9 117 1556 1534 2248 3703
Xs 88.7 445 834 201 416 1255 971 1574 2622 241
X1 79.5 595 79 885 245 818 598 638 657 51.4
X 6.6 5.3 6.9 6.5 6.4 6.9 5.6 5.3 6.5 7.3
X 6.9 6.7 7 6.7 7.3 7.1 6.4 6.7 6.9 17

=)
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Table 2. Meanings of some population factors for Alaska plaice in figures
{designation factors are given in Materials and Methods}.

Year broads
Factors 1963 1964 1965 1966 1967 1968 1969 1970 1971 1972

Y 732 71.3 62.9 45.8 56.8 91.2 91.8 65.1 1.2 737
X, q.6 4.1 4.5 8.5 10.8 19 8.4 3.5 3.4 3.2
X, 125 8.9 11.7 17.6 215 4 216 5.6 6.2 4.8
Xy 18.1 13.0 16.2 26.1 32.3 2.9 300 9.1 10.3 B.0
X, 2909 2,158 3,048 3,973 4,641 881 6,199 1,210 1,408 957
Xe 233 242 261 226 216 220 287 216 227 199
Xy 43.5 33 29.7 63.9 74.1 21.2 714 37.4 48.7 32.6
X; 24 179 211 352 42,2 8.8 4.2 12.1 157 15.1
X - - - - - - 230 59.5 115.3 B6.2
X - 78 12.6 202 234 ne& 24.8 21 6.9 4.8
X - 60 77.8 774 724 136 82.7 231 67 60
Xn - 10.8 116 10.8 10.8 8 11.6 8.2 10.8 9.1
X 11.5 11.5 12 11.3 11.2 11 1.8 10.7 a7 16.2

[}

Year broods
Factors 1973 1974 1975 1976 1977 1978 1979 1980 1981

Y 38.2 707 99.8 127 85,1 29.6 78 4.1 B0.3
X 2.8 09 2 1.2 2.8 35 28 1.3 3
X 3.8 1.3 2.9 2.3 3.2 6.1 5.3 2.5 4.5
X, 6.4 2.2 4.9 3.5 6.0 9.6 8.1 318 7.5
X4 518 179 485 439 439 1,133 1,159 486 743
X, 136 138 167 151 137 186 219 194 165
X 41.2 17.7 40.4 13.6 40.8 35.3 39.8 20,7 30,9
X, 17.5 L] 12.7 6.3 16.5 16.8 16.6 85 14.7
Xy 92.2 87.3 96.9 176 124.9 117 i53.6 1534 2248
Xy 36 0.8 4.4 2.2 4.7 8.3 3 0.8 5.6
X 56.2 36.4 Bo.B 62.9 783 B6.5 383 2i.1 4.7
Xy, 9.8 8.2 1¢ 10.4 8.9 10.4 10.2 9.6 9.6
X 10 9.4 10 1015 9.5 10.4 10.9 9.7 10.1

e
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Tahble 3. Meanings of some population factors for Sakhalin flounder in
figures (designation factors are given in Materials and Methods).

Year broods

Factors 1969 1970 1871 1972 1973 1974 1975 1976
¥ 885.1  1018.2 820.5 459.6  485.7 7513 L0705 11334
X, 146 78.3 75.6 81.7 443 72.2 71.1 2156
X, 191,1 99.5 102.1 110.8 56.2 945 94.2 277.1
X, 337.1 177.8 177.7 1925 1005 1667  165.3 4927
X, 48,285 25481 23412 24,229 13817 22,684 21,948 67,766
X, 253 256 229 219 248 240 233 245
X, 4113 212.6 2302 2536 1222 2082 2107 504.9
X, 53.5 19.6 212 21 169 30 28.9 73.8
X, 230 59.5 1153 86.2 92.2 87.3 96.5 176
X, - 914 147.1 144.9 50.8 156.6  144.2 466.4
Xy - 51.4 82.8 75.3 50.5 939 87.2 94.7
Xy, - 5.7 5.4 5.2 5.6 58 5.6 5.9
X, & 6.1 5.7 5.5 59 5.8 5.7 59

Year broods

Factors 1977 1978 1979 1980 1981 1982 1983
¥ 491.5 432.6 3915 295.5 1359 6705 L,733.5
X, 165.7 54.6 1236 142 182.7 272.6 121 .4
X, 211 71 161 180.2 231.6 348.8 158.2
X5 376.7 125.6 284.6 322.2 414.3 621.4 2746
X, 53,499 17,523 38,425 44,761 39,257 40,809 36,863
X, 254 247 239 248 256 260 233
Xs 452.6 154.6 355.3 391.2 495.7 740.6 353.2
X, 56.1 237 43.7 57.5 67.9 117.8 43.1
). 124.9 117 155.6 153.4 2248 370.3 285.3
X4 243.3 823 2394 201 292.7 467.2 176.8
Xip 64.6 63.5 84.1 68.3 70.6 75.2 62.2
X, 5.8 3.6 5.6 5.7 5.8 5.9 53
X, 6 5.5 5.8 5.9 6 6.1 5.7
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Table 4. Meanings of some population factors for longhead dab in figures
{designation factors are given in Materials and Methods).

Year broods
Factors 1963 1964 1965 1966 1967 1968 1969 1970 1971 1972 1973

Y 1497 842 785 46 481 526 531 526 648 903 835
X, 193 134 137 12 27 63 586 51 34 83 156
X, 133 BY 72 9 157 3 411 4 202 5 B4
X, 326 223 209 21 384 93 997 9l 542 138 244
X, 6,035 3991 3078 4136 7,161 1,278 18,784 1,836 8921 2191 3,854
X, 454 448 427 460 456 426 457 459 442 138 438
X, 382 26 249 244 452 114 1163 105 645 164 291
X, 104 65 75 63 123 27 284 28 146 33 65
X, - - - - - - 230 595 1153 RR2 922
X, - 16 168 156 334 34 968 04 525 46 207
X, - 7.7 804 743 &7 366 9701 44 956 333 848
X, - 58 57 61 61 51 62 47 B 52 58
X 62 6.1 6 63 62 59 62 64 6 B 65

=

Year broods
Factors 1574 1975 1976 1977 1978 1879 1980 1981 1982 1983

Y 331 701 842 558 623 98.5 1084 56.4 129 T2.2
X, 7.8 20,1 128 145 158 376 G 151 359 24.4
Xa 4.3 9.7 6.6 8.2 7.7 20.8 25 71 194 13.6
X, 123 298 194 227 236 58.4 B.3 22,2 553 38
X 1,858 4,080 2809 3,581 3,259 8950 1023 2,887 8367 5942
X 435 421 426 433 423 430 409 407 431 437
X 14.7 364 234 27 288 89.6 10.8 308 6h 45.7
X As 6.3 5 5 5.5 13.5 Ly 2 138 o
Xy 87.3 96.5 176 1249 117 1556 153.4 2248 3703 2853
X 7.4 278 138 164 20 48 2.8 18.6 46 19
X 60.2 933 7l 722 BT 022 329 a3a B32 50
X, 5.6 5.7 5.6 5.7 57 5.8 4.6 5.3 5.8 3.3
X 6 5.8 5.9 6 5.8 6 5.6 5.7 6 6

X}
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Table 5. Meanings of some population factors for flathead flounder in
figures (designation factors are given in Materials and Methods).

Year broods
Factors 1963 1964 1965 1966 1967 1968 1969 1970 1971 1972 1473

Y 2018 1397 133.2 109.2 851 885 1338 1123 1126 1008 947
X, 13.9 10,5 144 10 23 19.3 27.3 57 179 9.9 9.2
X; 8.6 6.4 8.6 7 158 11.7 154 35 8.1 8.2 5.7
X, 22.5 16.9 23 17 388 31 42.7 8.2 26 161 149
Xy 684 498 634 558 1289 G908 1152 274 612 484 448
X 79 78 7 an 82 78 75 78 76 78 79
Xa 104.1 76.5 109.5 74 1363 1348 2118 38.3 122 67 647
X 24.5 20.3 31 22 468 349 53.4 10.7 34 239  17.7
Xy - - - - - - 230 59.5 1153 86.2 922
%y - 11.7 193 9.9 344 18.2 32.1 1.4 236 8 9.9
X0 - 69.2 839 589 887 .7 a2 15.2 908 49.7 66.4
X - i 3] 6.2 6.5 5.8 5.9 5 6.2 R} 2.9
X 6.4 6.3 6.2 6.6 6.6 6.4 6.2 6.4 6.3 6.4 6.4

1N

Year broods
Factors 1974 1975 1576 1977 1978 1979 1980 1981 1582 1583

¥ 494 984 1208 124 1265 1545 86 726 70.2 167.2
X, 95 85 124 &l 110 132 33 4l 175 168
X, 56 57 75 48 66 79 19 25 104 7
X, 151 142 189 109 177 211 52 66 279 238
X, 419 430 565 359 510 611 136 184 780 605
X, % 7 73 7 17T 7T T2 74 75 86
X, 763 6.3 939 437 751 9056 289 342 1384 1059
X, 253 173 238 131 231 258 87 118 477 344
X, 87.3 965 176 1249 117 1556 1534 2248 3703 2853
X, 115 11 164 52 155 132 18 4 362 89
. 762 775 824 477 876 626 346 606 939 374
X, 5.9 8 5 56 63 59 5 57 61 59
X 62 63 62 63 64 63 6 61 62 66

ra
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Table 6. The equations of dependence of brood absolute abundance upon
some population factors.

Repressive Farecast Forecast Number
Species equation error supply of broods
Yeliowfin sole Y =20.7X ¢ L0710 K 424 60 20
Alaska plaice Y =132.997X, ' 7910 205 63.2 19
Sakhalin flounder ¥ =-32,240.8x10* 45.7 60 17

+283.607 X, - 0.6074X2

Longhead dab Y =1.733Ke 8™ 0%  ogg 60 20

Flathead flounder ¥ =0.527X, 7 585x107X 293 66.7 20

Results show that brood abundance depends on internal factors
for all flounder species investigated by us except longhead dab. The
reproduction efficiency of yellowfin sole, Sakhalin flounder, and
flathead flounder is mainly influenced by the number and the age
structure of females, Apparently, the number of males in the popula-
tions during this study was such that it could greatly influence the
formation of brood abundance.

In the case of Alaska plaice, the brood abundance decreased while
the commercial stock of this species increased. This can be caused by
reduced fish fertility resulting from decreased food supply. The food
supply decrease may be due to the high numbers of commercial stock,
and food competition with the more numerous yellowfin sole which
shares both habitat and food preferences with the Alaska plaice.

In the case of the less numerous longhead dab, the brood abun-
dance is greatly influenced by the total size of the commercial stock of
all studied species. Longhead dab probably holds a subordinate
position, compared to other species, during formation of year-class
abundance. This explains the low level of its biomass.

Forecasting year-class harvest by calculated equations can be
more precise for low abundance species: Alaska plaice, longhead dab,
and flathead flounder. Forecasting brood number by the status of
parental stock is less accurate for yellowfin sole and Sakhalin flounder.
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Table 7. Correlation coefficients between flounder year-class abundance and
the duration of storm processes in a period of spawning and early
life period. (In parentheses: critical correlation coefficients at a 5%
level of significance.)

Number of days with storm

correlation Number
Species April-lune April-July of broods
Yellowfin sole -0.45 (0.44) -0.46 (0.44) 20
Alaska plaice -0.60 (0.46) -0.56 {(.46) 19
Sakhalin flounder -0.45 {0.55) -0.56 (0.55) 13
Longhead dab 0.28 (0.44) 0.19 (0.44) 20
Flathead flounder 0.14 (0.44) 0.22 (0.44) 20

Forecasting is related to the extent of brood abundance pressure. [t
varies 10-18 times for high abundance species, and 3-4 times for low
abundance species (Figure 1).

Thus, for the first time, data on population factors have been
ohtained for forecasting brood abundance for flounders of the western
Kamchatka Shelf and also to identify the optimum level of spawners
necessary for reproduction.

Influence of storm activity on formation of flounder
year-class abundance

Variations in year-class abundance, and the degree and character of
its relation to the atmospheric processes of storm activity in areas of
flounder habitat have been examined. The negative correlation has
been ascertained between the number of fish in broods and the
duration of storm activity in a year broods were born for yellowfin
sole, Alaska plaice, and Sakhalin flounder. Connections like these have
not been observed for longhead dab and flathead flounder (Table 7).

The specific connections made it possible to calculate equations
describing the abundance variation for each species in correlation
with the change in number of days with storm activity. The equations
have been chosen for approximations that represent the minimum
mean square deviations of the estimated data to the empirical data.

The variation of the yellowfin sole year-class abundance is
inversely proportional to the number of days with storms, and is more
satisfactorily described by the linear equation:
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Figure 2. Connection of year-class abundance for yellowfin sole with the number of
days with storm activity in April-July. Brood birth years are indicated by
figures. 1 = empirical data; 2 = curve, calculated by equation.

¥ =918.20-24.34 X {limits X :12-32)(1);

Y= year-class abundance {million fish) at the age 4+
X = the number of days with storms.

1t should be noted that the brood abundance for yellowfin sole
that began life before 1973 was relatively low, varied little, and was not
dependent upon storm activity. Starting with 1973, brood abundance
has greatly increased and is influenced by hydrometeorological
conditions (Figure 2). This is probably the main reason for a reduction
in the increasing year-class harvest of flounders, mainly yellowfin sole,
during the Alaska pollock fishery. Beginning with 1973, the flounder
catch by the Alaska pollock fishery decreased dramatically compared
to previous years. Consequently, before 1973 there was larger com-
mercial pressure on the yellowtin sole segment of the maturing
population. It should be noted that in the late 1950s and early 1960s
the commercial influence on tlounder populations was especially
great in conjunction with an intensive specialized harvest {Shuntov

where



Proceedings of the International Symposium on North Pacific Flatfish 3!

130 *59

120/ 58 E

50+

ARbundance of year classes

40+ w73
30

5 10 15 20 25 30
Number aof days with cyclones

Figure 3. Connection of year-class abundance fur Alaska plaice with the number of
days with storm activity in April-June (the sare signs as in Figure 2).

1985). This could be the cause for yellowfin sole abundance decreas-
ing to a level lower than optimum for reproduction. Brood abundance
at a given period was low even under favorable hydrometeorological
conditions, and was mainly dependent on the status of the parental
stock.

We examined the correlation between year-class harvest and
storm activity in the spring-summer months for Alaska plaice and
Sakhalin flounder. Thete is an abundance level for both species after
which it stops decreasing while the number of days with storm activiry
is increasing (Figures 3—-4). The abundance level for Alaska plaice is
about 70 million fish, and for Sakhalin flounder about 500 mi]liqn. The
dependence investigated for both species is shown by a hyperbolic
curve and the equation is as follows:

Alaska plaice: ¥ =612.77/ X +32.2(limits X : 7-28)
Sakhalin flounder: Y =13374.98/X —76.02 (limits X :12-32)

Notations are the same as for equation 1.
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Figure 4. Connection of year-class abundance for Sakhalin flounder with the
number of days with storm activity in April-July (the same signs as in
Figure 2).

Results of calculated equations using corresponding data for year-
to-year deviations of year-class abundance indicators for these species
equal 15.1% for Alaska plaice and 30.7% for Sakhalin flounder.

We need to consider why flounder year-class abundance depends
less on the duration of storm processes in fish spawning areas.
Pertseva-Ostroumova (1961) addressed storm influence on the in-
crease in egg mortality and the growth in number of deformed
embryos. Tikhonov (1968) showed that when environmental factors in
experimental conditions were unfavorable (changes in temperature,
shaking), specific gravity of the eggs increased and they fell down to
the vessel's bottorn, thus escaping mechanical influence. Conse-
quently, the growth of storm activity increases egg mortality on the
surface and causes the eggs to go deeper. Eggs are kept at depth for a
certain period of time, where they are not influenced by storms as on
the surface. Habitat conditions for the embryos and larvae of these
species are probably worse at depth than on the surface. This is one
maore factor for decreased brood abundance for those born in years
with a greater number of storms.



Proceedings of the International Symposium on North Pacific Flatfish 33

The reason for decreasing flounder year-class abundance is a
decrease in water temperature as storm activity increases. Tikhonov
(1968) proved by experiment that an increase in water temperature
within certain limits reduced the incubatory period for eggs. There is
well expressed hyperbolic dependence between these variables.
Consequently, flounder eggs develop more slowly in colder waier
during long storm periods, which can increase mortality.

Last, deteriorating food supplies for flounder larvae at depths also
may be responsible for the decrease in year-class abundance.

Thus, we have described mathematically the influence of hydro-
meteorological conditions during flounder spawning on year-class
abundance, achieving conformity for three of the five species investi-
gated. Strong storm activity unfavorably influences fish survival
during early ontogenesis. This is the factor responsible for the de-
crease in commercial fish stocks. The importance of these results will
be obvious when problems connected with long term abundance
forecasts for commercial species of flounder are solved.
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Abstract

Yellowfin sole (Pleuronectes asper) females from the eastern Bering Sea
were examined to determine timing and location of spawning, and
length and age at maturity. A total of 768 ovary pairs were collected in
June during the 1993 eastern Bering Sea crab-groundfish bottom trawl
survey conducted by the Alaska Fisheries Science Center. Approxi-
mately 10 ovary pairs were collected at each of 83 stations spaced 20
miles apart, from Bristol Bay northwest to Nunivak Island. Sampling
was concentrated at stations with bottom depths < 50 m.

Survey samples suggest that yellowfin sole are determinate batch
spawners. Spawning and near spawning females were predominately
found at bottom depths < 30 m where the yellowfin sole density was
also highest. The presence of pre-spawning, spawning, and post-
spawning females in samples indicated a protracted spawning season
that began as early as May and extended into July or August. Based on
1992 and 1993 eastern Bering Sea survey collections, lengths at which
50% of the fernales were mature were 30.7 and 29.3 cm total length,
respectively. Ages at 50% maturity during 1992 and 1993 were 10.5 and
10.6 years, respectively.

Introduction

Adult vellowfin sole, Pleuronectes asper (formerly Limanda aspera), in
the eastern Bering Sea undergo annual migrations from wintering
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areas near the continental shelf-slope break (approximately 200 m
bottom depth) off Unimak Island and the Pribilof islands to nearshore
areas of Bristol Bay and east of Nunivak Island in summer (Fadeev
1970, Wakabayashi 1989). Ichthyoplankton surveys (Musienko 1963,
Kashkina 1965) have shown that yellowfin sole spawn in these
nearshore areas during summer months. Investigations have also
examined size and age at maturation for yellowfin sole during the late
1950s to early 1960s {Fadeev 1963, Fadeev 1970}, 1970s (Wakabayashi
1989), and more recently in 1990 {Wilderbuer et al. 1992).

Preliminary observations of yellowfin sole ovaries during 1990 and
1991 Alaska Fisheries Science Center (AFSC) eastern Bering Sea crab-
groundfish trawl surveys indicated that spawning may occur in
batches. More comprehensive data collections in 1992 and 1993, with
results presented here, provide details on yellowfin sole spawning
activity and size and age at maturity during June and July of 1992 and
1993.

Methods

Female yellowfin sole were examined for maturity condition in June-
July during the 1992 and 1993 eastern Bering Sea crab-groundfish
trawl surveys conducted by the AFSC. The survey area included the
Bering Sea continental shelf, from nearshore bottom depths of 16 m to
the slope edge (200 m), and from the Alaska Peninsula north to
approximately latitude 62°N. One bottom trawl tow, usually 30 min-
utes in duration, was completed during daylight hours at each of 336
and 355 standard stations in 1992 and 1993, respectively. Stations were
spaced 20 nautical miles apart except in areas surrounding St. Mat-
thew Island and the Pribilof Islands where higher intensity sampling
occurred {Figure 1). The survey began in inner Bristol Bay and fol-
lowed south-north directed transects, proceeding westward with each
finished transect. Each survey used two chartered fishing vessels that
sampled alternate transects. Yellowfin sole were captured at 231 and
243 stations during the 1992 and 1993 surveys, respectively.

Maturity tables specific to yellowfin sole females were constructed
based on macroscopic observations made during 1990 and 1991 AFSC
eastern Bering sea trawl surveys (Table 1). General maturity code
tables previously used by the AFSC for a variety of fish species were
deemed inappropriate due to the possibility that yellowfin sole were
batch spawners.

In 1992, maturity codes (Table 1) were assigned to fernale yellow-
fin sole at sea in conjunction with two separate collections: total
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Figure 1. Alaska Fisheries Science Center crab-groundfish bottom trawl survey
stations. Stations where yellowfin sole ovaries were collected during 1393
are circled.

length (TL) measurements from randomly selected females and
sagittal otolith collections by ¢cm-TL intervals (Table 2). Random
length-maturity observations and otolith-maturity collections were
not systematic by area and did not emphasize vellowfin sole spawning
areas. Therefore 1992 maturity data is used here only to describe
female yellowtin sole size and age at maturity.

Systematic maturity collections which emphasized yellowfin
spawning areas were made in 1993. Seven hundred sixty-eight ovary
pairs were collected from females captured among 83 stations (Figure
1) during June of the 1993 survey. Most of these stations were located
within the 50 m bottom depth contour line. Based on the minimum
size of mature females observed in 1992 (26 cm TL), 1993 collections
emphasized mature females by collecting only females > 25 cm TL. An
attempt was made to collect ovary pairs from 10 females per station, 2
females 25-30 cm TL, 4 females 31-35 ¢cm TL, and 4 females > 35 cm
TL. This sampling scheme emphasized the collection of mature
ovaries needed to examine evidence of spawning activity, but still
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Table 1. Macroscopic maturity code designation for female yellowfin sole
ovaries.

Code  Condition Description

1 Immature Ovary clear to slightly pink or grey-pink. No
distinct oocytes. Ovarian wall thin and taut
around ovary interior.

2 Maituring Ovary usually opaque colored with distinct
{vitellogenic} cpaque colored nocytes. A network
of veins covers the ovary.

3 Hydrated As above but some portion of oocytes are clear-
transiucent (hydrated-unovulated). Hydrated are
larger than the opaque oocytes and are randomly
scattered about the ovary.

4 Spawning Hydrated (clear) oocytes in core of ovary (ovu-
lated). A continuous band of hydrated ococytes
may also be visible from the ovary sides. Eggs may
run with slight pressure. If all oocytes are clear-
translucent, this represents the last batch of eggs
to be spawned in the season.

5 Spent Deflated ovary, often with blood. Ovary wall thick
and often flaccid around ovary interior.

Table 2. Summary of female yellowfin sole (Pleuronectes aspera) maturity
collections. Numbers in parentheses indicate number of stations

sampled.
Number of Maturity Samples
Random length Owlith Ovary
Year measurements collections?® collections®
1992 1,260 {14} 326 (14) -
1993 - 313 (17) 768 (83)

? Inctudes sample length measurements in addition to random length measure-
ments.
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allowed for an adequate number of immature females needed to
compute proportions of size at maturity. Maturity codes (Table 1)
were assigned to females at sea. Ovaries were stored in 10% buffered
formalin and were subsequently weighed (nearest 0.01 g) in the
laboratory. Histological cross-sections through the middle portion of
all collected ovaries were prepared for later microscopic analysis.

As in 1992, maturity codes (Table 1) were also assigned to female
yellowfin sele in conjunction with sagitial otelith collections (by cm-
TL interval) during June and July of 1993 {Table 2). Otoliths were
stored in a 50% glycerol/water solution and were subsequently aged
by the Age and Growth unit of the Resource Ecology and Fisheries
Management Division at the AFSC.

A relative measure of ovary-size to body size, a gonadosomatic
index (GSI}, was calculated for each collected ovary pair as:

_ Paired Qvary Weight(g) x

GSI
Total Length (cm)

100
Length and age at 50% maturity were calculated by fitting the
logistic curve:

1
X_1+eAX+B

to the data where PX = Proportion mature at length or age X. Con-
stants A and B were estimated using non-linear least squares regres-
sion (SAS Institute 1987). Length and age at 50% maturity (L, and Agy)
were computed as:

_zB
T A

Catch per unit effort (CPUE} of yellowfin sole (sexes combined)
was calculated for each tow in kilograms per hectare. Area swept (in
hectares) was calculated as the distance towed multiplied by the
average net width within each tow.

X

Results
How

Observations of partial ovary hydration, where only a portion of the
oocytes within an ovary were hydrated (stages 3 and 4; Table 1),
confirmed that individual yellowfin sole spawned eggs in batches.
Initial hydration of oocytes (stage 3) occurred randomly within
ovaries. After ovulation (stage 4), hydrated oocytes accumnulated in the
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Figure 2. Mear catch per unit effort (CPUE) of yellowfin sole, by bottom depth,
during 1992 and 1993 AFSC crab-groundfish bartom trawl surveys.

center of the ovary (Table 1). Preliminary histological examination of
collected ovaries indicated the occurrence of only one mode of
advanced yolked oocytes prior to cocyte hydration suggesting that
yellowfin sole are determinate batch spawners,

Where

CPUE (kg/ha) data from both 1992 and 1993 indicated yellowfin sole
{sexes combined) abundance was concenirated in areas < 30 m
bottem depth (Figure 2). Spawning (stage 4) and near spawning (stage
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Figure 4. Percent frequency distribution of yellowfin sole females with different
marurity stages by bottom depth, during June 1993. Note that immature
females < 25 cm TL are excluded.

3) yellowfin sole were found primarily at bottom depths < 30 m
(Figure 3A) and bottom temperatures between 5.5°C and 6.5°C (Figure
3B), from Bristol Bay north to Nunivak Island. Most mature females
(66.1%) had maturing/vitellogenic (stage 2) ovaries. Females in this
stage were common in ail depth strata (Figure 4). Immature (stage 1)
and spent (stage 5) females were also found at nearly all depths
sampled, but were less common.

Maturing females in shallower nearshore waters had proportion-
ately larger ovaries (stage 2) relative to their body length than did
females further offshore. Gonadosomatic indices of stage-2 ovaries
increased twofold from bottom depths of 70-79 m to bottom depths
< 20 m (Figure 5).

When

The concurrence of pre-spawning, spawning, and post-spawned
females suggested a protracted spawning season that began prior to
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Figure 5. Average gonadosomatic index of maturing (stage 2} female yellowfin sole
by bottom depth, during June 1993. Bars indicate 95% confidence
intervals.

June and extended into July or August. The frequency of females with
spent ovaries was low at the beginning of sampling (June 4), but
increased considerably by the end of June (Figure 6). The percentage
of females in near spawning to spawning conditions (stages 3 and 4)
did not appear to change during this period.

Size and age at maturity

All yellowfin sole females < 26 cm TL and younger than age 5 were
immature. Estimates of length at 50% maturity {L;;) were 30.7 cm TL
in 1992 and 29.3 cm TL in 1993 (Figure 7A; Table 3), Age-maturation
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Figure 6. Percentage of spent female yellowfin sole among all mature females
sampled, from 4 June through 29 fune 1993,

relationships were nearly identical between 1992 and 1993 {Figure 7B;
Table 3). Estimates of Ay, were 10.5 years and 10.6 years in 1992 and
1993, respectively.

Discussion

How?

Yellowfin sole femnales in the eastern Bering Sea, like those in the
northwestern Sea of Japan {Ivankov and Ivankova 1974) are batch
spawners. Maturing oocytes develop synchronously to a fixed size
through vitellogenesis, then a portion of this mature oocyte “stock” is
hydrated. After this “batch” is spawned, another portion of the original
stock is hydrated. In this manner ovaries progress from a maturing
(stage-2) condition to unovulated hydrated (stage 3) and ovulated
hydrated (stage 4) conditions, and then back to the stage-2 condition
(Table 1). This loop is repeated until all eggs have been spawned
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Table 3. Estimaies of length and age at 50% maturity derived from the
logistic equation P, = 1/{1+&*** %) fitted to proportions of mature
female yellowfin sole at length (cm) and age (years). TL = total
length; n = number of females used in proportions.

Constants 50% maturity
X Year A B r? n estimate
TL 1992 -0.79 24.45 »0.99 1,260 30.7
1993 -0.78 22.94 =(1.99 1,029 29.3
Age 1992 -0.88 9.18 0.98 326 10.5
1993 -0.86 9.05 0.99 313 10.6

(stage 5). Assuming yellowfin scle in the eastern Bering Sea exhibit the
same general spawning strategy as yellowfin sole in the northwestern
Sea of Japan (Ivankov and Ivankova 1972), a female may spawn as
many as five batches during the course of one reproductive season.

Given that yellowfin sole are batch spawners, the selection of
females for fecundity estimation requires careful screening for par-
tially spawned ovaries, Hunter et al. (1992) noted that the inclusion of
fecundity data from partially spawned ovaries can significantly bias
(underestimate) estimates of petential annual fecundity, the standing
stock of advanced yolked oocytes prior to the onset of spawning,
Unfortunately, pre-spawning stage-2 ovaries can be indistinguishable
macroscopically from stage-2 ovaries that have already released one
or more batches. For fecundity analyses, microscopic examinations
are needed to determine previous spawnings (i.e., presence of
postovulatory follicles within ovaries) and thereby eliminate potential
bias.

Where?

Previous authors have shown from maturity studies (Fadeev 1963,
Fadeev 1970, Wakabayashi 1989) and ichthyoplankton studies
(Musienko 1963, Kashkina 1965) that, in general, vellowfin sole in the
eastern Bering Sea spawn at bottom depths < 50 m. In this study we
found that the majority of yellowfin sole females, at least in 1993,
spawned at bottom depths < 30 m (Figure 3A).
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Musienko {1963) and Kashkina (1965} observed recently spawned
yellowfin sole eggs at bottom temperatures of 4.4°C to 11.4°C. These
correspond roughly to the bottom temperatures where spawning
females were captured during 1993 (Figure 3B).

In June-July of 1992 and 1993, the highest concentrations of
yellowfin sole were found at bottom depths < 30 m where females
spawn (Figures 2, 3). Because concentrations were highest at the
shallowest stations sampled, the yellowfin sole spawning grounds
presented here probably extend closer to shore.

Fadeev (1963) concluded that because spent females were ob-
served in the central portion of the eastern Bering Sea shelf in July,
they must have migrated from nearshore shelf areas when spawning
was finished. In the present study, females with partially deflated
stage-2 ovaries, presumably those that have spawned at least one
batch but not all, were observed at bottom depths greater than 30 m.
This suggests that females may not necessarily remain on the spawn-
ing grounds (< 30 m bottom depth) until all batches have been
spawned. They may actually move offshore then back nearshore after
each successive batch is spawned. Continuing research that includes
histological examination of eollected ovaries should verify this pattern
of movement.

Females with maturing (stage 2) ovaries appeared to gain ovary
weight from offshore (> 70 m) to nearshare (< 20 m) (Figure 6). This
increase is likely due to an increase in oocyte size through yolk
accumulation as females migrate inshore to spawn. Another possibil-
ity, however, is that a higher percentage of females offshore relative to
those nearshore had already spawned at least one batch. Planned
research which includes egg-size measurements and histological
evaluation of ovaries should clarify this relationship.

When?

Previous investigations have indicated protracted spawning of yellow-
fin sole in the eastern Bering Sea, with spawning beginning in June or
July and ending by August or September (Musienko 1963, Fadeev 1965,
Fadeev 1970, Musienko 1970, Wakabayashi 1989). More recent studies
{wilderbuer et al. 1992), including this investigation, also indicate a
protracted spawning season, but it may begin as early as May. Given
that the spawning period for individual yellowfin sole females can be
extended due to batch spawning, the presence of spent females in
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Table 4. Estimates of female yellowfin sole length (L)) and age (Ag,) at 50%
maturity, from various investigations.

Year of
Reference Location® collection L, (cm) A, (vears)
Present EBS 1992 30.7 10.5
study 1993 29.3 10.6
Wilderbuer EBS 1980 28.8 9
et al. (1992)
Wakabayashi EBS 1973 25.5-26.0 -
(1989) 1974 25,5-26.0 -
1978 27.0-27.5 11
Fadeev (1970) EBS 1959-64 30-32 9
Tikhonov WKS 1961-63 29.9 8.5
{1978) 1964-66 28.0 8.0
1967-69 27.2 7.2

2 EBS=eastern Bering Sea; WKS-western Kamchatka Shelf

early June (Figure 6) suggests some individuals began spawning well
before June.

At what length and age?

Tikhonov (1977) noted a decrease in size and age at maturity (Table 4),
along with an increase in fecundity in female yellowfin sole captured
off the western Kamchatka shelf from 1961 to 1969. He attributed a
decrease in L., and A, to a decrease in population abundance.
Wakabayashi (1989) and Wilderbuer et al.(1992) suggested a similar
trend for yellowfin sole in the eastern Bering Sea. Values of L ; and A,
derived from females examined in 1959-64 (Fadeev 1970) when the
fishery was productive (Wilderbuer et al. 1992}, were high relative to
1973-78 estimates {Wakabayashi 1989), when stock size was presum-
ably much lower. Relatively high yellowfin sole biomass estimates, 2.2
million metric tons (mt) in 1990 to 2.5 million mt in 1993 (Wilderbuer
1993), coincide with high values of L, and A, (Table 3).

Further research

Ongoing research includes the estimation of total and batch fecundity
of yellowfin sole following methods of Hunter et al. (1992), Histologi-
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cal preparation of ovary cross-sections from the 1993 ovary collections
(n = 768) has been completed. Maturing (stage 2) ovaries that show no
evidence of previous batches spawned will be selected for total
fecundity estimation. Batch fecundity will be estimated from ovaries
with unovulated hydrated oocytes (stage 3).

Additional research also includes an examination of spatial factors
{i.e., northwest vs. southeast and nearshore vs. offshore), that may
refine estimates of length and age at maturity.
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Abstract

Information on spawning period and age-length at maturity are
critical to determine the reproductive capacity of fish populations.
The timing and duration of spawning and age-length at maturiry were
examined in six species of Northeast Pacific flatfish to infer potential
latitudinal variations (Pacific halibut, petrale sole, English sole, starry
flounder, Dover sole and rex sole). Throughout the species’ geographi-
cal range, spawning occurred mainly during winter (Pacific halibut,
petrale sole and English sole), from winter to spring (Dover sole and
starry flounder}, and from winter to summer (rex sole). With the
exception of Pacific halibut and English sole, all species tended to
spawn in later months toward their northern habitats. Spawning
period of starry flounder, petrale sole, Dover sole and rex sole seemed
to be shorter in the northern range of the species’ distribution. Yet,
spawning period for English sole appeared to be longer in its central
geographical range. A clear trend for earlier age at first maturity
toward lower latitudes was only suggested for Pacific halibut. However,
the reported age or length at 50% (or 100%) maturity for females
appeared to increase toward the northern range of the species’
distribution for Pacific halibut, petrale sole, English sole, starry
flounder and rex sole. Thus, spawning period and age or length at 50%
(or 100%) of maturity could be more environmentally influenced than
age or length at first maturity. With the exception of rex sole, long-
term averages of sea temperature (at 0, 30 and 122 m of depth) did not
support the hypothesis that fish populations from high latitudes tend
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to spawn during the warmer months of the year. The tendency for
later spawning period of flatfish at high latitudes could be an adapta-
tion to match a subsequent onset of food production for fish larvae.

Introduction

The lifetime reproductive output and the reproductive strategy of a
species is determined by several life-history characteristics such as the
spawning period, the age at first maturity, fecundity and other repro-
ductive traits (Wootton 1982). Moreover, the variation in spawning
strategies of marine fishes from high and low latitudes may have
evolved as a result of different limitations on growth and survival of
larvae (Houde 1989). Latitudinal variations in the production cycle are
characterized by a later spring bloom at high latitudes. Such time lag
is ascribed both to a subsequent increase in light intensity, and to a
later shallowing of the mixed layer, relative to areas away from the
poles (Valiela 1984). However, temperature could control the poleward
propagation of the spring bloom {(Mann and Lazier 1991) as well as
the spawning timing of fish populations in different latitudes (Bagenal
1971, Thorpe 1977).

Life history theory predicts that toward higher latitudes fish will
maximize fitness in a variable environment by increasing both age at
maturity and life span and decreasing brood size (Dillinger et al.
1987). On the other hand, some studies suggest that the spawning
season of fish start earlier at low latitudes of the species’ range and
continue poleward following the production cycle (Bagenal 1971,
Theilacker and Dorsey 1980). Although this later hypothesis is consis-
tent with an adaptation to enhance the feeding of fish larvae (Nikolsky
1963), it has not been examined in recent reviews of environmental
effects on fish reproduction (e.g., Munro et al. 1990, Wootton 1994).

With the exception of a study in Pacific halibut (St-Pierre 1984),
information on the spawning period and age-length at maturity has
not been surmmmarized for widely distributed species of flatfish in the
Northeast Pacific Ocean. The objectives of this study were to examine
if six species of Northeast Pacific flatfish of the family Pleuronectidae
exhibit latitudinal trends in: {1) the onset and duration of the spawn-
ing period and (2) the age-length at first maturity and/or age-length at
50% (or 100%) maturity. A complementary objective was to investigate
if fish populations from high latitudes (>45°N) tend to spawn during
the warmer months of the year.
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Table 1. Latitudinal range, bathymetric distribution and estimated age at
metamorphosis for the six species of flatfish considered in this
study. About 50% of the species’ occurrences are included between
the lower depth and the mid depth. Latitude ranges were based on
Miller and Lea (1972) and Allen and Smith (1988).

Latitude Age at
range Depth (m) metamorphosis

Species (degrees N) Lower Mid Maximum (months)
Pacific halibut 34-66 6 150 1097 6.0
Hyppoglossus stenolepis
Petrale sole 32-60 0 150 550 6.0°
Eopserta jordani
Engiish sole 27-81 0 150 550 2,24
Pleuronectes vetulus
Dover sole 27-61 10 200 1189 9.0¢
Microstomus pacificus
StarTy flounder 34-57 0 50 375 1.5t
Plarichthys sieilatus
Rex sole 28-61 0 150 BOD 12.0"

Errex zachirus®

*TPHC {1978)

ECastillo et al. (1994, their figure 2)
¢ Parophrys vetulus

dLaroche et al. {1982)

®Markle et al. (1992)

M Orcutt (1950)

8 Glyptocephalus zachirus

" Pearcy et al. (1977).

The six species of flatfish selected for this study were: Pacific
halibut, petrale sole, English sole, Dover sole, starry flounder and rex
sole. These species were chosen for this study because of their wide
latitudinal range (Table 1), and because they have more complete
information on spawning period and age/length at maturity than
other species of flatfish in the Northeast Pacific Ocean and/or the
Bering Sea. On the other hand, estimated age at metamorphosis and
bathymetric ranges of species’s occurrences indicate large variations
between some of the species considered (Table 1}.
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Methods

This study was based on a literature review on spawning period and
age-length at maturity (first maturity and 50% or 100% maturity).
Although 50% maturity and 100% maturity are defined as the age or
size in which the cumulative percent of mature individuals is 50% and
100% respectively, no operational definition was found for age or
length at first maturity. Therefore, the age or length at first maturity
was defined here as the age or size in which the cumulative percent of
mature individuals is 1%. Although the later definition is a rough
approximation to the data on first maturity cited in this review, it
reduces the possibility of considering rare cases of earlier maturity.
Despite that the spawning periods were stated in most of the studies
considered, spawning was also inferred from the presence of fish eggs
in the plankton (Van Cleve and Seymour 1953, Kendall and Dunn
1985). Average monthly sea temperatures for the Northeast Pacific and
the Gulf of Alaska at the surface and 122 m of depth were obtained
hetween 30°N and 60°N from Robinson {1976). The previous reference
was also used to obtain temperature averages at the sea surface and at
30 m of depth in the Eastern Bering Sea (nearly at 60°N). Sea tempera-

PACTFIC HaAaLIBUT SPAWNING PERIOD

SPAWNING AREAS oc |No |DE |Jn |FE |MR |AP |MY (oW | JL | AU | SE
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BERING SEA L i |om (oom [oom | | m
Z 'om |om e (e
E - | mm
GULF OF ALASER 4 o om |om |
GQULF OF ALASKAR TO 5 [T [ [ e -
BRITISH COLUMBIA & R [ [ —
BRITISH COLUMBIA 7 — .

Figure 1. Monthly variation in the spawning period of Pacific halibut in the
Northeast Pacific Ocean and the Bering Sea. Spawning areas are ordered
from north 1o south. Reported spawning peaks are represented by larger
black bars. Sources: 1-{(Novikov 1968); 2-(Pertseva-Osiroumorva 1961); 3-
(Best 1981); 4-(Dunlop et al. 1964); 5-(Thompson 1314} 6-(IPHC 1978); 7-
{Van Cleve and Seymour 1953).
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Table 2. Age and length at first maturity of Pacific halibut in the Northeast
Pacific Ocean and the Eastern Bering Sea. Spawning areas are
ordered from north to south.

Age at first Length at first
maturity (years) maturity (¢m)
Spawning area  females males females males Source
Eastern Bering 9 7 90 70 Novikov (1268)
Sea
10 7 - - St-Pierre (1984,
his table 2}
Northeast 8 5 - - Dunlop 1957,
Pacific cited by Novikov
{1968}
7 5 - - St-Pierre (1984,
his table 2)

tures at 30 m of depth (rather than at 122 m) were used because of the
shallower waters of the Eastern Bering Sea.

Since many studies only reported the general location of spawn-
ing, the spawning areas were ordered by broad regions and approxi-
mate latitude ranges, these areas are: California (32-42°N); Oregon
(42-46°N); Washington (46-48°N}; British Columbia (48-54°N); Gulf of
Alaska (54-60°N); and Bering Sea (52-66°N}. Although the latitude
ranges of the Gulf of Alaska and the Bering Sea overlap partially, the
long-term monthly average temperatures shown by Robinson (1976}
are lower for the Eastern Bering Sea than for the Gulf of Alaska during
most of the year.

Results
Pacific halibut

No latitudinal tends were detected in the timing of spawning for this
species (Figure 1). First maturity for both sexes seems to occur 2 or 3
years earlier in the Northeast Pacific than in the Eastern Bering Sea
(Table 2). However, Novikov {1968) reported that in isolated cases
males may mature at age 4 (55 cm) and femnales at age 6 (60 cm) in the
Bering Sea. Yet, he also suggested an earlier age of maturation for
Pacific halibut in the Northeast Pacific than in the Bering Sea.
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Figure 2. Monthly variation in the spawning period of petrale sole in the Northeast
Pacific Ocean. Spawning areas are ordered from north to south. Reported
spawning peaks are represented by larger black bars. Sources are: 1-
{Forrester 1969); 2-(Barraclough 1954); 3-{Alversen and Chatwin 1957); 4-
(Pedersen 1975); 5-(Harry 1956); 6-(Best 1963); 7-(Porter 1964); 8-(Gregory
and Jour 1976},

St-Pierre {1984) reported 50% maturity in the Northeast Pacific
coast at about age 8 in males and at age 12 in females, Females also
reach 50% of maturity at age 12 in the Yakutat region, Alaska (Schmitt
and Skud 1978). For the Eastern Bering Sea, age at 50% of marturity is
about 14 years for females and 12 years for males (5t-Pierre 1984, his
table 2}. On the other hand, Best (1981) reported ages at 50% maturity
in the Bering Sea of about 14 years for females and 7.5 years for males.
Thus, only female Pacific halibut seem to have earlier age at 50% of
maturity in low latitudes,

Petrale sole

The spawning seems to begin at least one month later off British
Columbia than off Oregon and California (Figure 2). With the excep-
tion of the December-February spawning reported for the California
Coast, spawning period appears mare protracted toward lower
latitudes by at least 1 month. Although the size or age at first maturity
for males and females did not show a clear latitudinal trend (Table 3),
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Table 3. Age and length at first maturity of petrale sole in the Northeast
Pacific Ocean. Spawning areas are ordered from north to south.

Age at first
maturity (years)

Length at first
maturity (crn)

Spawning area females males females males Source
Off British 5 4 35 32 Forrester (1969)
Colurmbia
- - 35 32 Ketchen and
Forrester (1966)
4 2 37 30 Cleaver {1949,
his table 6)
- - 37 31 Pedersen (1975,
his table 16)
Off Washington - - 34 32 Pedersen (1975,
to Northern his table 16)
Oregon
Off Oregon - - 31 29 Harry (1956)
Off California 5 - 32 - Porter (1964)

Table 4. Age and length at first maturity of English sole in the Northeast
Pacific Ocean. Spawning areas are ordered from north to south.

Age at first Length at first
maturity (years) maturity {cm}
Spawning area females males females males Source
Off British 3 A - - Ketchen {1956}
Columbia
- - 25 - Tyler et al,
(1987)
- - 29 - Foucher et al.
1989, their
table 4}
3 - 30 25 Forrester (1969)
Washington 3 2 - - Smith (1936)
{Puget Sound}
Off Oregon 4 - 26 19 Harry (1956 and

1958)

57
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Figure 3. Monthly variation in the spawning period of English sole in the Northeast
Pacific Ocean. Spawning areas are ardered from north to south. Reported
spawning peaks are represented by larger black bars. A left {or right) half
black bar represents spawning in the early (or late) part of the month.
Sources are: I1-{Kendall and Dunn 1985); 2-(Ketchen 1858); 3-(Forrester
1969); 4-(Clemens and Wilby 1961); 5-(Farge and Tyler 1994}; 6-(Smith
1936); 7-(Johnson et al. 1991); 8-(Harry 1956 and 1959); 9-(Kruse and
Tyler 1983); 10-(Jow 1969); 11-(Villadolid 1927); 12-(Jow 1968); 13-(Budd
1940); 14-(jow 1969).

Ketchen and Forrester {1966) suggested earlier maturation and/or
smaller size at maturity off the Columbia River than in the Hecate
Strait. Pedersen (1975, his Table 17) showed that lengths at 50% of
maturity for males and females were larger in the Hecate Strait
(fernales 44 cm and males 38 cm) than off the Columbia River (fe-
males nearly 40 cm and males nearly 35 cm). Pedersen (1975) also
indicated a declining trend for female sizes at 50% maturity along 6
areas from the Hecate Strait to off California. In the later area, Best
(1961) reported that female petrale sole reach 50% maturity at about
36 cm. Thus, increasing size at 50% of maturity from south to north is
suggested for both sexes, but particularly for females.
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Figure 4. Monthly variation in the spawning period of Dover sole in the Northeast
Pacific Ocean. Spawning areas are ordered fram north to south. Reported
spawning peaks are represented by larger black bars. Sources are: 1-
(Hirschberger and Smith 1983); 2-(Kendall and Dunn 1985); 3-(Clemens
and Wilby 1961); 4-(Demory 1875); 5-(Yoklavich and Pikitch 1989} 6-
(Hosie cited by Markle et al. 1992); 7-(Hagerman 1952); 8-(Hunter et al.
19890).

English sole

No latitudinal trends in the onset of the spawning period or the
spawning peak were detected for this species (Figure 3). However, the
spawning period may be more protracted off Northern California-
Oregon than at higher or lower latitudes (Figure 3, sources 9 and 10).
On the other hand, age or length at first maturity for both sexes did
not suggest differences in age at first maturity off Oregon and off
British Columbia {Table 4}. Moreover, lengths of female English sole at
first maturity in the Hecate Strait did not show a relationship between
size at first maturity and latitude (Foucher et al. 1989, their figures 17
to 20).

The size at 50% maturity of female English sole in the Hecate
Strait increased from south to north from about 33 cm to 35 cm
(Foucher et al. 1989). Off northern Oregon, the estimated size at 50%
maturity for female English sole was nearly 31 cm (Harry 1959). Thus,
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Table 5. Age and length at first maturity of Dover sole in the Northeast
Pacific Ocean. Spawning areas are ordered from north to south.

Age at first Length at first
maturity (years) maturity (cm)
Spawning area females males females males Source
Off Oregon - - 33 - Harry (1956)
6 6 30 30 Demory (1975}
- - 24 - Yoklavich and
Pikitch (1989)
Off California 5 4 a5 32 Hagerman (1952)
6 - 29 - Hunter {1990)

a consistent northward increase in the size at 50% of maturity was
evident for female English sole.

Dover sole

The spawning peak in this species tends to start earlier off Oregon and
California than off the Bering Sea. Moreover, the spawning period
seems to be shorter off British Columbia and the Gulf of Alaska than
in lower latitudes. The only exception to this pattern was reported for
the southern Oregon coast (Figure 4, source 6). However, Marlkde et al.
(1992) sugpested that the information for the southern Oregon coast
may be biased toward later-spawning fish. Moreover, smaller Dover
sole may have an earlier and/or shorter spawning season than larger
fish (Yoklavich and Pikitch 1989), and small fish are discarded prior to
sampling from commercial catches (TenEyck and Demary 1975).
Although Hunter et al. (1992) stated that the spawning season off
central California begins in December, they considered November as
the earliest month of spawning. They also reported that the percent of
spawning females during November-December was higher off Califor-
nia (2.9% of females) than off Oregon (1% of females). Hence, the
previous study supports an earlier onset of the spawning period for
Dover sole off California than off Oregon.

Data on age or length at first maturity did not show a consistent
latitudinal trend for Dover sole (Table 5). Potential sampling bias do
not allow reliable comparison of age or length at 50% maturity in
Dover sole (Yoklavich and Pikitch 1989, Hunter et al. 1992). On the
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Figure 5. Monthly variation in the spawning period of starry flounder in the
Northeast Pacific Ocean and the Bering Sea. Spawning areas are ordered
from north to south. Reported spawning peaks are represented by targer
black bars. A left (or right) half bar indicates spawning in the early (or
late) part of the month. Sources are: 1-(Musienko 1972); 2-(Fadeev 1968);
3-(Kendalt and Dunn 1985); 4-(Smith 1936}; 5-(Hart 1973}; 6-(Orcutr
1950}

other hand, estimated sizes at 100% maturity for female Dover sole in
Northern Oregon were nearly 46 cm (Harry 1859) and 32 cm
(Yoklavich and Pikitch 1989). Such large variation of size for the same
area did not allow reliable comparison with lengths at 100% maturity
off California (nearly 45 ¢cm, Hagerman 1952, his table 3) or with
combined estimates for California and Qregon (nearly 42 cm, Hunter
et al. 1992, their Figure 11).

Starry flounder

The spawning period seems to be less protracted northward, and
appears to occur progressively later toward the northern range of the
species’ distribution (Figure 5). Hart (1973) indicated that starry
flounder spawns off British Columbia in about the same period than
in Puget Sound, but no months were stated.

Ages at first maturity for females did not indicate a latitudinal
trend between California and Puget Sound (Table 6). On the other
hand, ages at 50% of maturity for starry flounder off Monierey Bay,
California, are about 3 years for males and 4 vears for females (Orcutt
1950, his table 11). The corresponding ages at 50% of maturity off
Oregon for both sexes (Beardsley 1969, his figure 11), were nearly one
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Table 6. Age and length at first maturity of starry flounder in the Northeast
Pacific Ocean. Spawning areas are ordered from north te south.

Age at first Length at first

maturity (years) maturity {cm)
Spawning area  females males females males Source
Washington 3 2 - - Smith (1936)
{Puget Sound)
Oregon 4 3 30 22 Beardsley (1969,
(Yaquina Bay} his figure 11)
California 3 2 24 22 Orcutt (1950}

(Monterey Bay)

more year than those estimated for starry flounder off California.
Thus, older ages at first maturity and 50% maturity are suggested for
starry flounder from Oregon than from California.

Rex sole

The spawning period in this species tends to start earlier off Califor-
nia-Oregon than off British Colurnbia and the Bering Sea (Figure 6).
The spawning also seems considerably less protracted in the Eastern
Bering Sea when compared to lower latitudes.

For rex sole off Northern Oregon, Hosie (1975) reported that ages
and sizes at first maturity were 4 years and about 19 cm for females,
and 3 to 4 years and about 13 cm for males. Off California, females
seem Lo reach first maturity in their third year of life (Frey 1971).
Hence, limited data for female rex sole suggest earlier age at first
maturity in its southern range.

Hosie and Horton {1977) also suggested that rex sole may mature
at earlier age in the southern part of their range. Both male and female
rex sole have been found fully mature at age 4 off California (Villadolid
1927), while 100% mature fish off Oregon have been found at older
ages {age 5 in males and age 9 in females, Hosie and Horton 1977).

Latitudinal variation in sea temperatures

Only the spawning period for rex sole coincided with the months of
peak average surface and subsurface sea temperatures at high lati-
tudes (Figures 7 and 8). On the other hand, no time-lags of warmer
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Figure 6.

Monthly variations in the spawning period of rex scle in the Northeast
Pacific Ocean and the Bering Sea. Spawning areas are vrdered from north
to south. Reported spawning peaks are represented by larger black bars. A
left (or right) half black bar indicates spawning in the early (or late} part
the month. Sources are: I1-fMineva 1968); 2-(Musienko 1963, cited by
Musienko 1972); 3-(Kendalil and Dunn (1985); 4-{Forrester, cited by Harr
1973); 5-(Smith 1936); 6-(Hosie 1375}, 7-(Reed, cited by Hosie 1975); 8-
(Villadolid 1327},
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Long-term {1942-1969) average monthly sea surface temperatures at
different latitudes along the continental shelf of the Northeast Pacific
Ocean and the Eastern Bering Sea (Based on Robinson 1976).
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Figure 8. Long-term (1942-1969) average monithly sea temperatures {at 30 m or 122
m of depth) at different latitudes along the continental shelf of the
Northeast Pacific Ocean and the Eastern Bering Sea (Based on Robinson
1976).

monthly surface, and subsurface, sea temperatures between 30°N and
60°N were evident throughout the year. Hence, the apparent delay of
the spawning period toward high latitudes observed for starry floun-
der, Dover sole and petrale soles seems unrelated to average monthly
fluctuations in sea temperature.

Discussion

The tendency for both brief and later spawning periods at high
latitudes for most of the fishes considered in the present study is
consistent with the hypothesis that the simultaneous delay of the
spawning period and the production cycle toward high latitudes may
have resulted from an adaptation to favor the feeding of fish larvae.
Further evidence in support of such hypothesis include:

1. The spring phytoplankton peak seems to occur earlier (March-
April) off the Washington-Oregon coast (Landry et al. 1989), than
in the eastern Bering Sea (May-June, Meshcheryakova 1972),
Therefore, food production for fish larvae could be available later
at high latitudes than at lower latitudes.

2. The six species of fish analyzed in this study have pelagic larvae
(Matarese et al. 1989). Thus, the larval stages of these species may
rely on production of planktonic food.
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3. The duration of annual production cycles in the ocean decrease
from tropical regions to Arctic regions (Cushing 1959). Moreover,
Nikolsky (1963) implied that the longer the period in which
exogenous food is available to first feeding larvae, the more
protracted is the spawning period. Thus, adequate food items for
fish larvae may tend to be available for shorter periods in high
latitudes.

With the exception of rex sole, in which no studies on cocyte
development were available, all the species in the present study fit into
Hempel's (1979} definition of discontinuous spawning strategy, that is,
non-serial spawning (e.g., Orcutt 1950, Porter 1964, St-Pierre 1984,
Yoklavich and Pikitch 1989, Fargo and Tyler 1994). However, the
temporal differences in the occurrence of larval stages of rex sole in the
plankton (Pearcy et al. 1977} and the duration of the spawning period
suggest that rex sole also has a discontinuous spawning strategy.

Although the spawning of rex sole in the Eastern Bering Sea
occurs after the spring phytoplankton bloom, the spawning tends to
coincide with the warmest sea surface and subsurface temperatures of
the year. Hence, the hypothesis that fish populations in their poleward
limit of the species’ range breed during the warmer months of the
year (Qasim 1956), is only supported by rex sole in the present study.
On the other hand, Meshcheryakova (1972) reported a fall phytoplank-
ton peak during September-October in the Eastern Bering Sea. Thus,
spawning of rex sole in the Eastern Bering Sea could be an adaptation
to both higher temperatures and to the provision of food for fish
larvae.

The duration of the larval stages for the species considered in this
study and their maximum depths of reported species’ occurrences
suggests a tendency for later age at metamorphosis for species found
in deeper waters (Table 1). Although English sole and Pacific halibut
are within the ranges of age at metamorphosis and bathymetric
species’ distribution of the other four species (Table 1), no latitudinal
trends in the spawning periods of Pacific halibut and English sole
were evident. Therefore, the spawning of English sole and Pacific
halibut may be synchronized to other factors besides the subsequent
food production for fish larvae. The protracted spawning of English
sole seems to be due to spawning of different individuals at different
times (Hewitt, cited by Kruse and Tyler 1983). Moreover, some spawh-
ing activity could be present thraughout the year {Kruse and Tyler
1983). In the case of Pacific halibut, Novikov (1968) indicated that
while some individuals start spawning as early as October in the
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Eastern Bering Sea, others are still in a state of development until
March.

Petrale sole seems to be the only species considered in this study
in which an earlier spawning period was previously suggested for a
southern location of the species’ range (Taylor 1957). However such
pattern was only based on fish collected in two locations off British
Columbia and Califarnia. A later spawning period at high latitudes
relative to low latitudes has heen reported for few species of flatfish
elsewhere (e.g., American plaice, Pitt 1966; winter flounder, Kennedy
and Steele 1971; North Sea plaice, Bagenal 1971). Yet, this spawning
pattern could be common in species having a broad latitudinal
distribution. In Northwestern Pacific flatfish of the family Pleuro-
nectidae, spawning occurs in winter-spring in temperate waters, but
shifts to summer at high latitudes (Minami and Tanaka 1992). How-
ever, the previous study did not mention potential latitudinal varia-
tions in the timing of spawning for individual species.

Although minimum age of first reproduction is genetically set
{Wootton 1982), food availability or predation of larvae on juvenile
stages may control the age at first maturity in some species of fish
{Nikolsky 1963, Reznick and Endler 1982, Roff 1982)}. In addition,
commercial exploitation may increase the proportion of genotypes
that mature at younger ages (Beacham 1983).

With the exception of Pacific halibut, the lack of a clear latitudinal
trend for the age or length at first maturity in the present study
suggests that first maturity may be less influenced by latitudinal
gradients in the environment than 50% (or 100%) maturity.

Hunter et al. (1992) stated that differences in criteria for deter-
mining maturity in Dover sole or timing of sampling can result in
variations in length at 50% of maturity as large as those previously
reported in this species. However, the size of fish at first maturity
should be relatively independent of season because it is unlikely that
identification of maturity stage would be inaccurate for all small fish
(Yoklavich and Pikitch 1989). Thus, the age-length at first maturity
may be more reliable than age-length at 50% (or 100%) maturity.
Although no reliable data on age-length at 50% {or at 100%) maturity
of Dover sole were available for latitudinal comparisons, the age or
size at 50% (or 100%) of maturity showed a poleward increase in all
other species considered in the present study. Thus, the generalization
that maturity usually sets in earlier in regions of higher water tem-
perature or lower latitudes (Gunter 1950, Nikolsky 1963, Dillinger et al.
1987), seems to apply more to the age at 50% of maturity than to the
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age at first maturity in the present study. In warmer waters of the
Atlantic Ocean however, witch flounder has shown earlier ages both at
first maturity and 50% maturity than in colder waters (Beacham 1983}.

Considering that natural mortality of fish tend to be positively
correlated with temperature (Pauly 1980), and that age at 50% matu-
rity tends to be correlated with the reproductive life span of fish (Roff
1981, Gunderson 1988), it is conceivable that the reproductive life
span of fish may also tend to increase poleward. This later hypothesis
is consistent with the occurrence of smaller final sizes of fish in
warmer waters than the same species in colder waters and with the
longer life of animals in colder seas (Gunter 1950). The previous
hypothesis is also supported by bet-hedging predictions of life history
traits in variable environments (Stearns 1976). Thus, despite the
tendency for a more protracted spawning season for fish populations
in lower latitudes, the reproductive effort of a year-class may be
distributed over a greater number years for populations found in
higher latitudes than for populations of the same species present in
lower latitudes.
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Abstract

Jellied (soft) muscle and irregular or regular non-annual spawning
indicate that some northern pleuronectids may be reacting to nutri-
ticnal constraints in different ways. We have studied inshore winter
flounder {Pleuronectes americanus) and American plaice (Hippo-
glossoides platessoides) from deeper water. Winter flounder do not feed
during the winter off Newfoundland and show considerable annual
and interannual variations in their condition cycles. In addition adults
may not spawn every year, a state which is related to poor somatic
condition the previous year. In females, and possibly also in males,
the critical period, determining whether spawning will occur the next
year, occurs early in the feeding season, close to the normal spawning
period. Therefore it is possible to designate some fish as at risk of
spawning omission in the following vear, based on either pre- or
postspawning condition factors. Laboratory held winter flounder, with
satiation feeding during the normal feeding season, have less variation
in condition cycle and show a regular annual spawning pattern.
American plaice, which live further offshore and are reported to
have reduced winter feeding, have been stated to sacrifice soma to
maintain gonads. Very high muscle hydrations were reporied in the
1950s, notably from large fermales. We have not been recording such
high values, although we have found increased hydrations during the
spawning season. It is also possible that within a fish (flounder or



74 Burion & Maddock — Nerthern Pleuronectids

plaice) there are regional variations in the hydration, with some areas
more readity utilized. Muscle from fish with high hydrations merits
careful analysis; shrinkage, changes in myofibril organization (both
species) and holes (flounder) are found in sections of white muscle
from fish with high hydration but it is not yet known whether locomo-
tion is compromised.

Introduction

North Atlantic flatfish such as American plaice or long rough dab
(Hippoglossoides platessoides) and winter flounder (Pleuronectes
americanus, formerly Pseudopleuronectes americanus) have highly
variable life cycles. The American plaice is found as two distinct
populations on each side of the Atlantic and does not attain large size
off Scotland (Bagenal 1957). Bagenal used field derived measurements
to show a condition cycle for a 20 em length hypothetical fish. In this
case the condition cycle was shown to swing up during the summer
and decline during the winter. This kind of condition cycle is expected
if feeding is best during the summer and spawning occurs in the
spring. Off Newfoundland American plaice attains larger size but has
been reported to have high incidence of jellied muscle, particularly
associated with large fish (Templeman and Andrew 1956). Jellied or
soft muscle has also been reported from other flatfish, e.g. Liopsetta
putnamli, now Pleuronectes putnami (McKenzie 1956} and Micro-
stomus pacificus (Fisher et al. 1987). Such muscle is obviously a
concern in commercial fisheries; the highly hydrated muscle is not
acceptable in the market as reported by Templeman and Andrews
(1956), and it is recognized as a quite different condition to that
known as chalky or milky muscle, which is due to a parasite
(Patashnik and Groninger 1964}.

Reports of non-annual spawning in flatfish have also been wide-
spread although few details are usually given. Fedorov (1971) recorded
mass resorption of gametes in Reinhardtius hippoglossoides in the
Barents Sea with subsequent disruption of the next spawning cycle.
Bell (1981) did not accept Novikov's (1964) view that halibut, Hippo-
glossus hippoglossus, might not spawn annually. Nikol'skii (1961)
reports that Pleuronectes giacialis (formerly Liopsetia glacialis), the
Arctic flounder, spawns every other year. American plaice may not
spawn every year according to brief statements by Templeman and
Andrews (1858), Bagenal (1957) and Pitt (1966). These reports give no
details and it is difficult to evaluate them. However it is now certain
that at least ane northern pleuronectid does not always spawn every
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year (Burton and Idler 1984, 1987a, 1987b). Winter flounder off
Newfoundland have a prolonged winter fast (Kennedy and Steele
1971, Fletcher and King 1978} and some vears it is particularly notice-
able that a proportion of the adult fish are thin and will not spawn.
Such non-reproductive adults lack advanced stages of gametes in their
gonads at the time when reproductive adults have sperm or vitello-
genic (yolky) cocytes. The non-reproductive adults can be differenti-
ated from immature or juvenile fish by overall size, the non-reproduc-
tive fish are of adult length, and often are quite large fish (Burton and
Idler 1984, 1987a). Moreover histologically the gonads of nonrepro-
ductive adults are very distinctive; whereas juvenile or immature fish
that have never spawned have thin gonad walls, the gonads of non-
reproductive fish have very thick walls (Burton and Idler 1987a)}. This
non-reproductive state occurs with both males and females (Burton
and Idier 1984, 1987a, 1987b) and it is reversible {Burton and Idler
1987b, Burton 1991a). Irregular non-annual spawning is more oppaor-
tunistic than the two year cycle reported for Pleuronectes glacialis
{Nikol'skii 1961) and may be a response to varying feeding success
(Burton 1991b) reflected in condition cycle variation.

In this study we have looked at both winter flounder and Ameri-
can plaice. We report seasonal condition cycles and muscle hydration
data as well as preliminary information on determining fish at risk of
omitting reproduction.

Materials and Methods

Fish were obtained either by divers from the Field Services Unit of the
Ocean Sciences Centre (OSC) or with the cooperation of the Depart-
ment of Fisheries and Oceans (DFQ). Flounder were normally held in
270 L tanks under seasonal conditions of temperature and photo-
period. Plaice were held in 900 L tanks where seasonal temperatures
were mitigated with either heated (in winter) or chilled (in summer)
seawater, the aim being to restrict the temperature variations to levels
more akin to the deeper water from which they were taken. This last
summer (1994} however we were not able to hold the water tempera-
tures down because the incoming water was around 15°C which is
higher than we usually record.

Fed fish were given chopped capelin (Mallotus villosus) which is a
natural food for wild flounder off Newfoundland (Kennedy and Steele
1971}. Fish were fed two or three times a wecek to satlation (optimal
feeding); with amounts given recorded, and excess removed after 24
hours. Amounts given were continually adjusted to maintain satiation.
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Laboratory held fish were tagged with numbered fingerling tags
through the operculum. When fish were killed samples of gonads and
muscle were taken for histology, after determining body weight and
length as well as gonad, gut and liver weights. For histology samples
were fixed in Bouin's, dehydrated in an ethanol series, cleaned and
embedded in wax with sections taken at around 7-8 um. Sections were
stained with Ehrlich’s haematoxylin and eosin. Muscle samples were
always taken from beneath the reference points (Maddock and Burton
1994) straddling the lateral line approximately halfway down the body,
with skin attached 1o give orientation. Muscle samples were also taken
from other regions for comparison.

Condition factors were determined using the equation:

_ Body weight x100

CF
Length?

Gonadoesomatic index was calculated using the equation:

Gonad weight x100

GSI =
Body weight

Condition factors were plotted against time to show condition
cycles, using means. To show individual variation CF values were
grouped for both males and females and plotted. Conditions factors
close to spawning were used to estimate risk of spawning omission
the following year for flounder because there is an association be-
tween poor condition (Jow CF) early in the feeding cycle and spawn-
ing omission the following year (Burton 1994). Risk factors were
allocated based on previous work (Burton 1991b, 1994). Prespawning
condition factors < 1.00 were regarded as high risk for both males and
females. Condition factars < 1.10 for males and < 1.20 for females were
regarded as risky; the actual risk would depend on current fecundity
and early feeding success.

As for histology, muscle samples for determining hydration were
taken from the mid-region of the upper surface (Maddock and Burton
1994) close to the lateral line. Additional samples were also taken from
specific regions of the upper surface for some of the fish. Hydration
was determined by drying to constant weight (Maddock and Burton
1994). Hydrations were compared seasonally and with condition
factors, and also compared with the histological samples.
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Figure 1. Condition factors of recenily caught male winter flounder from
Conception Bay, for two years. Condition factors represented as means.

Results
Condition cycles

Freshly caught winter flounder showed considerable interannual and
annual variation in condition, as means (Fig. 1, 2). Two adjacent years
plotted for males (Fig. 1} from Conception Bay show that in the fall,
after the summer feeding season, there was a mean of about 1.05 for
one year as opposed to the much higher mean of 1.25 for the other
year. Loss of condition over the non-feeding winter for both years, was
followed by recovery in the spring and summer, during the feeding
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Figure 2. Condition factors of recently caught female winter flounder from
Conception Bay. Condition factors represented as means.

season. A similar pattern occurred for wild females from the same
locality (Fig. 2), with loss of condition over the winter followed by a
recovery during the summer. However, variation also occurs so that
with two successive winters there is a mean CF of about 1.08 succeeded
by a better CF the following winter, sampled fish attaining a mean of
1.14. These winter means for females were much better than the low
value attained by the males, with a mean CF of 0.83. Fig. 3 shows
condition factors reached under aptimal feeding in the laboratory,
measuring the same fish over a year The [emales maintained a value
close to 1.40, with some loss over the winter, while the males showed a
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Figure 3. Condition factors of laboratory held, satiation fed fish. Condition factors
as means, using the same fish throughout, males n = 6, females n = 8.

maximum around 1.2, with an overwinter loss diminishing the CF to
about 1.10. These optimally fed fish showed regular repeat spawning.
As vet we do not have a complete annual cycle for American plaice, but
overall their CF are much lower than those for flounder (Fig. 4).

Within sample variation for wild winter flounder is shown in Fig.
5, with about 100 fish grouped by condition factor; the range of
condition can be seen for prespawning adults from the same locality
(Conception Bay). Risk of becoming non-reproductive in the next year
is also shown, with 9% of males and 2% of females at high risk, while
25% of males and 51% of females were at risk by the criteria used,
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Figure 4. Condition factors and muscle hydration for recently caught individual
American plaice. Muscle sample taken from standard upper mid-region.

Muscle

Hydration for freshly caught wild winter flounder reached as high as
86% close to spawning although wild winter flounder from the fall had
lower values (Maddock and Burton 1994). Similarly wild plaice had
increased values in the early summer {Fig. 4}, but for the mid-region
sampled routinely there were no values in the 90s, However other
regions of the wild fish (July) could show higher values, and the
muscle in such regions was different from that in the less hydrated
positions (Fig. 6}. Some regions showed myofibril disorganization but
no well-defined holes like those we have reported (Maddock and
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Figure 5. Range of individual condition factors from prespawning recently caught
winter flounder, with males and females shown separately. Risk and high
risk shown, indicating that these fish had low enough condition factors
prespawning 1o put them into categories where they might not be
reproductive the following year.

Burton 1994) for jellied muscle experimentally produced in winter
flounder.

American plaice reproduction

American plaice off Newfoundland show gametogenesis well-estah-
lished by the early winter. In a December sample of 19 fish (Table 1)
five males had sperm and one had spermatids but the largest male
only had secondary spermatogonia, and was classified as a non-
reproductive adult. Among the larger females obtained there were
some which were not showing vitellogenesis and had low GSI in
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Figure 8. White muscle sumples from the same fish showing regional differences in
hydration and cytology. a. From mid-region, upper surface; hydration
87%. b. From anterior abdominal side, upper surface; hydration 32%;
cytology showing apparent loss of protein. ¢. Fram anterior region,
superiar to lateral line, upper surface; hydration 87%. Some myofibriliar
disorganization.
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Table 1. Lengths and gonadosomatic indices for American plaice sampled in

December.
Females Males
Reproductive Reproductive
GSI Length {cm) status GSI Length (cmj) status
0.66 26.0 I 1.52 20.6 R
0.74 28.0 I 1.18 22.9 R
0.85 28.5 1 170 22.9 R
4.20 30,0 R 1.75 26.7 R
0.89 315 I? 1.80 27.8 R
5.35 32.2 R 1.57 28.3 R
1.30 326 I 0.74 38,5 NR
3.83 33.9 R
0.70 357 I?
0.76 36.6 NR?
5.30 38.6 R
4,36 40.2 R

R = reproductive, NR = non-reproductive, [ = immature (juvenile).

contrast with the reproductive females. The values of December GSI
for the American plaice are low for both males and females. May, June
and July samples did not show high GSI values either; the highest
value recorded for a reproductive male was 1.80 (December} while a
spermiating male in May had a GSI of 1.23. The highest value for a
reproductive female was 5.35 (December)}. In July some females had
residual eggs showing that spawning had occurred by this time.

Discussion

We did not find very highly hydrated muscle in wild American plaice,
contrary to the reports on wild American plaice from the 1950s
{Templeman and Andrews 1956). However, the fish we analyzed were
generally quite small whereas Templeman and Andrews specificaily
state that high hydration was associated with large size. The few large
fish we did access did not show any higher hydrations than the
smaller fish, i.c., therc was no obvious trend with size in our samples.
The trend that was noticeable, however, was an increased hydration in
the spring as compared to early winter. December plaice had low
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hydrations as compared to any fish reported by Templeman and
Andrews (1956) and also low hydrations as compared to winter
flounder samples at the same season (Maddock and Burton 1994). It is
too early yet to make generalized statements about regional differ-
ences in hydration within fish, although we found that it can occur in
individuals. The possibility remains that once a fish is severely com-
promised nutritionally it will withdraw protein frem one region of
white muscle preferentially, with a tendency to conserve white muscle
in one region just as red muscle is conserved in winter flounder
{(Maddock and Burton 1994). Reports on American plaice from the
Gulf of St. Lawrence show that they have very reduced winter feeding
and have moved offshore (Powles 1965). Effectively most of these fish
seem to have a winter fast but this may only be because of low food
availability in the deeper water; we do not know for sure whether they
will feed in the minimum winter temperatures, although Morgan
{1993) has reported American plaice feeding at 1°C, and the deeper
water fish studied by Powles were at 3-6°C. Winter flounder will not
feed in the winter, if given the opportunity, so long as the tank tem-
peratures reflect the ambient inshore (their normal habitat} winter
values of around 0°C. However, they will take food if the temperatures
are raised to around 4°C (Burton, unpublished data). Given that
American plaice off Newfoundland tend to live in deeper waters
(warmer in winter) than the flounder it seems possible that they might
continue to feed if food is available at their depth, and not have an
absolute winter fast. They could thus have reduced winter feeding
similar to that found for cod {Burton et al. 1994).

with samples so far available to us we have not yet clearly estab-
lished whether female American plaice are batch-spawners like
Hippoglossus hippoglossus (Daniel et al. 1993) and Pleuronectes
platessa (Horwood et al. 1989) or single-event spawners like winter
flounder (Burton and Idler 1984). If the American plaice are batch-
spawners the relationship between successive batches and protein
depletion may be quite complex. It might be acceptable to have a
short period of compromised muscle phased with batch maturation
when fish might not be actively feeding. Although Pearcey (1961)
reported wild winter flounder from Mystic (U.S.A.) with jellied muscle
we have not yet found wild winter flounder off Newfoundland with
such muscle. It is interesting, though, that the highest hydration
values we have recorded in wild fish have been close to spawning and
subsequent to the winter fast.
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In calculating risk factors for winter flounder we used two sets of
cut-off points for condition factors, saying that condition factors less
than 1.00 for a prespawning adult constituted high fisk. Given that a
fecund female can lose 20% of her pre-oocyte hydration body weight
at spawning and that males lose about 6% (based on pre- and post-
spawn GSIs, Burton and Idler 1984) this represents a very conservative
estimate of risk of becoming non-reproductive for the following
season. By adding the two risk zones, high risk and risk, the rather
high figures of 35% for males and 53% for females are obtained.
Because actual fecundity varies considerably as well as food intake the
real risk, which depends on nutritional condition in the critical period
close to spawning, is not very accessible at present. However, samples
of wild populations show that about 35% of wild males and 30% of
wild females can be non-reproductive in the winter following a poor
feeding season {Burton 1991a, and unpublished data for males).
Allowing for the fact that some low condition fish will have died
following spawning these figures seem to correlate quite well with the
values of the predictions from CF variation prespawning.

Although Templeman and Andrews (1956), Bagenal (1957) and Pitt
(1966) all mention non-reproductive plaice no detailed information is
given, either as to prevalence or how such classification was obtained.
We did find a large male that was classified as non-reproductive
because it only had spermatogonia at a time when the other males in
the sample had reached at least the spermatid stage of spermatogen-
esis. We also found a few moderately large females that were not
reproductive but they could have been large immature fish. The
situation, particularly with females, requires further study. The
gonadosomatic indices for the plaice we have examined were low, as
compared with those of winter flounder. Males from the general
spawning period May/June did not show any GSI values above 2, in
contrast with the usual range of around 7 to 8 achieved by winter
flounder (Burton and Idler 1984). This indicates that American plaice
expend less on their reproduction than winter flounder and thus have
less demand on their energy reserves, lipids and proteins, and should
not therefore show highly hydrated muscle. However we do not know
whether the American plaice, as individuals, have a protracted spawn-
ing season, with recruitment and active gametogenesis close to the
spawning season, which would be a marked difference from winter
flounder which form their gametes early and hold them in advanced
stages over the winter, with no signs whatsoever of any later augmen-



46 Burton & Maddock — Northern Pleuronectids

tation. if American plaice do have an extended spawning season, with
active recruitment, and are unable to feed very actively at the same
time, then a period of protein loss from the muscles is not a surprising
result, especially if the fish had a winter fast or reduced winter feed-
ing, and little opportunity to feed before the spawning season.
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Abstract

In the spring ichthyoplankton of the eastern Bering Sea, the abun-
dance and frequency of eggs of three flatfish species (Alaska plaice,
flathead sole, and Bering flounder) are exceeded only by walleye
pollock eggs. From late April to early July, eggs of Alaska plaice were
found in the vast shelf area from Unimak Island to St. Matthew Island,
including Bristol Bay. During the spring of 1988-1990, areas with eggs
present ranged from 14,400 to 17,200 km? and eggs were captured
from 35.8 to 53.4% of the stations. Egg distribution was stable. Maxi-
mum concentrations of eggs were found in coastal waters to 50 m in
the northern part of the study area from Kuskokwim Bay to Nunivak
Island. Egg abundance by year varied insignificantly from 9.7 to 11.7
billion eggs.

Frequency of stations with aggregated flathead sole and Bering
flounder eggs was similar to that of Alaska plaice, but egg distribution
differed. Two main regions of egg concentration were: a northwestern
region near Nunivak, Pribilof, and $t. Matthew islands, and a more
significant southeastern region north of Unimak Island and the Alaska
Peninsula, In 1988 the areas with eggs present were close to each
other, but the following two years they were farther apart. We assumed
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that flathead sole eggs are distributed mainly in the southeastern
region, and that Bering flounder eggs are found in the northwestern
region. The total area with eggs of these two species ranged from 9,700
to 11,500 km?, and abundance varied from 1.5 to 1.73 billion eggs.
Insignificant fluctuation of egg abundance of Alaska plaice and
aggregated flathead sole and Bering flounder indicated comparatively
stable stocks of their spawners. The change in egg abundance of these
species doesn't correspond to the trawl survey stock assessments.
Despite the evidence for increasing adult biomass during these three
years (maximum in 19390}, the egg abundance of these species was at
maximunt in 1988 or 1989, and at minimum in 1990. Perhaps it is due
to the changing ratio of mature to immature specimens in populations,

Introduction

Flatfishes of the eastern Bering Sea contribute to important fisheries
(Fadeev 1965). Information on their biology has been published by
Mineva (1964) and Fadeev (1971, 1987). Data on egg and larva distri-
bution in the eastern Bering Sea has been published by Musienko
(1970), Bulatov (1982, 1983), Waldron and Vinter (1978), and Waldron
(1981). Trawl surveys have been used in this regien to determine
flatfish abundance (Bakkala and Sample 1983, Halliday and Sassana
1979), though attempts to calculate abundance of bigmouth flatfish
were implemented in 1976-1981 (Bulatov 1983).

In the eastern Bering Sea Alaska plaice, flathead sole, and Bering
flounder spawn during spring, while other flatfish spawn at other
times. Abundant eggs were observed during the annual ichthyo-
plankton surveys conducted under the international walleye pollock
abundance assessment program. The objective of this study was to
characterize egg distribution and abundance estimation for the three
flatfish species in the eastern Bering Sea. Combining egg data with
trawl surveys provides a more exact adult biomass assessment and
additional information for flatfish abundance forecasts.

Methods

In this study results of ichthyoplankton surveys in the eastern Bering
Sea during April-July 1988, 1989, and 1990 were used. In 1988 and

1989 the study region expanded from Unimak Island to 62°N latitude.
In 1990 the survey area was expanded to St. Lawrence Island. The
number of stations sampled during these years was: 174 (1988), 163
(1989), 461 (1990}. Ichthyoplankton was sampled by conical net IKS-80
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with 80 cm moeuth diameter. Vertical tows from bottom to surface at
17-150 meters depth were implemented. Ichthyoplankton samples
were analyzed on the vessels. Water temperatures were measured in
centigrade.

Egg density distribution was counted per 1 m? of sea surface. Egg
abundance was obtained by calculation of areas where egg density
differed. This abundance was compared with bottom trawl survey
results, During the survey period recorded egg totals were 10,279 eggs
of Alaska plaice, and 2,440 eggs of aggregated flathead sole and Bering
flounder.

Results and Discussion
Alaska plaice (Pleuronectes quadrituberculatus)

In the eastern Bering Sea the distribution of Alaska plaice extends into
Bristol Bay and other coastal bays. Spawning appeared just after ice
melt and continued to mid-June. Spawning grounds were located over
shelf regions close to the 100 m isobath. Eggs were carried mainly by
local currents (Pertseva-Ostroumova 1961, Bulatov 1982).

During the 1988-1990 spring ichthyoplankton surveys in the
eastern Bering Sea, eggs of Alaska plaice were observed from late April
to early July. Eggs were 1.6-2.1 mm (average 1.8-1.9 mm) in diameter.
The eggs were observed all through the survey region from Unimak
Island north to an area near St. Matthew Island (excluding a few
stations west of Unimak Island and north toward St. Matthew Island).
The largest egg concentrations occurred from late May to early June in
Bristol Bay and south from Nunivak Island.

In 1988 eggs were taken at surface water temperature of 0.3-3.5°C,
The largest catch (228 eggs) was south from Nunivak Island at 30 m
depth with surface water temperature 1.6°C.

In 1989 egg concentrations of this species occupied a smaller area
than in 1988, although their density was greater. Eggs were observed
where surface water temperature was 0.4 to 5.9°C. The largest catch
(809 eggs) occurred in Kuskokwim Bay at 19 m bottom depth with
surface water temperature of 1.5°C.

In 1990 Alaska plaice egg distribution was similar to thart in 1988,
but more patchy. Surface water temperature where collections were
made varied from -0.3 to 7.0°C. The largest catches occurred south-
ward from Nunivak Island (maximum catch was 201 eggs at 34 m
depth with surface water temperature of 2.6°C). Alaska plaice egg
distribution is shown in Figure 1.
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Figure 2. Alaska plaice total egg catch distribution and bottom depths, eastern
Bering Sea, April-July 1588, 1989, and 1930.

The majority of the Alaska plaice eggs (60-90%) were collected
near shore at less than 50 m bottom depth. Egg abundance in the
samples decreased with increasing bottom depth (Figure 2).

The eggs were collected at low water temperatures. In 1988 and
1989 the greatest egg abundance was observed at a surface water
temperature 1 to 2°C, and in 1990 at 2 to 3°C. Egg abundance de-
creased with increasing surface temperature (Figure 3).

Egg distribution during the period of highest abundance in 1990
(from late May to early June) showed a predominance of eggs at mid-
stage of development. Based on the egg development chronology
{Pertseva-Ostroumova 1961), it appears spawning of this flatfish peaks
in early May.

In the eastern Bering Sea during 1988-1990, areas with Alaska
plaice eggs ranged from 14,400 to 17,200 km?. Abundance estimates
ranged from 9.7 billion eggs in 1990 with high surface water tempera-
ture (average 4°C) to 11.7 billion eggs in 1983 with low surface water
temperature (average 2.4°C) (Table 1).



94 Grigorev and Fadeev — Distribution of Flatfish Eggs in Eastern Bering Sea

n

® T + « » 1988

o

" i ——— 1089

50 4 1990

a

- i

Q

. _

N N

o /
10 ]

® e

T T T T

Surface water temperature {centigrades)

Figure 3. Alaska plaice toial egg catch disiribuiion and surface water temperarires,
eastern Bering Sea, April-fuly 1988, 1989, and 1990,

Bigmouth flatfishes of the genus Hippoglossoides

Two abundant species of bigmouth flatfishes in the eastern Bering Sea
are: flathead sole Hippoglossoides elassodon and Bering flounder H.
robustus (Fadeev 1978, Bogdanov et al. 1979). Pertseva-Ostroumova
(1961) and Bulatov (1983) found the egg size for these two species
distinctive from other flatfish. Despite the overlap in habitat areas of
these species in the eastern Bering Sea, flathead sole is distributed in
more southern areas than Bering flounder. Based on the data of
Pertseva-Ostroumova (1961) and Bulatov (1983), the majority of
flathead sole spawn over the continental shelf at 50-150 m depth and
bottom water temperature of -0.4 to 2°C. The eggs developed near the
surface at water temperature of -1.2 to 5.4°C. Bering flounder spawn
mainly in the northern Bering Sea. Spawning occurred during early
spring in inshore zones at 25-130 m depth in colder water (Musienko
1970). The region near St. Lawrence Island is also an important
spawning area (Bulatov 1983).

There are difficulties in separating the eggs of these two species
because of similar egg diameter (2-3.5 mm), similar spawning periods,
and areas of distribution overlap. Thercfore, the cggs were investigated
for this research without differentiating between species.
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Table 1. Flaifish egg assessment results compared with trawl assessment in
the eastern Bering Sea in 1988-1950.

1988 1989 1990
Alaska plaice
Stations with egg catches, % 53.4 43.1 358
Ave. bottom depth, m 65 56 66
Ave. surf, water ternperature, "C 21 2.4 4
Total catch, eggs 2,928 4,133 3218
Ave. catch, eggs per station 32 57 19
Area with eggs, 1,000 km?® 17.2 14.4 16.8
Total abundance, billion eggs 10.2 11.7 9.7
Trawl assessment, 1,000 t {Rus) 481 452 674.5
{USA) - 287-451 652.5
Flathead sole and Bering flounder

Stations with egg catches, % 61.5 413 28.5
Ave. bottom depth, m 73 81 78
Ave. surf. water temperature, °C 2.9 35 43
“Total catch, eggs 1,698 als 624
Ave. catch, eggs per station 10 8 5
Arca with eggs, 1,000 km? 11.4 9.7 115
Egg total abundance, billion eggs 1.73 1.59 15
Trawl assessment, 1,000 t (Rus) 279 280 329
{USA) - 201-322 652.5

During ichthyoplankton surveys in the eastern Bering Sea in 1988-
1990, eggs of these two species occurred from late April to mid-July
together with eggs of Alaska plaice, although in a smaller area. We
found two main concentrations of eggs of these species: northwest
{near St. Matthew Island) and southeast (northward from Unimak
Island and in Bristol Bay). This separation is probably caused by the
difference in habitat of these two flatfish species. Bulatov (1983) found
eggs of these species similarly distributed.

In 1988 egg concentrations of flathead sole and Bering flounder
were observed at surface water temperatures of 0.7 to 5°C. The largest
catches in the southeastern region (more than 50 cggs per sample)
were northward from Unimak Island in nearshore waters at 60-30 m
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Figure 4. Flathead sole and Bering flounder egg distribution in the
eastern Bering Sea during April-fuly 1968, 1989, and 1990.
Legend (eggs/m®); 1. 1-10, 2. 11-50, 3. 51-100, 4. more
than 100.
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Figure 5. Flathead sole and Bering flounder total egg catch distriburion and bortom
depths, eastern Bering Sea, April-July 1988, 1988, and 1930.

depth with surface water temperatures of 2.2 to 4.7°C. The largest
catches in the other region were observed southward from 5t.
Matthew and Nunivak islands at about 80 m depth with surface water
temperature of 1.5°C.

In 1989 egg concentrations of these two species occupied a smaller
area than in 1988. Eggs were observed at surface water temperatures of
0.5 to 7.4°C. Egg distribution in the southern concentration located
northward from Unimak Istand was similar to that in 1988 and largest
catches were close to those occurring northward from the Alaska
Peninsula. The northern concentration in 1989 was found even farther
north than in 1988. The largest catches in the northwest region (36 and
37 eggs per sample) occurred northward from St. Matthew Island at
65-94 m depth, when surface water temperature was 1.5 to 1.9°C.

In 1990 egg concentrations occupied comparatively greater areas
and were distributed slightly farther north than in 1988 and 1989, but
were less dense (particularly the patch near St. Matthew Island, where
the largest catch was 22 eggs per sample). The southern egg concen-
trarion spread to the west; and caiches of more than 50 eggs per
sample were made both north of Unimak Island and in the region of
the Pribilof Islands. That year eggs were collected in surface water
temperatures of -0.8 to 7.6°C. Egg distribution of flathead sole and
Bering flounder together is shown in Figure 4,
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Figure 6. Flathead sole and Bering flounder total egg catch distribution and surface
watler temperatures, eastern Bering Sea, April-July 1988, 1989, and 1990.

Eggs of the two bigmouth flatfish were distributed over deeper
water than eggs of Alaska plaice. The largest catches of these eggs in
1989-1990 occurred at 50-100 m depth. In 1988 principal egg catches
were made at depths of more than 100 m (Figure 5). This relationship
was confirmed by the significant egg distribution at warmer surface
water (Figure 6), despite the largest egg catches occurring in eompara-
tively cold surface waters. Surface water temperature increased as
bottom depth increased.

Buring 1988-1990 areas occupied by eggs of aggregated flathead
sole and Bering flounder were similar in size to those occupied by
eggs of Alaska plaice, but total abundance of flathead sole and Bering
flounder was considerably less than the plaice abundance. The year
with the largest total abundance of flathead sole and Bering flounder
(1988) was also the year with the smallest averages for both surface
water temperature and bottom depth (Table 1).

Conclusion

In the eastern Bering Sea during spring, eggs of Alaska plaice, flathead
sole, and Bering flounder oceupied 4 vast area. The major concentra-
tions of Alaska plaice eggs accurred southeast of Nunivak Island in
inshore regions at 50-100 m bottom depth. Eggs of flathead sole and
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Bering flounder were distributed farther offshore and split into two
main regions: near St. Matthew Island, and northward from Unimak
Island. It is assumed that flathead sole eggs were distributed mainly in
the south region, and Bering flounder eggs were to the north.

The estimated total abundance of flatfish eggs has no direct
relation to their total adult biomass. Comparison of total adult bio-
mass estimated hy trawl surveys shows similar numbers of Alaska
plaice and both bigmouth flatfish species, whereas total egg abun-
dance of Alaska plaice is much higher than both other species. This
irregularity could depend on fecundity which is essentially unknown.
Available data on individual fecundity of flathead sole (Matarese et al.
1989) show a substantial variation (from 70,000 to 600,000 eggs).
Long-term observations of spawning peculiarities, egg and larva
distribution, and the environment during spawning and early devel-
opment is probably needed to further define this relationship. The
insignificant fluctuation in egg abundance of Alaska plaice and
aggregated flathead sole and Bering flounder explain the compara-
tively stable stocks of their spawners. The change in egg abundance of
these species doesn’t correspond to the stock assessments made by
trawl surveys. Despite the evidence of increasing adult biomass during
these three years (highest in 1990), the egg abundance of these species
was highest in 1988 or 1989, and lower in 1990. Perhaps this is be-
cause of changes in the ratio of mature to immature specimens in the
populations.
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Abstract

Flatfish eggs and larvae have not been recorded during annual
ichthyoplankton surveys for pollock assessment in the northwestern
Pacific, resulting in a lack of data on flatfish early life history.

During our investigations flatfish eggs and larvae were important
ichthyoplankton components, although the contents of the samples
were insignificant. More abundant were the eggs of Acanthopsetta
nadeshnyi. Also found were eggs and larvae of Hippoglossoides
elassodon and Pleuronectes quadritiberculatus, and larvae of
Hippoglossoides robustus, Platichthys stellatus, and Limanda
proboscidea. H. elassodon eggs occurred between eastern shores of the
North Kuril Islands and Anadyrski Bay at 33-132 m bottom depth.
Catches were generally one or two eggs per station. Egg diameters
varied from 2.68 to 3.7 mm. Almost all eggs collected were close to
hatching. Eggs of A. nadeshnyi were collected from southeast Kam-
chatka to Olyutorski Cape at 23-214 m bottom depth. The greatest egg
concentration {14 eggs per 1 m?) was observed in Osernoi Bay. Egg
diameter varied from 0.8 to 1.2 mm. More than 50% of the eggs were
at an early stage. Larvae of P quadrituberculatus were observed along
the shore of southeast Kamchatka.
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Assessment results showed the existence of a few ecological
groups of this species near eastern Kamchatka and in the western
Bering Sea. The resource in these areas differ in time of spawning and
rate of early development. The pattern of flatfish spawning and
development in the northwest Pacific is not clear at present because
of flatfish attachment to certain biotopes, distinction in spawning
periods, and the rate of individual development.

Introduction

Flatfishes are important North Pacific resources. Their biology is
comparatively well studied. However, there is imbalance between
ichthyofauna studies in the western and eastern waters of the north-
ern Pacific. Better exploration of the northeastern Pacific was con-
ducted by the United States with greater industrial and scientific
potential, while the northwestern Pacific waters were mainly under
Russian jurisdiction. Tili recently the biology of the northeastern
Pacific was also studied extensively by Soviet scientists because of the
Soviet fishery near Alaskan waters prior to the establishment of the
200-mile zone. A similar situation occurred in studying flatfish early
life history.

Distribution of flatfish eggs and larvae in the northeastern Pacific
was described by Bulatov (1983), Fadeev (1971), Kashkina (1965),
Waldron and Vinter (1978), and Waldron (1981). These data were
obtained mainly during spring. Data on flatfish eggs and larvae from
the northwestern Pacific during summer were discussed by Musienko
{1961) and Khrapkova (1961a, 1961b). Some data on flatfish eggs and
larvae from the Sea of Okhotsk were cited by Rass and Zheltenkova
(1948). The most detailed data on flatfish early life history was col-
lected by Pertseva-Ostroumova {1961). Summary data on spawning
and early life history of flatfishes in the Bering Sea was cited by
Musienko (1970). Many of the flatfish eggs and larvae that can be
found in the waters off Kamchatka were described in the atlas edited
by Okiyama (1988).

Undoubtedly the most complete data on the early life history of
North Pacific flatfish were contained in the guide by Matarese et al.
(1989). Significant data on the distribution of fladfish eggs and larvae
in the northwest Pacific were obtained by the Japanese research vessel
Oshoro Maru, but these surveys included no shelf regions. Tn spite of
the ichthyoplankton surveys implemented by Russian vessels during
the last few decades in the northwestern Pacific, the main goal of the
surveys was to record walleye pollock egg and larvae; other taxa were
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generally not recorded. Moreover, these surveys were generally
implemented during the spring. Thus, there was a lack of data on
flatfish early life history and their egg and larva distribution in the
northwestern Pacific shelf. Therefore, the main goal of this study was
to determine characteristics of flatfish early development during
sumrmner.

Methods

In this research we used results of ichthyoplankton surveys performed
with the author's participation from the shelf regions of eastern
Kamchatka and the western Bering Sea at bottom depths of 20-200
meters from June 11 to July 10, 1991. Vertical tows from bottom to
surface were made using ichthyoplankton conical nets with a mouth
diameter of 80 cm (IKS-80). Fish eggs and larvae were examined and
stored in a formalin solution. Generally, the length of larvae from the
beginning of the rostrum to the end of the notochord (NL) was used.
Larvae with volk are referred to as prelarvae. Water temperature was
measured in degrees centigrade. Special attention was directed toward
thoroughly categorizing flatfish eggs and larvae, since there was much
confusion about their identification in ichthyoplankton studies. The
main reference for flatfish egg and larvae identification during this
work was the monograph by Pertseva-Ostroumova (1961).

Results and Discussion

During these investigations flatfish eggs and larvae were numerous
among ichthyoplankton components, although less abundant than
walleve pollock eggs and larvae. During the survey 201 ichthyo-
plankion stations were implemented. Flatfish eggs and larvae were
only observed at 43 stations; eggs of Acanthopserta nadeshnyi were
more abundant. In addition, eggs and larvae of Hippoglossoides
elassodon and Pleuronectes quadrituberculatus, larvae of Hippo-
glossoides robustus, Platichthys stellatus, and Limanda proboscidea
were found. Places where flounder eggs and larvae were caught are
shown on Figures 1 and 2.

Eggs and larvae of the genus Hippoglossoides

Along eastern Kamchatka and in the western Bering Sea there are two
species of bigmouth flatfishes of the genus Hippoglossoides: H.
elassodon and H. robustus, The first species is more abundant, and the
second occupies comparatively northern areas. Hippoglossoides
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Figure 1. Location of flatfish eggs and larvae finds near easi Kamchatka.
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Figure 2. Location of flatfish ¢ggs and larvae finds in the western Bering Sea.

dubius can be found in the northwestern Pacific also, but it is distrib-
uted in more southern areas. Eggs of Hippoglossoides sp. are easy to
identify because of their large size and wide perivitelline space,
though it is difficult to separate eggs of these species. In the north-
eastern Pacific Bulatov (1983) attempted to separate species of H.
elassodon and H. robustus by egg diameters.

According to Pertseva-Ostroumova (1961), H. elassodon spawns off
southeast Kamchatka from April to June, and in the northwestern
Bering Sea it spawns later finishing in July. The spawning occurs in the
shelf regions. The length of larvae found ranged from 5.4 mm in May
to 17.2 mm in August. The main density of larvae occurred near
spawning regions, and during ontogenesis they moved closer to shore.
The data on spawning of H. robustus were not numerous. its egps
were found near east Kamchatka in April-May and in the western
Bering Sea in May-June. The eggs of H. robustus were separated from
those of H. elassodon by smaller overall diameter (H. robusius egg
diameter was 2.4-2.69 mm whereas H. elassodon eggs had a diameter
of 2.45-3.67 mm). A sample of H. robustus larvae 10.5 mm long from
Avachinski Bay and two juveniles of 27.7 and 30.9 mm long were
observed.
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Eggs of H. elassodon occurred from June 11 through July 9 be-
tween the eastern shores of the northern Kuril Islands and Cape
Navarin, in the northern Bering Sea, at 39-132 m bottom depth, but
catches were insignificant (generally one or two eggs per station). Egg
diameters varied from 2.68 to 3.7 mm. At the most southern statior,
near the eastern shore of Paramushir Island, we found three smalt
eggs ranging from 2.68 to 2.82 mm, while the rest of the eggs of this
species were more than 3 mm in diameter. Almost all the eggs col-
lected were close to hatching, except one early-stage egg was found
northeast of Olyutorski Cape at 90 m bottom depth.

The eggs were identified by their large diameter and wide
perivitelline space. Eggs of Hippogiossaides robustus found at that
time have a smaller egg diameter. The unusually small eggs were close
in diameter to H. robustus and H. dubius and had features of H.
elassodon (one of the three eggs had pigment on the surrounding tail
finfold), and features of H. robustus (all eggs had melanophores
passed to the yolk}. If we take into account that pigmented yolks were
also observed in larger eggs, whose embryos had specific features of
H. elassodon, as well as the presence of one H. elassodon prelarva in
the sample, we can probably correctly identify these distinctive eggs
as H. elassodon. Smail diameter eggs of H. robustus have been ob-
served from Avachinski Bay {Pertseva-Ostroumova 1961). This phe-
nomenon can result from a period of swelling caused by recent
spawning. However, in this case the eggs of H. elassodon were near
hatching, which could explain the differences in overall egg size
among the groups.

All eggs of H. elassodon had ellipsoidal yolks with a diameter of
0.5-1.65 mm. The majority of the eggs had melanophores passed to
the front and lower parts of the yotks which was not previously
observed for this species. The last stage embryos had the pigmenta-
tion characteristic of four bands on the tail.

As indicated above, prelarvae of 4.3 mm NL in poor condition
with characteristics of H. elassodon (four pigmented bands on the tails
and pigment on the finfold surrounding the urostyle) were found from
Paramushir Island eastward together with the small eggs of the
species. The remainder of the H. elassodon larvae were caught in the
Bering Sea. Among these was one prelarva of 4.6 mm NL caught on
July 6 in Olyutorski Bay at 44 m depth, and water temperature of 4.6°C
at the surface and 4.3°C at the bottom. Six larvae were caught on July
1 in Korf Bay at 57-132 m depth in water 7.4 to 9.5°C at the surface
and -0.15 to 0.7°C at the bottom. All H. elassodon larvae including
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Table 1. Body ratio of Hippoglossoides larvae (* = data from Pertseva-
Ostroumova 1981; NL = notochord length, AL = anteanal length,
BD = greatest body depth, HL = head length, ED = eye diameter,
sL = snout length).

% of body length (NL) % of head length

Species Begicn NL, mm AL BD HL ED sL
H, elassodon S-E Kamchatka 4.3 400 7.0 10.0 - -

Olyutorski Bay 4.8 41.5 8.5 17.2 a0 177

Karf Bay 33 415 5.7 15.1 375 20,0

6.0 43.0 9.5 20.2 33.1 17.4

8.0 36.3 5.0 15.8 29.4 20.6

8.7 s a8 14.8 LB 15.5

8.7 36.8 6.2 17.2 27.3 20.7

9.1 138 5.1 13.6 31.5 218

West Bering Sca* 5.4-10.3 28.9-355 3.46-56 10.7-14.6 25.3-41.1 13.3-21.8
H. robustus 5-F Kamchatka 5.1 343 4.8 13.2 40.5 24,1
Avachinski Bay*® ins 35.9 7.8 189 227 17.2

prelarvae had open mouths, heavily pigmented eyes {except the
smallest prelarva lacking eyes), clear pigment bands on the tails, and
melanophores on the finfold around the urostyle.

We observed no eggs of H. rebustus during the survey. A single H.
robustus prelarva of 5.1 mm NL was caught on June 13 eastward of
Shumshu Island at 65 m depth, water temperature 3.8°C at the surface
and 2°C at the bottom. The prelarva tail turned up toward the head,
an indication that it had recently hatched. The prelarva had an
ellipsoidal yolk of 1.1 mm length and 0.65 mm in diameter, closed
mouth, and unpigmented eyes. There was a small amount of pigment
only on the eye pupil perimeter. Body pigmentation was moderate
and consisted of small, dispersed melanophores, There were no
pigment bands on the tail. Note that eye pigmentation and pigment
bands on the tail of H. elassodon appear during the egg stage before
hatching. The prelarva of H. robustus had melanophores on the front
and bottom parts of the yolk, and on the dorsal and anal finfolds,
although there was no pigment on the finfold near the urostyle.

Measurements of Hippoglossoides larvae showed their body
proportions broader than cited by Periseva-Ostroumaova (1961).
‘Therefore, it is too difficult to separate larvae of H. elassodon and H.
robustus by their measurements (Table 1). Table 1 also shows that the
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anteanal length of the larvae decreased during ontogenesis. The other
changes in age noted by Pertseva-Ostroumova for H. elassodon larvae
as increased body depth, decreased eye diameter, and increased head
and snout lengths do not appear on this table, probably due to the
small amount of change in these values.

Thus H. elassodon and H. robustus eggs at hatching, and the early
larval stages of these species, can be separated by intensity of general
body pigmentation, eye pigmentation, and presence or absence of
pigment bands on larvae (or embryo) tails, However, features such as
egg diameter, presence or absence of pigmentation on the yolk and
the finfold around the urostyle, the measurements, and body length at
hatching seem less reliable for identification.

Eggs of Acanthapsetta nadeshnyi

Acanthopsetta nadeshnyi is a small, comparatively deep water flatfish
for which no directed fisheries have been implemented. However, in
some areas of its distribution it was caught in great abundance. There
are spawning data on this flatfish in Peter the Great Bay and in open
parts of the Sea of Japan in July-August, and near the western shore of
Sakhalin in September. Concentrations of males and females were
observed just before spawning and single eggs of this fish were
collected at 50-70 m depth. Larvae of A. nadeshnyi were found on the
western shore of Sakhalin in late August. These data were cited by
Pertseva-Ostroumova (1961), who also described eggs of this fish from
Tatarski Strait and from Peter the Great Bay, and the Sea of Japan in
comparatively deep water (53-295 m). The egg diameter varied from
0.86 to 1.03 mm (average 0.92 mm); the perivitelline space formed 6.9-
16.8% of the egg diameter.

During the survey discussed here, eggs of A. nadeshnyi were
caught from June 14 to July 8 along the shore between 51°N latitude at
southeast Kamchatka and 61°N northeast from Olyutorski Cape at 23-
214 m (average 64.4 m) depth with surface water temperature of 3.4-
11.9°C (average 7.0) and bottom water temperature of -0.9 to -2,3°C
(average 0.5). The greatest egg concentration (14 eggs per m?) was
observed in Osernoi Bay at 47 m depth. Egg diameter varied from 0.8
to 1.2 mm (average 0.95 mm) and perivitelline space formed 5-10% of
the egg diameter. Total catch was 53 eggs of A. nadeshnyi. Among
them more than 50% of the eggs were in early stages. A few eggs near
hatching were caught southward from the Bering Sea.

The main characteristic of these flatfish eggs was their small size.
Aside from A. nadeshnyi, ather species with small egg size found in
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this region are Limanda aspera, L. proboscidea, Lepidopsetta bilineata,
and Platichthys stellatus. Eggs of Limanda spp. differ in smaller
average epg diameter and in embryo pigmentation; Lepidopsetta
bilineata has demersal eggs, and its embryogenesis occurs earlier. For
precise identification eggs of A. nadeshnyi were compared with
available eggs of P stellatus from the Bering Sea and from the Sea of
Okhotsk. Eggs of P stellatus differ in having pink and striated egg
envelopes, and in brighter yellow yolks and embryos, aithough the
melanin pigmentation characteristic of the eggs of the two species
was similar. In addition, spawning of P stellatus occurs earlier and in
shallower waters.

Embryo pigmentation of A. nadeshnyi was similar to the descrip-
tion given by Pertseva-Ostroumaova (1961) for Peter the Great Bay.
Embryos showed pointed melanophore pigmentation on the head in a
dorsal row and pigmentation around the end of the urostyle. The eggs
of A. nadeshnyi caught near east Kamchatka and in the western Bering
Sea differ from eggs of this species from Peter the Great Bay in greater
average egg diameter and comparatively greater yolk.

Larvae of Limanda proboscidea

In spite of the wide distribution of Limanda proboscidea in the Bering
Sea and the fact that catch percentages are sometimes significant
(Pertseva-Ostroumova 1961), there is little data about the early life
history of this species. Andriyashev (1954) pointed out that this flatfish
approached the shore for spawning earlier than other flatfishes, and
left the inshore after spawning later. Spawning occurred at shallow
depths where fishing vessels seldom operated. This partly explains the
scarce data on spawning and early life history of L. proboscidea.

Spawning of L. proboscidea is known to occur in nearshore waters,
shallower than other flatfishes, in all areas of its distribution. In the
Sea of Okhotsk the spawning lasted from June through September. In
the Bering Sea spawning was observed in June, and determined to
continue during July and August (Pertseva-Ostroumova 1961).
Pertseva-Ostroumova described eggs and larvae of L. proboscidea,
distinguishing the eggs of this species from those of L. aspere which
are very similar. She also described L. proboscidea larvae with a length
of 3.3 mm (with resolved yolk sac) to 4.6 mm, which were caught in
late June in Olyutorski Bay. Prelarvae and late larvae of L. proboscidea
were not described.

Only a single larva of L. preboscidea with notochord length of 5.1
mm was caught during the 1991 summer ichthyoplankton survey. It
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Table 2. Body ratic of Limanda preboscidea larvae from the western Bering
Sea (* = data from Pertseva-Ostroumova 1961; + = measured on
figures; NL, AL, BD, HL, ED, and sL = as on Table 1; HD = head
depth after eye, EI = eye interval).

Catch N, % of NI % of HL

date mm AL BD HL HD ED sL EI

June 25 3.3-35 34.1-40.8 4.5-5.8 15.8-16.8 12.6+ 35.7-455 179-20.0 34.6-375
4.5-4.6 33.3-36.7 2359 15.6-16.3 12.2+ 33.8-39.4 16.3-183 29.6-29.7

July 1 5.1 46.6 8.4 19.9 21.0 36.4 16.6 250

was caught July 1 in Korf Bay at a bottom depth of 55 m with a surface
water temperature of 11.9°C and bottom temperature of -0.3°C. The
larva was generally similar to those descriptions by Pertseva-
Ostroumova (1961) of smaller larvae of L. punctatissima and L.
proboscidea: straight urostyle, almost vertical mouth, extensive and
curved gut tube but without a loop. The larva had no fin rudiments;
only mesenchyme thickening was apparent instead of caudal fin rays.
The larva had 41 myomeres (22 preanal and 19 caudal); its pigmenta-
tion corresponded to the available description. Melanophores
stretched mainly on the lower side of the body. There were melano-
phore patches on the upper side of the midtail that formed a likeness
to a band of all bottom edge melanophores. A band like this is a
peculiar feature of L. punctatissima and L. proboscidea larvae which
distinguishes them from L. aspera larvae. Distinct from available
descriptions, the larva of L. proboscidea had melanophores on the
lower edge of the tail under the end of the urostyle, which was identi-
fied by Pertseva-Ostroumova (1961) for larvae of L. punctatissima but
was not identified for L. aspera or L. proboscidea. Moreover, the larva
had a lightly pigmented row on the lower edge of the anal finfold and
pigment on the lower edge of the base lobe of the pectoral fins, which
were identified by Pertseva-Ostroumova for larvae of L. aspera, but
were not identified for L. punctatissima ot L. proboscidea.

Thus through some morphological features, the larva fits all three
taxa of Limanda. Presumably pigmentation on the lower edge of the
finfold and on the lower edge of the pectoral fin lobe (which can
disappear after fixation) was not as significant an identifying feature
as the tail pigment band. Absence of L. punctatissima in the Bering
Sea and near east Kamchatka precluded collection of its larvae there,
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Therefore, the larva analyzed can in all probability be attributed to L.
proboscidea.

Details of the larva measurements provide additional data about
changing body proportions during early life history (Table 2). The
table shows that during early ontogenesis L. proboscidea body depth
and head length increased in relation to other measurements, but
snout length and eye interval decreased.

Eggs and larvae of Pleuronectes quadrituberculatus

This species is widely distributed in the North Pacific and is signifi-
cant in fisheries. The most complete data about its spawning and its
distribution during early development in the western Bering Sea and
near east Kamchatka were cited by Pertseva-Ostroumova (1961).
According to these data, spawning occurred over the shelf regions
from early spring to late June, and periods of spawning depended on
geographic position. The greatest egg concentrations were observed in
late April near east Kamchatka, and in May in the western Bering Sea.
Egg diameter of this species in Olyutorski and Anadyrski bays varied
from 1,67 to 2.21 mm. Character traits of the eggs distinguishing them
from the eggs of walleye pollock were the reddish color of the enve-
lope after fixation and the pigmented yolk. Larvae of this flatfish were
also described,

During the survey, Pleuronectes quadrituberculatus eggs were
caught on June 25 at only one station in Osernoi Bay. Four eggs 1.78 1o
2 mm in diameter and close to hatching (embryo tail approaching the
head) were caught at a bottom depth of 47 m where surface water
temperature was 6.0°C and bottom water temperature was -0.17°C.
Because no eggs of this fish were observed in more northern regions
of the western Bering Sea, the spawning period of this species is
probably more extensive than observed and is not dependent only on
the geographical location of the spawning areas.

Larvae of P quadrituberculatus were observed from June 13 to July
1 along the shore from southeast Kamchatka to Korf Bay at 40-200 m
bottom depth with surface water temperature of 4.7 to 7.7°C, and at
bottom water temperature of -0.17 to 2.3°C. The total sample collected
at 8 stations was 10 larvae at 5.3-10 mm NL. Larvae collected between
southeast Kamchatka and Kronotski Bay had body lengths of 7.5-8.9
mm (except for a single larva 5.3 mm long in poor condition from
Avachinski Bay). Two of the smallest larvae with body lengths of 6.1
and 6.3 mm were caught in Kamchatkski Bay, and the two most
mature larvae with body lengths of 8 and 10 mm were caught in Korf
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Table 3.. Comparative body ratic of Plewronectes quadrituberculatus larvae
caught in June-July 1991 near east Kamchatka and in the western
Bering Sea (designations as on Table 1).

NL, % of NL % of HL
Region mra AL BD HL ED sL
Southeast Kamchatka 7.5 - 8.3 16.1 355 -
7.3 37.3 8.1 16.1 24.8 8.3
8.0 40.6 10.6 12.4 35.53 23.6
8.5 44.1 8.4 15.2 - -
Avachinski Bay 5.3 44.5 13.4 20.2 38.3 26.7
Kronotski Bay 8.9 38.8 6.7 16.9 327 10.1
Kamchatski Bay 6.1 11.0 7.7 16.7 37.1 15.8
6.3 38.6 8.4 18.1 35.1 10.5
Korf Bay 8.0 46.9 19.6 20.0 269 22.0

10.0 41.0 13.7 16.4 31.1 17.2

Bay. A larva from Korf Bay 8 min long was more mature than larvae 8-
8.9 mm long caught south of the Bering Sea. It was characterized by a
thicker body (Table 3), bent urostyle, the appearance of ray rudiments
in caudal and anal fin bases, and the appearance of pectoral fin
rudiments in both larvae from Korf Bay; whereas the bodies of the
larvae from Kronotski Bay were still rounded, with finfold, without
pectoral fin rudiments, and without ray rudiments. Among the larvae
caught south of the Bering Sea, only one 8.5 mm long was close to
flexion and had the appearance of caudal fin ray rudiments.

Based on this data, it's possible to consider the existence of
several ecological groups of Pleuronectes quadrituberculatus near east
Kamchatka and in the western Bering Sea that differ in spawning
periods and in rate of early ontogenesis. The irregular early life history
of this species was observed by Pertseva-Ostroumova (1961), but she
didn't address the traits of the larvae in these regions.

We counted 42 myomeres on the larvae (13-14 preanal and 28-29
caudal}. All larvae (except for a 10 mm NL larva) apparently had the
remainder of the yolk. Larva pigmentation was mainly on the lower
part of the body and on the lower finfold, and was similar to the
description by Pertseva-Ostroumova (1961). There was an apparent
row of pigment over the tail notochord and pigment at the hase of the
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caudal fin rays in larvae with ray rudiments of caudal and anal fins.
The sequence of fin ray formation was next: caudal, anal, dorsal,
pectorals, and pelvics.

Larvae of P quadrituberculatus can be found together with larvae
of Platichthys stellatus and Limanda spp., and are similar to them in
pigmentation, but can be distinguished mainly by their greater body
length at similar stages.

Eggs and larvae of Platichthys stellatus

This is one of the most extensively distributed flatfish in the northern
Pacific. It generally exists in shallow waters, and sometimes enters
freshwater. Significant concentrations of this fish were ohserved near
east Kamchatka. It spawned in shallow nearshore waters during June-
July at east Kamchatka. In the western Bering Sea, eggs of this fish
were observed during late May and early June, and its larvae were
observed in June (Pertseva-Ostroumova 1961). The early life history of
P stellatus was well studied by Pertseva-Ostroumova who also used
descriptions by Orcutt (1950) and Yusa (1957). Based on those data,
egg diameter in the Bering Sea and near east Kamchatka was 0.92-1.24
mun, and prelarva body length at hatching was 2.25-2.35 mimn. Also,
larvae 3.5-6.6 mm in body length were collected June 26, 1952 at three
stations in Olyutorsky Bay at 35-96 m bottom depth.

During the survey discussed here three larvae of P steflatus, 4.0,
5.0, and 5.5 mm in body length, were caught June 29 and 30 at three
stations in northern Karaginski Bay at 23-67 m bottom depth, with
surface water temperature of 7.5-9.3°C and bottom temperature of
0.3-2.8°C.

A total of 35-38 myomeres were counted on the larvae (8-11
preanal and 27-30 caudal). The larva pigmentation was close to the
available description by Pertseva-Ostroumova (1961). Pigment existed
mainly on the lower part of the body and on the anal finfold. There
was apparent pigmentation in front of the pectoral fin base. Melano-
phores on the body sides near the midtail resembled a band. The
urostyle of larvae 5 mm body length was close to flexion. Results of
larva measurement show unequal body proportion changes during
early life history (Table 4). These few data also show that body length
of larvae increased in proportion to bottom depth, and confirmed the
inshore spawning characteristic of the fish after which the eggs and
larvae can be carried to deeper waters by the currents.

Larvae of P stellatus can be caught with Limanda spp. which are
simnilar in size and body pigmentation. However, upon careful exami-
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Table 4, Body ratio of Platichthys stellatus larvae from the western Bering
Sea (* = data from Pertseva-Ostroumova 1961, measured cn figures;
AL, BD, HL, ED, and sL as on Table 1).

NL, Bottom % of NL % of HL
mm depth, m AL BD HL ED sL
4.0 23 35.0 11.3 21.4 382 21.6
4.6% 416 41.6 6.6 16.9 38.5 15.4
5.0 34 29.1 13.0 18.6 35.5 26.1
h.5 67 43.6 13.6 20.8 26.3 22.6
5.9* 96 39.6 9.4 17.8 297 13.2
6.6* 96 41.7 16.0 18.7 288 11.9

nation the P stellatus larvae can be isolated by the following features:
closed mouth, smaller head depth, thicker body, lack of melanophores
on lower edge of pectoral fin base lobe, melanophores forming a band
on the tail do not cross dorsally, lack of pigmentation around the
urostyle, and fewer myomeres.

Eggs of P stellatus were not caught during the survey. However, a
single egg of this species 1.06 mm in diameter was caught with a
Juday net during a herring survey on May 18 of the same year in Korf
Bay, western Bering Sea, at a bottom depth of 18 m. The egghad a
characteristic red-pink and striated envelope, and the yolk diameter
was 0.91 mm. The embryo made up three-fourths of the yolk perim-
eter; its tail was not separated from the yolk. The embryo had charac-
teristic pigmentation with a row of melanophores on the lower part of
the tail. The eyes were unpigmented.

Conclusion

The survey was implemented following the primary spawning peried
of flatfishes (Pleuronectes quadrituberculatus, Hippoglossoides spp.,
Platichthys stellatus, and probably Limanda spp.) in the northwestern
Pacific. Therefore, very few eggs and larvae of the flatfishes were
collected during the survey. Among the northwestern Pacific flatfish,
Acanthopsetta nadeshnyi eggs were the most abundant. The eggs were
mainly at early stages; no larvae were ohserved.

Distribution of flatfishes in the region of the North Pacific dis-
cussed here is very limited, In the region 12 species of flatfish occur
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(Schmidt 1950, Andriyashev 1954, Pertseva-Ostroumova 1961):
Atheresthes evermanni, Reinhardtius hippoglossoides, Hippoglossus
stenolepis, Hippoglossoides elassodon, H. robustus, Acanthopsetia
nadeshnyi, Lepidopsetta bilineata, Limanda aspera, L. proboscidea,
Pleuronectes quadriruberculatus, Liopsetta glacialis, and Platichthys
stellatus. Fggs and/or larvae of only six species were observed during
the survey. Bigmouth flatfishes such as Atheresthes evermanni,
Reinhardtius hippoglossoides, and Hippoglossus stenolepis spawn
during winter; their eggs and larvae appear during the winter-spring
period, principally in deep water. Therefore, neither eggs nor larvae of
these species were found. Lepidopsetta bilineata is abundant in the
region, has demersal eggs, and spawns in early spring. Therefore, this
species was also not present in the samples. Eggs and larvae of
Liopsetta glacialis occur near Kamchatka and probably can be caught
earlier and in shallower waters where the survey was not imple-
mented. Eggs of L. glacialis were previously observed in the Chukchi
Sea during winter (Andriyashev 1954). At present the question of
occurrence of Limanda aspera eggs and larvae is not clear, although
egg concentrations of L. aspera in the western Bering Sea through
August-September was noted by Khrapkova (1961 a). Matarese et al.
{1989) recorded spawning of this fish in summer.

The entire pattern of flatfish spawning and development in the
northwestern Pacific is not clear at present. Because of their attach-
ment to certain biotopes and species, spawning period and develep-
ment rate studies are needed on the separate ecological and early
developmental traits of flatfish by local region. Since flatfish have
prolonged spawning periods which are not coincident among species,
longer surveys are required to record flatfish eggs and larvae than are
required for walleye pollock abundance estimates.
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Abstract

This study examined the vertical and horizontal patchiness of cope-
pod nauplii, which are prey of flatfish larvae, in an Alaskan bay and its
major passage. Larvae of rock sole, Pleuronectes bilineatus, and
flathead sole, Hippoglossoides elassodon, were the most common
flatfish larvae in the study area. During the period when both species
were present there were currents capable of transporting the larvae
and their prey both into and out of the bay.

Total copepod nauplii concentration were seldom less than 10 |
even in April before the phytoplankton bloom or pycnocline forma-
tion. From mid-May on, after pycnocline formation, total nauplii
concentrations generally exceeded 30 L' somewhere in the upper
15 m of the water column. There were no consistent patterns of
nauplii abundance, either in the horizontal or vertical plane, between
sample sites in the bay and its outside passage. Copepod nauplii were
distributed throughout the upper 15 m and typically did not show thin
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vertical or horizontal “patchiness.” Throughout the spring the depth of
maximum nauplii abundance was not consistent from station to
station. In terms of prey abundance both the inner bay and its outside
channel, and any depth in the upper 15 m of the water column,
appeared to be equally endowed with copepod nauplii prey for fish
larvae.

Rock sole larvae hatched from April through mid-May, prior to the
spring copepod bloom and formation of the pycnocline. Thus rock
sole larvae did not have stable water column conditions that could
have facilitated prey patch formation. When they were present, nauplii
were generally 10-20 L', The nauplii abundance profiles suggest that
rock sole larvae have adapted to feeding at nauplii concentrations
typical of pre-spring phytoplankton bloom conditions. By hatching
early in the season they may minimize predator encounters but they
must feed when prey concentrations are at their lowest.

Flathead saole larvae hatched after pycnocline formation, in mid-
May through June, while the spring copepod bloom was occurring,
When they started feeding, nauplii concentrations were frequently
over 40 L', Flathead sole, by hatching during the spring phytoplank-
ton bloom, had a stable water column and much higher prey concen-
trations to feed on than did the rock sole larvae. There seemed to be
adequate numbers of nauplii to support flathead sole larvae anywhere
above the 15 m deep pycnocline during their planktonic period. The
measurements of nauplii abundance indicated flathead sole larvae did
not need to find isolated prey patches to feed successfully.

Introduction

In southern Alaska, a geographically complex mixture of shallow bays,
fjords, islands and deep passages serve as important nursery grounds
for many commercially important species. Inside the bays small
copepods like Pseudocalanus spp. and Acartia clausi dominate (Coyle
et al. 1990, Paul et al. 1990a) while outside in the major passages
larger copepods like Neocalanus spp., Calanus marshalige and
Metridia ochotensis are prevalent (Coyle et al. 19980), Since these
species have different reproductive strategies, it seemed possible that
the bays and their passages might have different copepod nauplii
abundances, unless physical transport mechanisms mix the popula-
tions. Many of the fish larvae present in the area prey on copepod
nauplii (Dagg et al. 1984, Purcell and Grover 1990, Monteleone and
Peterson 1986, Haldorson et al. 1989, Grover and Olla 1990). Some
larvae, like the rock sole, Pleuronectes bilineatus (Ayres 1855), hatch
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prior to the spring phytoplankton bloom and others like flathead sole
Hippoglossoides elassodon Jordon and Gilbert, 1880 hatch during the
bloom (Haldorson et al. 1989, 1993). The larvae of both the above
mentioned flatfishes are pelagic and are subjecte to physical trans-
port.

Historically fish ecologists have assumed that variations in larval
fish survival is one of the primary factors controlling year class
strength, Three major hypotheses have been proposed (o explain the
relationship between feceding conditions and larval survival. The
“Critical Period Hypothesis” (Hjort 1914) claims that larval fish are
especially susceptible to low prey concentrations during the period
when they first begin 1o feed. If they do not encounter prey at suitable
concentrations during this critical period they rapidly decline in
condition, pass a point-of-no-return and die. Two variations on the
“Critical Period Hypothesis” are the “Stable Ocean” (Lasker 1975) and
the “Match-Mismatch” hypotheses (Cushing 1975). The main theme of
the Stable Ocean hypothesis assumes that fish larvae are dependent
on the formation of prey aggregations or “patches” to feed success-
fully. Theoretically prey patches are dependent on stratification in the
water column (for an example see Dagg et al. 1987), While there has
been some previous reporting on the vertical distribution of copepod
nauplii in the study area (Paul et al. 1991) data cancerning their
horizontat patchiness has not been previously presented. This report
provides information on the early vs. late spring spatial variability of
nauplii concentrations inside and outside the bay. The results are used
to examine the applicability of the Stable Ocean hypothesis stated
abave to rock sole or flathead sole larvae in the inside passage of
southeastern Alaska.

Methods
Study site

Samples were collected during the spring of 1988 in Auke Bay
(58°22'N, 134°40°W), and Stephens Passage, southeast Alaska (Fig. 1), a
glacially influenced region with high precipitation. Generalized
physical oceanographic conditions for the bay are described in Coyle
et al, (1990). The area is relatively protected from wind and the mixed
layer depth was 5 to 10 m during the period examined. The bay is

50 m deep and the Stephens Passage station 64 m deep. There was an
intense diatom bloom in April and May (Coyle et al. 1990; Paul et al.
1990a, 1990b; Ziemann et al. 1991; Fig. 2).
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Figure 1. Map of the study area and sampling stations (1, 2, 3 and 4), where
copepod nauplii were collected, and current meter stations (Cl and C2).

Physical oceanography

Salinity-temperature profiles were collected at least twice weekly using
an Applied Microsystems CTD. The probe was Iowered to 40 m depth,
equilibrated for 1 min and retrieved at 5 m min*. Three Aanderaa
RCM4 current meter moorings were installed at C1, and C2 {Fig. 1).
The primary mooring with four current meters at C2 examined the
major exchange between the bay and adjacent waters. The C1 moor-
ing recorded water movement in the channel adjacent to the bay.
Weather and wind speed data were collected at the nearby Juneau
airport. A data report containing all the physical measurements is
available (Nebert 1990).

Larval fish sampling

Fish larvae were collected in Auke Bay from mid-March through mid-
June 1988. Weekly or biweekly samples, with five replicates, were
collected with a NIO Tucker trawl (1 m? opening, 505 um mesh) towed
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Figure 2. Primary production (solid line} and chiorophy!l a (dotted line)
concentrations in Auke Bay, Alaska, 1988. Data from Paul et al. 19905,

in a double-oblique trajectory to a depth of 30-35 m, All collections
were taken between 0800 and 1500 hrs at station 1. A digital flow
meter in the net opening measured the volume filtered. These collec-
tions were fixed immediately in buffered 5% formalin. Mean densities
were calculated as number per square meter of surface.

Nauplii sampling

Nauplii were collected at 0.5, 5, 10, and 15 m depths with a 30 L Niskin
bottle from April into early June, Single bottle samples (one sample at
each depth) were done at Stations 1, 2, 3 inside Auke Bay and Station
4 in Stephens Passage outside the bay (Fig. 1) during 1988. Water from
the bottle was passed through a 64 pym mesh bag net and the concen-
trated samples preserved for microscopic analyses. Nauplii were
measured with an ocular micrometer and divided into three groups;
small {< 150 um), intermediate (150-350 pm,) and large (> 350 pm)
body length. Large nauplii often occurred at less than 1 L' and their
abundance is not presented. Size specific abundance is reported
because some larval fish species are selective as to the size of nauplii
they consume (Cohen and Lough 1983; Dagg et al. 1984; Munk et al.
1989). Copepod nauplii counts are plotted to provide information on
time, area and depth variations in their abundance.
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Figure 3. Mean densities of Pleuronectes bilineatus and Hippoglossoides elassodon
vs. month or Julian day in Auke Bay, Alaska, during 1988.

Results

Fish larvae

Rock sole larvae first appeared in the samples in March and peaked in
abundance with about 2.5 m? in early April {Fig. 3). By May rock sole
larvae were rarely encountered in the samples. Thus, their planktonic
period was completed before the spring phytoplankton bloom (Fig. 2).
Flathead sole larvae first appeared in the samples in late April and
were most numerous in late May and early June with 1.0 to 1.5 m2, By
late June they were no longer common in the plankton (Fig. 3). Their
planktonic period coincided with the spring phytoplankton bloom
(Fig. 2).

Physical oceanography

During the period of 5-20 April 1988 when rock sole eggs were hatch-
ing, there were active exchanges of water between the bay and its
passages (Figs. 4-6). During the first half of this period, there were
strong local winds from the southeast causing downwelling events
along the outer coast of southeastern Alaska. Following these winds
there was an influx of more dense waters into Auke Bay. From the
physical measurements and current meter record it appears that the
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Figure 4. Time series of upwelling index near Sitka, Alaska (upper), density field
{sigma-t) for Auke Bay, Alaska (middle}, and wind speed at the Juneau
airport during spring and summer 1988.

waters at the lower depths were replaced by waters from the outside
passage. During this exchange, upper water column waters were
probably flushed from the bay. Flow at 12 m depth at mooring Cl1
during this period was primarily northward, corresponding to
outflowing upper water column currents in the bay. Currents at C2
mooring show an outflow from Auke Bay at 12 meters from 6-16 April,
while at 40 m currents were flowing into the bay. Throughout April the
water column had a uniform density and there was no vertical stratifi-
cation that could facilitate nauplii patch formation (Fig. 7).

During 10 May-10 June when flathead sole larvae were present,
the physical measurements {Figs. 4-6) showed several exchange
events, Starting on 12 May the density of bottom waters declined until
about 19 May suggesting a loss of deep water, which was replaced by
an influx of upper water column water. About 19 to 25 May, an
intrusion occurred at the middle depths and the surface waters were
flushed out. From 25 May through 1 June there was an influx at the
surface and loss at the bottom. Between 1 and 10 June there was a
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Figure 5. Stick plots of currenis at mooring C1 in Auke Bay, Alaska, during spring
and summer 1988.

strong intrusion at 15 meters. The C1 current meter showed that the
upper 12 m water was generally moving southward and the C2 meter
monitored inflows of upper water column water into the bay. The
general trends during the time flathead sole were present was deep
water entering the bay while the upper water was leaving it. By early
May the water column began to exhibit vertical density stratification
and by the month’s end there was a mixed layer depth to about 5 m
and a distinct pycnocline at about 15 m depth (Fig. 7). Thus flathead
sole larvae coexisted with the type of environment consistent with the
conditions needed to invoke the Stable Ocean hypothesis.

Copepod nauplii

Small copepod nauplii (< 150 um) were typically < 10 1! during April
(Fig. 8}, while the larger nauplii (150-350 um) ranged from < 1 to = 25
L'! (Fig. 9). During the first two weeks of May numbers of both nauplii
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size groups increased to > 30 L as copepod egg production increased
during the spring phytoplankton bloom (Paul et al. 1990a}. This
seasonal increase in abundance was apparent at all stations and
depths. The highest counts (> 100 L") for both large and small cope-
pod nauplii were from the 0.5 m depth samples.

Typically copepod nauplii were the most abundant at 0.5 m and
least abundant at 15 m depth. In the samples collected on any given
date at 0.5 m depth, there were some very large differences (factor of 8
times) in nauplii abundance between stations. At the other depths
differences in nauplii abundance was frequently a factor of 2 or less
(Figs. 8, 9). In April there were relatively small variations in nauplii
abundance with depth. During May and June there were definite
depths of maximum nauplii abundance but it was not consistent from
station to station.
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Figure 7. Profiles of sea water density for three days illustrating vertically uniform
(4/12), mixed layer (5/04), and stable (5/23) conditions at Auke Bay
Station I during spring 1988,
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Discussion

Physical oceanography

The physical measurements show that the bay is a well ventilated
estuary. In addition to major advective events which completely
changed the upper water column containing the fish larvae and
copepod nauplii, tides and minor events seen in the density series and
current meters, but not noted in the text here because of uncertainties
in interpretation, would contribute more flushing, Obviously the bay
cannot be considered a static basin but rather one which frequently
exchanges water with its adjacent passages. Planktonic copepod
nauplii must be transported into and out of the bay with these
advective events, as are adult copepods (Coyle et al. 1990.

Fish larvae

The larval fish samples shown in this report are part of a larger data
set which includes four years of sampling in Auke Bay (Haldorson et
al. 1993). In all four years rock sole larvae appeared before the spring
phytoplankton bloom, and water column stratification, while flathead
sole larvae appeared after the bloom in the stratified period. Clearly
these different hatching strategies must be fixed in the evolutionary
history of these species. By hatching early in the season rock sole may
minimize predator encounters but they must feed when nauplii
concentrations are at their lowest. Obviously they must be relatively
competent at capturing prey in order to survive. In contrast flathead
sole larvae co-exist with high prey concentrations since they hatch
after the spring copepod bloom has started. However, they must also
deal with more predators, such as euphausiids that swarm into the
bay to feed during the spring phytoplankton bioom (Paul et al. 1990b).
There is growth rate data for selected cohorts of flathead sole
larvae from 1986 and 1987 (Haldorson et al. 1989). That study sug-
gested that flathead sole reach saturation feeding at nauplii concen-
trations below 15 L"!. By mid-May there were more than 15 nauplii L'!
at all depths and stations sampled. Thus, during 1988 there was never
a period when their growth rate should have been severely limited by
access to prey. A review of generalized copepod nauplii abundance for
the study area showed that during 1986 to 1989 mass starvation of
competent flathead sole larvae was unlikely (Paul et al. 1991).
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Copepod nauplii

Two previous papers describe the temporal and interannual variation
in nauplii abundance in Auke Bay {Haldorsan et al. 1989, Paul et al.
1991). Those reports give mean abundance values for 130-350 um
length nauplii, but not the mesoscale variation {plots with actual
nauplii counts) in copepod nauplii distribution for Auke Bay. Two
other reports provide copepod nauplii abundances from other Alaskan
areas (Dagg et al. 1984, Incze et al. 1990), and they show station to
station variation in nauplii concentrations similar to those in this
report. The references cited above show that there is usually a strong
vertical patchiness for copepod nauplii. The latter two reports note
that vertical mixing in the water column alters nauplii concentrations
and depth distribution patterns. In Auke Bay the post-spring bloom
mixed layer depth is generally restricted to the upper 5 m. This factor
probably explains why the 0.5 m depth samples had the most site to
site variation in nauplii abundance. The copepod nauplii concentra-
tions in Auke Bay (= 20-40 L") during the spring phytoplankton bloom
period were very similar to the values reported for British Columbia,
Canada {Purcell and Grover, 1990). But these values are higher than
those in the southeastern Bering Sea where nauplii counts under

20 L'! are common (Dagg et al. 1984).

In Auke Bay advective events which bring deep water copepod
species into the bay (Coyle et al. 1990), water temperature (Coyle et al.
1990), and the number of female copepods present at the time of the
spring phytoplankton bloom (Paul et al. 1990a) all modify nauplii
springtime production. In 1988 copepod nauplii concentrations in the
bay and its passage were similar so that even with a massive exchange
of water, marked station to station changes in nauplii abundance were
not apparent during this study. This study did not observe indications
of prominent horizontal patchiness of copepod nauplii that persisted
in any consistent manner, but we sampled a relatively small area. In
the future there must be a larger scale examination along the coast of
southeastern Alaska to determine how variable nauplii abundance is
in the horizantal scale, and how representative Auke Bay is of the
inside passage.

Hypothesis for larval fish feeding in Auke Bay

The common hypothesis proposed to explain year class success,
Stable Ocean, Critical Perind and Match-Mismatch all have a common
core thought that the spatial and temporal variation in prey availabil-
ity is critical to survival of larval fish. The Stable Ocean hypothesis
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seems not to be particularly valid for rock sole larvae because their
planktonic period is completed prior to water column stratification
and the spring copepod bloom. Throughout the inside passage the
surrounding mountains and islands preclude strong vertical mixing of
waters like that which occurs in the open ocean. Thus, the Stable
Ocean hypothesis is not very applicable for flathead sole in Auke Bay
because they hatch after the stratification period when the mixed
layer depth is less than 5 m. Copepod nauplii appear to be abundant
enough throughout the upper water column of Auke Bay and its
channel (Paul et ak. 1991) that fish larvae do not have to rely on
ephemerally formed thin or isolated patches of nauplii to find ad-
equate prey concentrations. It would appear that in Auke Bay some
other factor, such as loss to predators, is probably more important in
determining survival rates of year classes of flathead and rock sole
than feeding failure during the early larval stage.
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Abstract

Larvae of the rock sole, Pleuronectes bilineatus, have been collected
regularly in Alaska Fisheries Science Center ichthyoplankton cruises in
the Bering Sea and Northeast Pacific. In recent years, a question arose
as to whether a larval morphotype previously identified as a variant of
the sand sole, Psettichthys melanostictus, was in fact a second
morphotype of rock sole. A multi-faceted project was undertaken to
clarify possible morphological variation in both larval and adult rock
sole. Larvae reared by spawning known adults verified that the larval
morphotype in question was rock sole. An analysis of meristic charac-
ters of adult rock sale from the Bering Sea, Gulf of Alaska, Washington
Coast, and Puget Sound verified the presence of two morphologically
distinct adult forms, distinguished primarily by gill raker counts.
Canonical discriminant analysis, based on five meristic characters,
showed Bering Sea adults to be different from Northeast Pacific adults.
An independent electrophoretic analysis on the same adult samples
showed genetic differentiation that parallels the meristic differences.
Distributions of larval marphotypes were correlated with distributions
of adult forms within the study area. This indicates a possible system-

Current address for Hefen L. Mulligan is Depts. of Fisheries and Biological
Sciences, Humbeldt State University, Arcata, CA 95521.
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atic basis for the different larval morphotypes; however, environmen-
tal determinants must also be considered.

Introduction

The rock sole, Pleuronectes bilineatus, is a morphologically diverse
member of the family Pleuronectidae and is a species of moderate
economic importance throughout its range (Forrester 1969, Horton
and Morton 1989). The genus Lepidopsetta has recently been synony-
mized with Pleuronectes following a revision of the family Pleuro-
nectidae (Sakamoto 1984, Robins et al. 1991). Forms of Lepidopsetta
{= Pleuronectes in part) that have been given subspecific or specific
status are peripherally distributed in shallow waters in the northern
Pacific and across the Bering Sea (Wilimovsky et al. 1967, Nikiforov et
al. 1983, Horton and Morton 1989).

Systematic relationships among pleuronectids previously allo-
cated to Lepidopsetta have been unclear, with at least two and some-
times three species or subspecies being recognized (Norman 1934,
Wilimovsky et al. 1967, Nikiforov et al. 1983). To date, the most thor-
ough investigation of relationships is a study of meristic variation by
Wilimovsky et al. (1967). They reviewed the synonymy of Lepidopsetta
and, based on the results of their study, proposed the existence of one
species with three subspecific designations. They proposed a western
Pacific subspecies, Pleuronectes bilineatus (= Lepidopsetta bilineata)
mochigarei, ranging northward from Korea to the southern Kurile
Islands and southern Sea of Okhotsk where it intergrades with a
northern form. Wilimovsky et al. (1967), for the first time, gave the
northern form, B b. peracuata, subspecific status, They suggested that
P b. peracuaia is distributed across the Bering Sea and throughout the
Aleutian Islands and southeastern Alaska. An eastern Pacific subspe-
cies, P b. bilineatus, ranges northward from Nicholas Island and
Monterey, California, to the Gulf of Alaska where it intergrades with P
b. peracuata in the area of the Queen Charlotte Islands, Canada. They
differentiated these forms primarily on the basis of gill raker number
and, to a lesser degree, number of lateral line pores, with the northern
subspecies having higher counts for both characters. More recently,
Nikiforov et al. (1983), proposed species status for P b mochigarei
based on an observed lack of intermediate forms in its area of contact
with P b. peracuata.

DPleuronectes bilineatus larvae have been collected regularly during
Alaska Fisheries Science Center (AFSC) ichthyoplankton cruises in the
northeastern Pacific and the Bering Sea. In recent years, a question



Proceedings of the International Symposium on North Pacific Flatfish 135

arose as to whether a larval morphotype which closely resembled
larvae of the sand sole, Psettichthys melanostictus, was instead a
second morphotype of Pleuronectes bilineatus (this second morph will
be referred to hereafter as a Type II larva) (Matarese et al. 1989).
Previously, these larvae had been tentatively identified as a morpho-
logical variant of sand sole.

Systematic clarification of the Type II larval morphotype is
necessary: first, to verify that the larvae in question are rock sole and,
second, given the taxonomic variation currently recognized within 2
bilineatus, to determine if the differences in larval morphology have
taxonomic significance.

This study was designed to address these questions by looking at
both aduit and larval rock sole in the Bering Sea and eastern North
Pacific. Four approaches were used: (1) a meristic analysis of adult 2
bilineatus patterned after that of Wilimovsky et al. (1967); {2} a protein
electrophoretic analysis of the same adults to determine the degree of
genetic differentiation associated with the meristic variation; (3)
spawning of adult rock sole and rearing of larvae in order to verify that
the morphotype in question is a rock sole; and (4) use of correlative
methods to determine if larval distributions are associated with
distributions of adult forms.

Methods
Adult analysis

Five collections of adults from four geographic areas were obtained:
two from the Bering Sea (one AFSC trawl survey, one commercial
catch); one from the Gulf of Alaska (AFSC trawl survey); one from
Puget Sound, WA (Washington Department of Fisheries (WDF) trawl
survey); and one from the Washington Coast (AFSC trawl survey)
(Table 1). Individual hauls from different sites were combined for each
collection. All specimens from the trawl surveys were frozen on dry ice
at the time of collection; the Bering Sea commercial catch was flash-
frozen upon catch. Samples of eye, heart, liver, and muscle tissue were
removed from partially thawed adults and frozen at -80°C for electro-
phoretic analysis. The results of the electrophoretic analysis are
discussed by Seeb (1991).

After remaoval of tissue samples for electrophoresis, these speci-
mens were fixed in 10% formalin for later meristic analysis. Meristic
characters chosen for analysis included upper gill rakers, lower gill
rakers, total gill rakers, lateral line pores, dorsal fin rays, anal fin rays,
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Table 1. Collections of adult rock sole, P bilineatus, from the Bering Sea and
northeastern Pacific Ocean used in meristic and electrophoretic

analyses.

Collection Latitude Longitude Month/year
Bering Sea/ 59°40¢ 177°05’ Aug. 1989
AFSC Trawl Survey 60°19° 177°20°

60°19° 176°42'

60°20 176°00°

60°20° 175°24°

60°40° 175727
Bering Sea Commercial catch Jan.-Feb. 1989
Gulf of Alaska/ 59°35° 148°42" Sept. 1989
AFSC Trawl Survey 59°42° 148°06"
Washington Coast/ 45°33° 124°21’ Sept. 1989
AFSC Trawl Survey 467347 124°28°

46°53’ 124°28’

47°13 124°38"

47°58 124°50°

48°127 125°22°

148°13 124°53°
Puget Sound/ 48°02 122°52° May-June 1989
WDF Trawl Survey 48°04" 122°46°

48°09° 123°38’

48°53° 123°05°
Puget Sound Hood Canal Jan. 1985

and eyed-side pectoral rays. Methodology followed Hubbs and Lagler
{1958). Meristic values were tabulated and subjected to simple
univariate statistics for descriptive purposes. For discriminatory
purposes, a suite of characters consisting of total gill rakers, Iateral
line pores, anal fin rays, dorsal fin rays, and pectoral fin rays were
used in a canonical discriminant function analysis. All statistical
analyses were carried out using SAS, Release 6.03 (SAS Institute 1988).

Larval analysis—spawning and rearing

Adult rock sole were collected during the natural spawning season
from various sites throughout Puget Sound, WA, Captive adults were
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Table 2. Collections of larval rock sole, P bilineatus, and the Type IL morph,
from the Bering Sea and northeastern Pacific Ocean,

Location Year # of samples Month
Bering Sea 1971 7 July
1977 36 April-May
1979 50 May-June
1980 3 Jan.-Feb.
Gulf of Alaska 1985 120 March-June
1986 92 April-May
1987 37 April-May
1988 181 March-June
1989 244 April-June
Strait of Georgia 1983-1988 25 March-June
Puget Sound 1985-1988 7 April-Sept.

maintained in outdoor, flow-through, 1,500 L circular tanks at the
Seaitle, WA Public Aquarium. Spawning was carried out during March
and April 1989. Attempts to naturally spawn captive fish were unsuc-
cessfal. Therefore, spawning was induced by injecting female rock sole
with human cherionic gonadotropin using methods maodified from
those outlined by Smigielski (1975) for winter flounder. All males were
spawned without the use of hormones. Single females were crossed
with from one ta three males. Newly hatched larvae were reared until
the time of yolk absorption in 1 L glass containers, using Puget Sound
water at 6 to 9°C. A minimum of 25 larvae from each viable cross was
examined. Viable crosses were defined as those in which the spawned
eggs appeared normal, fertilization and hatch rates were high, larvae
appeared normal, and few mortalities were observed. The larvae were
categorized as P, bilineatus or Type 1l larvae based on pigment pattern,
the primary criterion used for identification at this stage (Matarese et
al. 1989).

Larval analysis—field collections

Larval samples from the Bering Sea (AFSC ichthyoplankton cruises),
the Gulf of Alaska {(AFSC ichthyoplankton cruises), Puget Sound, WA,
(AFSC collections), and the Strait of Georgia, B.C., {Vancouver Public
Aquarium collections) were used in determining the distributions of P
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Table 3. Summary statistics for seven meristic characters for adult rock sole,
P, bilineatus, from the Bering Sea and northeastern Pacific Ocean.

N Range Mean Stderr

Upper gill rakers
Bering Sea 1 51 2-b 4.16 0.126
Bering Sea 2 51 2-6 4.16 0.126
Gulf of Alaska 37 2-4 2.68 0.117
Washington Coast 46 2-4 2.63 0.090
Puget Sound 61 2-4 2,38 0.071

Lower gill rakers

Bering Sea 1 52 6-8 7.17 0.081
Bering Sea 2 51 6-8 7.25 0.096
Gulf of Alaska 37 4-7 5.19 0.094
Washington Coast 46 C4-7 3.32 0.083
Puget Sound 61 4-7 5.21 0.067

Total gill rakers

Bering Sea 1 51 9-13 11.33 0.162
Bering Sea 2 51 8-14 11.41 0.192
Gulf of Alaska 37 6-11 7.86 0.182
Washington Coast 46 6-10 7.96 0.142
Puget Sound 61 6-11 7.59 0.115

Lateral line pores

Bering Sea 1 51 - 82-94 87.71 0.328
Bering Sea 2 50 82-93 87.22 0.350
Gulf of Alaska 36 78-87 83.17 0.379
Washington Coast 45 76-86 82.16 ¢.312
Puget Sound 58 74-84 79.62 0.322

Dorsal fin rays

Bering Sea 1 52 71-81 76.69 0.305
Bering Sea 2 51 71-81 75.80 0.322
Gulf of Alaska 37 75-83 79.08 0.334
Washington Coast 46 71-85 77.89 0.377

Puget Sound 60 68-80 75.63 0.287
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Table 3. (continued.)

N Range Mean Stderr

Anal fin rays
Bering Sea 1 52 55-64 59.25 0.253
Bering Sea 2 51 55-63 58.84 0.260
Gulf of Alaska 37 57-64 61.05 0.279
Washington Coast 46 h6-63 59.98 0.246
Puget Sound 61 54-62 58.74 0.217

Pectoral fin rays

Bering Sea 1 52 10-12 11.17 0.076
Bering Sea 2 50 10-13 11.24 0.097
Gulf of Alaska 36 11-13 11.81 0.087
Washington Coast 46 11-13 11.78 0.069
Puget Sound 61 9-12 11.24 .080

bilineatus and Type 1l larvae (Table 2). Criteria for discrimination of
the two forms were those outlined by Matarese et al. (1989).

Results

Adult analysis

The meristic data differentiate two distinct regional groupings of adult
rock sole. The two Bering Sea samples show essentially no between-
site differences, while being clearly distinct from the Gulf of Alaska,
Washington Ceast, and Puget Sound samples. Bering Sea adults have
higher upper, lower, and total gill raker counts than specimens from
the Gulf of Alaska, Washington Coast, and Puget Sound (Table 3).
Although some overlap exists for marginal values, the overall patterns
show a clear break between the Bering Sea and the more southerly
locations. Bering Sea fish have a mean total gill raker count of 11.37
(range 8-14) while the other three groups yield a mean of 7.80 (range
6-11).

In comparison to gill raker counts, lateral line pore counts show
greater variability within each region, but among sampling locales
they show a pattern similar to that of gill raker counts (Table 3).
Bering Sea samples again show minimal between-site variation and
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CANONICAL VARIABLE 1
Figure 1. Discrimination of five groups of adult rock sole, P. bilineatus, from the
Bering Sea and northeastern Pacific Ocean based on a canonical
discriminani function analysis utilizing five meristic variables.

have a higher mean pore count, 87.46 (range 82-94), than do the other
three locations (mean 81.65, range 74-87). There is more among-site
heterogeneity for lateral line pore counts at the three southern locales
than is seen in gill raker counts, with Puget Sound fish having the
lowest mean count, 79.62, versus 83.17 and 82.16 for Gulf of Alaska
and Washington Coast specimens, respectively.

The magnitude of between-site variation of dorsal, anal, and
pectoral fin ray counts is less than that seen in gill raker and lateral
line pore counts. No distinct, among-site pattern of variation such as
that seen in gill rakers and lateral line pores is distinguishable. Gulf of
Alaska and Washington Coast fish tend to have slightly higher fin ray
counts than do the Puget Sound and Bering Sea samples (Table 3).

Canonical discriminant function analysis of the combined meris-
tic characters shows the same pattern of discrimination as was seen in
individual meristic characters. Based on the five meristic characters
included in the analysis (dorsal, anal, and pectoral fin rays; total gill
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Table 4. Results of canonical discriminant function analysis based on five
meristic variables for adult rock sole, B bilineatus, from the Bering
Sea and northeastern Pacific Ocean.

Standardized coefficients

Character Canonical Variable | Canonical Variable 2
Total giil rakers 1.381 -0.263
Lateral line pores 1.176 0.545
Dorsal rays 0.048 0.627
Anal rays -0.148 0.268
Pectoral rays -0.190 0.506

Class means on canonical variables

Collection Cangnical Variable 1 Canonical Variable 2

Bering Sea 1 2.454 -0.245

Bering Sea 2 2.546 0.002

Gulf of Alaska -1.330 1.140

Washington Coast -1.532 0.555
 Puget Sound -2.277 -0.913

rakers; and lateral line pores), the two Bering Sea samples are clearly
differentiated from the Gulf of Alaska, Washington Coast, and Puget
Sound specimens (P < 0.0001} (R* for Canonical Variable 1 = 0.82; R
for Canonical Variable 2 = 0.32) (Figure 1, Table 4). Discrimination
between the Bering Sea and the more southern sites is greatest along
the first canonical variable. Differences in class {collection site) means
are greater between the two Bering Sea sites and Puget Sound (mean
difference = 4.78), than between the Bering Sea and Washingion Coast
sites (mean difference = 4.03) or between the Bering Sea and Gulif of
Alaska sites (mean difference = 3.83). The magnitude of differentiation
between the Gulf of Alaska, Washington Coast, and Puget Sound is
much less and is greatest on the second canonical variable. On both
canonical variables, the differences between class means among the
three southern sites is greatest between the Gulf of Alaska and Puget
Sound (Can2 = 2.05; Canl = 0.95), next greatest between Washington
Coast and Puget Sound (Can2 = 1.47; Canl = 0.75), and least between
the Gulf of Alaska and Washington Coast (Can2 = 0.58; Canl = 0.20).
The latter difference is only slightly greater than the differences
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between the two Bering Sea samples, which are virtually indistin-
guishable.

The resuits of the electrophoretic analysis, detailed in Seeb (1991),
show the same pattern of differentiation. The Bering Sea collections
are clearly genetically distinct from the Gulf of Alaska, Washington
Coast, and Puget Sound groups which are more closely related to each
other. Among the three southern locations, the Gulf of Alaska and
Washington Coast fish show the least genetic differentiation.

Larval analysis—spawning and rearing

Viable crosses were obtained from a total of 11 different matings of
Puget Sound fish that utilized 6 different females and 13 different
males. Twenty-five larvae from each of the eleven viable crosses were
examined and scored for morphological type at the end of yolk sac
absorption. Pigment pattern was the primary criterion used for
distinguishing between P bilineatus and Type 1l larvae. Pigmentation
of all larvae corresponded with that outlined by Matarese et al. (1989)
for Type Il larvae. Among hundreds of additional reared larvae that
were examined in a more cursory fashion, no P bilineatus larvae were
seern.

Larval analysis—field collections

Specimens were collected from Puget Sound between 1985 and 1988
in the locale of the AFSC Field Laboratory at Manchester, WA (Table
2). Of 20 larvae identified as rock sole, all were of the Type Il morph.
No P bilineatus larvae were identified from Puget Sound collections.

From ichthyoplankton collections made between 1983 and 1988 in
the Strait of Georgia, B.C. area, 52 larvae were identitied as Type 1l
larvae (Table 2). Initially, these larvae had been tentatively identified
as Psettichthys melanostictus. Although adult rock sole are common in
the locale of the larval collections, P bilineatis larvae are not collected
in this area (Pers. commn. ].B. Marliave, Vancouver Public Aquarium,
vancouver, B.C. V6B 3X8, Canada, May 1993).

A total of 96 samples containing 255 larvae were collected in the
Bering Sea from 1971 to 1980 (Table 2). All larvae collected in the
Bering Sea were of the P bilineatus type. A mean abundance calcu-
lated for 27 samples containing P, bilineatus larvae was 12,1 larvae/
1,000 m® (range 2.5-40.2 larvae/1,000 m®).

The largest collections of larvae were obtained during AFSC
ichthyoplankton cruises in the Gulf of Alaska from 1985 to 1989 (Table
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Table 5. Time of collections of larval rock sole, B bilineatus, and the Type 11
morph, from the Gulf of Alaska, 1985-1989. Mean abundance is
mean abundance of larvae in samples in which a given morph was

present.
Month collected
Larval type March  April May June Overall mean
B bilineatus
Mean abundance .75 2593 28.03 19.76 25.5
(#/ 1,000 m™)
No. samples 12 223 284 100
Type II
Mean abundance 0.00 3.90 14.98 7.60 11.34
{#/1,000 m?)
No. samples 0 2 54 49

2). This was the only area sampled where the two types of larvae were
found to co-occur. A total of 674 individual samples containing either
P bilineatus larvae, Type 11 larvae, or both larval types were collected
during 18 cruises. P bilineatus larvae were present in the greatest
number of samples and were generally more abundant when found
(Table 5). For 619 samples that contained P bilineatus larvae, the
mean abundance was 25.5 larvae/1,000 m® (range 2.1 to 650.1) with
186 samples having = 20 larvae/ 1,000 m® and 35 samples having 2 100
larvae/ 1,000 m>. Type II larvae occurred in 105 samples with a mean
abundance when collected of 11.3/1,000 m® (range 2.7 to 179.2) with
only 11 samples having > 20 larvae/1,000 m®.

The two larval morphs were collected together over only a portion
of the area of the Gulf of Alaska in which rock sole larvae were found
(Figure 2}. P bilineatus larvae were collected from 53°34'N to 59°20'N
latitude and 148°20°W to 166°12'W longitude. Type II larvae were
collected from 52°42°N to 56°46'N latitude and 149°37'W to 167°23'W
longitude. P bilineatus larvae were abundant over a wider area, being
found in appreciable numbers along the Alaskan Peninsula and
Aleutian Island chain. Type II larvae exhibited a relatively patchy
distribution, being found predominantly in the vicinity of Kodiak
Island and at the more southern sampling sites. They were present in
greater numbers than P bilineatus larvae in only two areas: (1) south
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Figure 2. Relative abundance of larval rock sole, P. bilineatus and the Type lI
morph, in the northwestern Gulf of Alaska. Open circles represent P.
bilineatus larvae; closed circles represent the Type I morph larvae.
Symbols represent mean number of larvae/1,000m? for ail collections
containing that form. Small circles—mean < 10 larvae!1,000m”; medium
circles—10 larvae/1,000° < mean < 50 larvae/1L000m®; large circles—mean
> 50 larvaer!,000m’.

of Unalaska (lat. 53°12’N, long. 167°23'W) and (2) at the most southern
location that either morph was taken (lat. 52°43'N, long. 156°38°W). P
bilineatus larvae were not collected in either of these two areas.

There was some evidence for further localization of the two types
of larvae, Water column depth at site of collection did not differ
significantly. However, ANOVA showed larval depth at capture to be
significantly greater for P bilinearus larvae (mean depth 148.8 m,
range 0 to 311 m} than for Type Il larvae (mean depth 108.9 m, range 0
to 275 m) (P < 0.0001).

There was also a temporal difference in larval abundance (Table
5). P bilineatus larvae appeared earlier (March) and were found in
relatively high abundance by April. Type I larvae first were collected
in April and were at peak abundance in May.
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Discussion

Differences in the meristic characters of adult rock sole from the Bering
Sea, Gulf of Alaska, Washington Coast, and Puget Sound serve to
differentiate two morphological forms that are clearly the same as
those recognized by Wilimovsky et al. (1967). In the current study,
discriminant function analysis, using five meristic characters, sepa-
rated the five collections into two distinct groups, a Bering Sea group
versus a more southern group composed of the Gulf of Alaska, Puget
Sound, and Washington Coast sites. The Bering Sea form identified in
this study is characterized by total gill raker counts clustered from 10 to
12 {range 8-14) (Table 3) and is clearly the northern “high gill-rakered”
form of Wilimovsky et al. (1967). The thirteen collections of this type,
that were made by Wilimovsky et al. (1967), had mean total gill raker
counts of approximately 10 to 12 {range 9-13). Similarly, in the present
study, the Gulf of Alaska, Washington Coast, and Puget Sound collec-
tions are clearly equivalent to the “low gill-rakered” form of Wilimovsky
et al. (1967). In the current collections, most individuals from these
three sites have 7-9 total gill rakers (range 6 to 11). In Wilimovsky et
al.'s (1967) seven collections of the “low gill-rakered form,” mean total
gill raker counts ranged from 7.2 to 8.3 (range 6 t0 9).

In both this study and that of Wilimavsky et al. (1967), lateral line
pore counts are more variabie than the gill raker counts but show a
similar pattern, with the northern form having higher values. The 1967
study had a range of sample means of 84.00 to 90.73 lateral line pores
for the “high gili-rakered” form and 78.61 to 83.50 for the “low gill-
rakered” form. The present study had mean lateral line pore counts of
87.22 to 87.71 for the Bering Sea samples and 79.62 to 83.17 for the
southern sites {Table 3}, In both studies, the other meristic characters
examined had no clear discriminatory power.

Electrophoretic analysis of the same specimens used for the
meristic study showed a pattern of discrimination similar to that of
the meristic data. The greatest genetic differentiation was observed in
rock sole from the Bering Sea versus the three northeastern Pacific
sites (Seeb 1991). Nei's genetic distances between the Bering Sea
samples and the three northeastern Pacific locations ranged from
0.029 and 0.037, while the genetic distance between the two Bering
Sea samples was 0.002. The correlation between the meristic and
genetic data is also apparent when comparing the three northeastern
Pacific locations. Based on canonical discriminant function analysis of
meristic characters, the Gulf of Alaska and Washington Coast collec-
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tions were more similar to each other than to the Puget Sound
samples. Similarly, genetic distances among the three northeastern
Pacific locations were 0.002 (Gulf of Alaska and Washington Coast},
0.006 (Puget Sound and Gulf of Alaska), and 0.011 {Puget Sound and
Washington Coast).

The correlation between the patterns of meristic and genetic
differentiation seen in the present study suggest that there is a genetic
basis for the meristic differences that were observed in adult rock sole.
This tends to support Wilimovsky et al.'s (1967) proposed subspecific
designation of P bilineatus bilineatus for a southern “low gill-rakered”
form and P hilineatus peracuata for a northern “high gill-rakered”
form. However, there are differences in the distributions of the two
adult forms between the present study and the 1967 study.

In the present study the intergradation between the two adult
forms, as evidenced by a discontinuity in both the genetic and meris-
tic data, occurs between the Bering Sea and the Gulf of Alaska.
However, Wilimovsky et al. {1967} found the break in meristic values
that differentiates the two forms to occur further south in the area of
the Queen Charlotte Islands, B.C. Both studies obviously identified the
same two forms of adult rock sole based on meristic characters. A
probable explanation for the differences in distribution patterns
would be a shift in the relative distributions of the two forms in the
intervening years. A recent, prolonged warming trend in the north-
eastern Pacific and eastern Bering Sea, presumably associated with El
Nifio-Southern QOscillation events, has been observed since the mid-
to-late 1970s (Pearcy and Schoener 1987, Niebauer 1988, Trenberth
1990). Northward shifts in the occurrences of numerous marine biota,
including several species of fishes, have been recorded in the north-
eastern Pacific, including the Gulf of Alaska, during this time (Karinen
et al. 1985, Pearcy and Schoener 1987) and are presumably associated
with increased ocean temperatures associated with the climatic
anomalies. Because the area in question is at the contact zone be-
tween the two adult forms, a slight northward migration could ac-
count for the presence of the southern form in the Prince William
Sound-Kodiak Island area. It is possible that both forms may be co-
occurring in the northern gulf at the present time. Qur sample from
this site was the most spatially restricted of all of the adult collections
(Tabte 1) and could well miscepresent a patchy or overlapping distri-
bution of both forms in the northern gulf. Given the distribution of
the meristic forms identified in the present study and in the 1967
study, it appears likely that both marphs occur in the northern Gulf of
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Alaska. More extensive sampling might determine if, at the present
time, the area of intergradation extends somewhat further north in the
Gulf of Alaska than was proposed by Wilimovsky et al. (1967).

The distribution of the two larval morphotypes corresponds
closely to patterns of adult distributions throughout much of the
study area. In the Bering Sea, the present study documented only P
bilineatus larvae. In that area we identified only the genetically
distinct, “high gill-rakered” adults (Table 3). In Puget Sound, only Type
II larvae were collected or spawned and the adult collections from
that site were of the “low gill-rakered” type. The collections from the
Strait of Georgia area consisted solely of Type I1 larvae and P
bilineatus larvae are not normally collected there. Although the
present study does not include adults collected from that area,
Wilimovsky et al. (1967) document the “low gill-rakered form” from
the Strait of Georgia.

The Gulf of Alaska was the only site in this study where B bi-
lineatus larvae and Type II larvae were found to co-occur. P bilineatus
larvae were collected more often, were generally present in greater
abundance when collected, and were relatively more evenly distrib-
uted over a wider area. The distribution of the Type IT larvae in the
Gulf of Alaska was more disjunct and somewhat more southerly than
that of the P bilineatus larvae, and only the Type 1l morph was col-
lected at the most southern sampling locations. Correlation of the
distributions of the two larval morphs with the adult distributions
within the Gulf of Alaska is somewhat more difficult than was the case
with the Bering Sea, Strait of Georgia, and Puget Sound. However,
both forms of adults have been shown to occur, at least historically, in
the northern Gulf of Alaska. Presumably, if a northward migration of
the southern form has occurred in recent years in response to climatic
changes, we can propose that the area of intergradation of the two
adult forms extends somewhat farther north than was suggested in
the 1967 study. This could result in the predominant adult form along
the Alaskan Peninsula and Aleutian Island Chain being the Bering Sea
“high gill-rakered” form as reported by Wilimovsky et al. (1967), with
the proportion of “low gill-rakered” forms increasing southward. If this
pattern of adult distributions is accepted, the larval distributions are
easily explained. The primary site of production of Type Il larvae
(from low gill-rakered adults) would be more southerly, predominating
from the Queen Charlotte Islands along the British Columbia Coast,
with relatively limited numbers farther north, off the coast of Alaska.
The predominant form of larvae along the Alaskan Peninsula and the
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Aleutian Islands would be P bilineatus (from high gill-rakered adulis)
larvae. The resulting larval distributions would resemble those ob-
served for B bilineatus and Type 1I larvae in this siudy.

The temporal difference in abundances of the two larval morphs
in the Gulf of Alaska, with P bilineatus larvae reaching their peak
abundance earlier in the spawning season, and the significant differ-
ence in depth of capture of the two morphs may also be indicative of
a taxonomic difference between the two types of larvae.

Although the presumption that there is a taxonomic basis for the
difference in larval morphotypes is well supported, other explanations
are possible. Geographic variation in larval morphology, including
pigmentation pattern, has been suggested as a possible problem in
larval identification {Powles and Markie 1984, Marliave 1988). Matliave
(1988) showed significant differences in pigment patterns between
tidepool sculpin, Oligocottus maculosus, larvae from inland and
coastal waters in the Vancouver Island-Howe Sound area of British
Columbia. Inland waters vielded more densely pigmented larvae while
coastal forms were less densely pigmented. He suggests that increased
pigmentation of tidepool sculpin larvae and larvae of other taxa in the
Strait of Georgia may be due to environmental conditions. Rock sole
Type 11 larvae, the morph found in the Strait of Georgia and Puget
Sound, are more heavily pigmented than P bélineatus larvae, a differ-
ence potentially attributable to environmental influences. However,
Kendall et al. {1984) state that while differences in melanophore
contraction may have a physiological basis (implying environmental
determination), melanophore placement is thought to be genetically
based and therefore of systematic significance. The differences in
pigment pattern between the two morphatypes in question appear to
be differences in melanophore placement rather than state of congrac-
tion. In addition, the consistency of the differences over a wide
geographical range and the fact that the two types of larvae co-occur
in the Guif of Alaska argue against environmental determination.

To summatize the four points that were addressed in this study:
(1) The meristic analysis of adult specimens identified the same
morphological forms as identified by Wilimovsky et al. {1967);

(2) Based on the present electrophoretic analysis (Seeb 1991), there is
a genetic basis underlying this morphological differentiation;

(3) Based on spawning of adult rock sole and examination of the
resulting larvae, Type II larvae are definitely a second marphotype of
Pleuronectes bilineatus; (4) The analysis of the geographical distribu-
tions of the larval and adult forms provide strong correlative evidence
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supporting a taxonomic basis for the observed differences in larval
morphology.

A further study that is focused in the northern Gulf of Alaska, that
demonstrates co-occurrence of both adult and larval morphs, and that
includes a genetic analysis of both life stages, could provide definitive
evidence.
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Abstract

Juveniles of four species of pleuronectid flatfishes were abundant in
bays and nearshore areas around Kodiak Island, Alaska, during August
1991 and August 1992, The four most abundant species of juvenile
(age-0 ar age-1) pleuronectids, rock sole (Pleuronectes bilineatus),
flathead sole (Hippoglossoides elassodon), Pacific halibut (Hippo-
glossus stenolepis), and yellowfin sole (Pleuronectes asper) appeared to
share nursery areas. However, examination of associated distribution,
depth and substrate patterns revealed characteristics that limited the
amount of nursery area overlap. Linear discriminant analysis was used
to identify physical characteristics that were most important in
determining the presence or absence of juveniles for each species in
1991. The resulting discriminant functions were tested successfully on
1992 data.

The following conceptual habitat models were based originally on
the linear discriminant function analyses of 1991 data, single factor
correlations with fish abundance and visual display of distribution
data. These models remain unchanged after the addition of 1992 data.

Model #1: Age-0 rock sole are found predominantly in water
depths less than 50 m on sand or mixed sand substrate within 10 km
of bay mouths.

Contribution No. 1506 Institute of Marine Science
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Model #2: Age-0 flathead sole are found predominantly in water
depths greater than 40 m on mud or mixed mud substrate throughout
bays.

Model #3: Age-0 Pacific halibut are found predominantly in water
depths less than 40 m on mixed sand substrate near or outside mouths
of bays.

Model #4; Age-1 yellowfin sole are found predominantly in water
depths less than 40 m on mixed substrate at upper reaches of bays.

Introduction

In general, recently metamorphosed flatfishes are thought to recruit to
shallow, nearshore nursery areas with fine-grained sediments (Edwards
and Steele 1968, Gibson 1973, Toole 1980, Hogue and Carey 1982, de
Ben et al. 1990). Intertidal zones, estuaries and shallow protected bays
are nursery areas for flatfishes in the continental United States (Krygier
and Pearcy 1986, Allen 1988, Rogers et al. 1988, Wyanski 1990), Canada
(Tyler 1971}, Europe (Mclntyre and Eleftheriou 1968, Gibson 1973,
Lockwood 1974, Poxton et al, 1982, Poxton and Nasir 1985, van der
Veer and Bergman 1986), and Japan (Tanaka et al. 1989). Abundance
and size distributions have been related to water depth (Edwards and
Steele 1968, McIntyre and Eleftheriou 1968, Lockwood 1974, Riley et al.
1981, Poxton et al. 1982, Wyanski 1990), sediment size (Poxton et al.
1982, Poxton and Nasir 1985, Wyanski 1990, Jager et al. 1993, Keefe and
Able 1994, Moles and Norcross 1995) and food availability (McIntyre
and Eleftheriou 1968, Allen 1988, Jager et al. 1993). The generally
accepted rationale for juvenile recruitment to shallow, fine-grained
nursery areas includes escape from predation, increased cover and
food availability, and decreased intraspecific food competition (Toole
1980, de Ben et al. 1990, Minami and Tanaka 1992).

The coastline of Kodiak Island, Alaska, encompasses a variety of
habitats from shallow, fine-grained tidal flats to deep and rocky areas.
Kodiak Island is mountainous, cut by many fjords and open bays, with
shallow waters {< 10 m) usually limited to within 0.5 km of the beach
and a tidal range of 3 to 4 m. The region is characterized by deep bays,
rough bottom topography, strong currents, and bottom characteristics
that change rapidly over relatively short distances. Around Kodiak
Island, juvenile flatfishes occupy fine-grained sediments in bays and
nearshore waters as flatfishes do in other locations, yet waters less
than 10 m in depth are only a minor component of the area utilized
{Norcross et al. 1995).
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A nursery may be partitioned into areas dominated by individual
species or intraspecific age groups (Edwards and Steele 1968, Harris
and Hartt 1977, Smith et al. 1976, Zhang 1988). Habitats occupied by
juvenile rock sole (Pleuronectes bilineatus), flathead sole (Hippo-
glossoides elassodon), Pacific halibut (Hippoglossus stenolepis} and
yellowfin sole (Pleuronectes asper) collected on the east and south
sides of Kodiak Island in August 1991 can be differentiated based on
associated depth, substrate and within-bay distribution {Norcross et
al. 1995). Conceptual models suggest that age-0 rock sole are found
predominantly in water depths less than 50 m, on sand or mixed sand
substrate outside of or less than 10 km within bays. Age-0 flathead are
found predominantly in water depths greater than 40 m, on mud or
mixed mud subsirate throughout bays. Age-0 Pacific halibut are found
predominantly in water depths less than 40 m, on mixed sand sub-
strate near or outside mouths of bays. Age-1 yellowfin sole are found
predominantly in water depths less than 40 m, on mixed substrates at
upper reaches of bays.

Linear discriminant functions, used to identify physical character-
istics important in determining presence or absence of juveniles for
each species in August 1991 (Norcross et al. 1995), are tested here for
collections made around the entire island of Kodiak in August 1992.

Methods
Sample collections

Two cruises were conducted in the nearshore waters of Kodiak Island,
Alaska (Figure 1), during August 1992, These cruises were similar to,
but covered morte area than, two cruises conducted in August 1991
{Norcross et al. 1993, 1995). Cruise KI9201 consisted of land-based
collections conducted in Kalsin, Middle and Womens Bays near the
town of Kodiak from a 7.3 m skiff from 9 to 14 August 1992. Because
these bays were sampled with a skiff, extremely shallow collections
could be made. Collections ranged in depth from 1 to 60 m. Ten
stations were occupied in Kalsin Bay, six stations in Middle Bay and
five stations were occupied within Womens Bay. Kalsin and Middle
Bays had been sampled in 1991.

A l4-day cruise (K19202) fram 16 to 29 August 1992 aboard a
24.7 m chartered trawling vessel followed the land-based sampling.
Collections ranged in depth from 5 to 180 m during KI9202. Cruise
KI19202 followed a counterclockwise circuit around Kodiak Island.
Areas sampled in 1992, but not sampled in 1991, included bays on the
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Figure 1. Areas sampled around Kodiak Island, Alaska, in 1991 and 1992,

north and west sides of the island. Two stations were occupied in
outer Womens and Middle Bays. Data were collected at eight stations
in northwestern and southcentral Marmot Bay. Seven stations were
sampled within Kupreanof Strait. Collections were made at six stations
in Viekoda Bay, seven stations in Uganik Bay, and twelve stations from
the mouth to the head of Uyak Bay. On the southwest side of Kodiak
island, four stations within Halibut Bay and six in adjacent Gurney
Bay were occupied.

South Kodiak, Sitkalidak Strait and Ugak Bay, which were sampled
in 1991, were sampled again in 1992. Ten stations were sampled near
the mouth of Alitak Bay, the southernmost bay on Kodiak Island.
Eleven stations to the south and west of the mouth of Alitak Bay and
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nine stations in east Sitkinak Strait were sampled. In addition, five
stations were occupied in the nearshore region south of Sitkinak
Island. In 1991, we had sampled throughout and outside the mouth of
Alitak Bay but only on the eastern side of Sitkinak Strait. In 1992
samples were collected at six stations in Kaguyak Bay, an area not
sampled in 1991. In 1991 samples from Sitkalidak Strait were collected
at the narrow part of the strait, near the town of Old Harbor, an area
not sampled in 1992, Samples were collected during 1992 only around
the mouth of Ugak Bay, but samples were collected from both outer
and inner Ugak Bay in 1991.

For consistency in sampling strategy, collectlun gear, sampling
vessels and vessel operators were the same as employed in August
1991 (Norcross et al. 1993, 1994, 1995). At each station one sediment
sample was collected with a 0.06 m® Ponar grab for analysis of grain
size, and a portable conductivity, temperature and depth (CTD)
profiler was deployed to measure bottom temperature and salinity.
Fishes were collected on rising tides during daylight hours using a
modified 3.7 m plumb staff beamn trawl with a double tickler chain
(Gunderson and Ellis 1986). Tows from both the skiff and the rawler
were of 10 min duration.

Sample processing

Substrate type, water depth, bottom temperature, bottom salinity and
distance from the mouth of the nearest bay were evaluated for each
station. Sediment samples were analyzed using the same procedures
as in 1991, in which a simplified sieve/pipette procedure was used to
obtain the percents of gravel, sand, and mud (Norcross et al. 1995).

Distance from each station to the nearest position at the mouth of
a bay was calculated after drawing a line across the mouth of each bay
on a chart. The shortest distance from the station to this line was
measured. Stations inside the mouth were designated as positive
distances, and stations outside of bays were assigned negative dis-
tances.

Flatfishes were identified and total length (mm) was measured in
the field using a Limnoterra digital fish measuring board. Ages of
flatfishes captured in August 1992 were estimated using {1} total
length/frequency plots of fishes collected August 1992 (Norcross et al.
1994), (2) total length/frequency plots (Norcross et al. 1993} and
analysis of regional differences in total lengths (Norcross et al. 1995) of
fish caught in August 1991 and (3) available literature (Southward
1967; Best 1974, 1977; Harris and Hartt 1977; Blackburn and Jackson
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1982; Walters et al. 1985). Catch-per-unit-effort (CPUE) was calculated
for each species at a station based on a 10 min tow time.

Statistical analyses

Linear discriminant functions derived for 1991 data were used to
predict the presence or absence of each species at each station
sampled in 1992. Two discriminant functions were used for each
species, based on the three and two parameters that had the highest
predictive power in 1991 (Norcross et al. 1995). The performance of
each linear discriminant function was evaluated for the 1992 test data
using misclassification (error) rates.

We repeated the linear discriminant function analysis using
combined 1991 and 1992 data since a wider range of depths and
substrate types was sampled in 1992 compared to 1991. Misclassi-
fication rates based on cross validation were evaluated as outlined in
Norcross et al. (1995) to test whether the same parameters were
selecied as best discriminators as were selected based solely on 1991
data (Norcross et al. 1995).

Data from 1991 and 1992 were combined to calculate Spearman’s
rank correlation (rho) between the abundance of each fish species and
each physical parameter. The significance of rank correlations was
evaluated at the 5% level. To maintain an overall confidence level of
5%, a Bonferroni adjusted critical level was calculated as

o =0.025/28=0.001

for the two-tailed test and for 28 comparisons (4 species x 7 variables).
The nonparametric test using Spearman’s rtho was chosen because of
non-normality of the data (even after transformation) and because of
the high sensitivity of the parametric correlation coefficient (Pearson’s
r) to outliers.

Results

Rock sole was the most abundant flatfish captured in our 1992 sam-
pling {67% of flatfish) as it was in 1991 {51% of flatfish). In 1992, a total
of 4,625 age-0 rock scle (17-60 mm) were collected across almost all
locations though the highest CPUE was in the Sitkinak Strait region
(Figure 2). Age-0 rock sole were mainly found near the mouths of the
bays + 8-10 km, except for a single large collection at the head of Uyak
Bay. Age-0 rock sale were somewhat more abundant with increasing
depth between 0 and 30 m, and were collected in high numbers to

70 m, though they were also found deeper. Age-0 rock sole were
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Table 1. Spearman’s rank correlation coefficients between CPUE of four
flatfish species and environmental parameters using 1991 and 1992
data combined. * = significant at 0.05.

Parameter Rock sole Flathead sole  Pacific halibut Yellowfin sole
Depth -0.258* 0.644* -0.284* -0.369*
Distance -0.308* -0.074 -0.314* 0.204
Temperature 0.193 -0.467* 0.346* 0.212
Salinity -0.083 0.246* -0.163 -0.192
Gravel -0.240” -0.219 -0.078 -0.168
Sand 0.583* -0.219 0.449* 0.113
Mud -0.310" 0.540* -0.417* 0.188

collected in large numbers between 7.5 and 9.5°C. This species was
most often found at salinities of 32.5-33.0°/00. Rock sole were pre-
dominantly on sand and mixed sand substrates. While found in
almost all combinations of depth and sand, rock sole were somewhat
maore concentrated in shallow, sandy locations (Figure 3). Spearman’s
rank correlation coefficients {Table 1} indicated that rock sole abun-
dances were positively correlated with percent sand in the substrate,
and negatively correlated with depth, distance from mouth of bay,
gravel and mud. The rank correlation was highest with percent sand in
the substrate,

Flathead sole increased from 12% of 1991’s catch to 18% of 1992’
catch. We captured 1,079 age-0 flathead sole 23-52 mm during 1392,
The distribution pattern of flathead sole was more restrictive than it
was for rock sole. Age-0 flathead sole were found almost everywhere
around the island, but were in reduced numbers in Southeast Kodiak
(Figure 4). They were concentrated mainly in central, deep areas of
bays. They were mainly in waters 80-120 m, 6.0-9.0°C, 31.5-33.5%ap,
on mud or mixed mud substrates throughout bays.

High abundances of flathead sole were associated with deep
stations, low temperatures, high salinities, low sand content, and high
mud content. The highest rank correlations for flathead sole were
obtained for depth and mud (Table 1). They were consistently col-
lected in depths > 40 m, except when no mud was present (Figure 5).

Pacific halibut composed 5% of the samples in 1991 and 7% in
1992. During 1992, 627 age-0 halibut 22-84 mm were found in all
locations an the east and south sides of Kodiak Island in exposed sites
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(Figure 6). In northwestern Kodiak, halibut were only collected at the
mouth of Uyak Bay. Age-0 halibut were found mainly in 10-70 m
depth, 7.0-10.5°C, 32.0-33.0°/00, on mixed sand substrates, outside of
or within 7 km of bay mouths. Pacific halibut abundances were
positively correlated with temperature and sand content, and nega-
tively correlated with depth, distance from mouth of bay and mud
content in the substrate. The highest rank correlations were with sand
and mud (Table 1). Unlike rock sole they were seldom found in water
deeper than 50 m, Halibut juveniles, like rock sole, were concentrated
most often in shallow waters with sandy substrate (Figure 7) near or
outside of mouths of bays (Figure 8) where their presence could be
predicted.

Yellowfin sole was very abundant in 1991, accounting for 28% of
captured flatfishes, but only represented 4% of the total in 1992.
Yellowfin sole do not settle until August or September, therefore few
(N = 4) age-0 fish 15-20 mm were collected. Because of the small
number and size of age-0 yellowfin sole taken, age-1 yellowfin sole (41
to 105 mm) were analyzed in both 1991 and 1992. During 1992, 268
age-1 yellowfin sole were collected at depths less than 40 m, mainly
between 5 and 30 m. Age-1 yellowfin sole were found near the heads
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of bays, in warm (9.0-11.5°C) saline (31.0-33.5°/00) water. They were
on sandy mud and gravelly muddy sand and muddy sand. Unlike rock
sole and halibut, yellowfin sole were collected in the inner reaches of
bays around Kodiak Island (Figure 9). The only significant correlation
between vellowfin sole abundance and an environmental variable was
a negative rank correlation with depth (Table 1). They were never
found deeper than 50 m and were always on mixed substrate, i.e. not
predominantly one grain size (Figure 10).

Linear discriminant functions derived for 1991 data were used to
predict presence or absence of each of the four flatfish species at each
station sampled in 1992. The linear discriminant analysis as used in
this study assumes a multivariate normal distribution and equal
covariance matrices. These assumptions do not hold for our data set,
since most of the variables have a highly skewed distribution. We
attempted to transform the nonnormal data to data more nearly
normal through use of logarithmic, root-root, and power transforma-
tions. Neither the normality nor the homoscedasticity assumption was
met under any of the transformations.

In addition to the parametric approach, we explored the use of
non-parametric discriminant models based on the kernel method or
the k-nearest-neighbor method. Neither method resulted in a good
classification of the observed data {unpubl. data). Thus, as suggested
by Johnson and Wichern (1992), the linear discrimination was used
without worrying about the form of the underlying distribution,
because it worked reasonably well and resulted in lower error rates
than other discrimination methods.

Using linear dis¢criminant functions, misclassification rates were
higher for all four species for the 1992 test data compared to cross
validation error rates from the 1991 training data (Table 2). Overall
error rates, based on the two “best” predictors for classifying 1991
stations, were substantially higher in the 1992 test data, ranging from
19% in yellowfin sole to 39% in rock sole (Table 2). Error rates differed
little whether the discrimination was based on three or two param-
eters. Thus, including temperature as a predictor for halibut, yellowfin
sole, or flathead sole added little or no predictive power {Table 2}. For
halibut, rock sole, and yellowfin sole, the 1991 error rates for predict-
ing presence were much lower than error rates for predicting absence,
suggesting that these species were mostly restricted to relatively well-
defined depth/substrate combinations. However, error rates from the
1992 test data were higher for predicting presence, except for yellowfin
sole. This probably reflects the expansion of sampling effort to new
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Table 2. Linear discrimination between stations with and without four
flatfish species, based on physical parameters.

1991 training data 1992 test data

Species Parameters erTor rates’ error rates
Rock sole Depth, sand, gravel 25 (20) 30 (34)
Depth, gravel 26 (21) 32 (39)
Flathead sole Depth, temp, mud 16 (27) 24 (29)
Depth, mud 16 {27) 21 {26}
Pacific halibut Depth, temp, sand 24 (17) 27 (34)
Depth, sand 21 (Q17) 26 (34)
Yellowfin sole Depth, temp, gravel 21 (13) 25 (19)
Depth, gravel 20013 23 (19

‘Overall error rate (error rate for Presence only)

stations with depth and substrate characteristics not sampled in 1991.
Alternatively, the distribution of these species with respect to the
measured parameters may have differed between years due to other
unobserved factors. For flathead sole, presence was not as easy to
predict as absence for both the 1991 and 1992 data, because they were
generally absent from shallow areas without mud in both years. Rock
sole had the highest error rates of all species, which is consistent with
their ubiquitous distribution.

Linear discriminant function analysis for combined 1991/1992
data resulted in depth having the highest canonical loading for
flathead sole and yellowfin sole, the second highest loading for rock
sole and the third highest loading for Pacific halibut (Table 3). The
three highest loadings for all species except flathead sole were associ-
ated with depth, temperature, and sand. The first three parameters
most closely associated with flathead sole included mud instead of
sand.

Total misclassification rates for predicting the presence or ab-
sence of four flatfish species at 195 stations combined from sampling
in 1991 and 1992 ranged from 17% for flathead sole to 27% for yetlow-
fin sole when all parameters were used (Tables 4-7). When four or
fewer parameters were used, error rates remained the same or even
decreased slightly. In most cases, little or no predictive power was lost
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Table 3. Canonical loadings from linear discriminant function analysis for
combined 1991 and 1992 flatfish data.

Parameter Rock sole Flathead sole  Pacific halibut  Yellowfin sole
Depth -0.557 -0.776 -620 -0,696
Distance -0.379 -0.011 -0.501 0.234
Temperature 0.474 -.597 0.647 0.545
Salinity 0.180 -0.2253 -0.026 -0.005
Gravel -0.453 0.321 -0.249 -0.377
Sand 0.783 0.220 0.655 0.406
Mud -0.391 -0.624 -0.473 -0.099

Table 4. Linear discrimination between staiions with and without rock sole,
based on physical parameters. (Cross validation error rates.)

Absence  Presence Total Parametets
30 21 25 All
25 25 25 Depth, temperature, gravel, sand
27 25 26 Depth, temperature, sand
27 26 26 Depth, gravel, sand
34 28 31 Depth, temperature, gravel
29 23 26 Temperature, gravel, sand
29 23 26 Temperature, sand
27 26 26 Depth, sand
25 27 26 Gravel, sand
33 25 31 Depth, gravel
49 25 37 Depth, temperature

39 30 34 Temperature, gravel
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Table 5. Linear discrimination between stations with and without flathead
sole, based on physical parameters. (Cross validation error rates.)

Absence  Presence Total Parameters
9 25 17 All
8 21 15 Depth, temperature, gravel, mud
8 31 19 Depth, temperature, mud
8 23 15 Depth, gravel, mud
11 32 21 Depth, temperature, gravel
15 27 21 Temperature, gravel, mud
8 30 19 Depth, mud
13 28 20 Depth, gravel
11 34 23 Depth, temperature
15 31 23 Temperature, mud
16 38 27 Gravel, mud
31 28 29 Temperature, gravel

Tabie 6. Linear discrimination between stations with and without Pacific
halibut, based on physical parameters, (Cross validation error

rates.)
Absence  Presence Total Parameters
33 13 23 All
36 13 24 Depth, temperature, distance, sand
29 26 28 Depth, temperature, sand
35 13 24 Depth, distance, sand
33 12 26 Depth, temperature, distance
35 14 24 Temperature, distance, sand
35 15 25 Temperature, distance
29 20 25 Depth, sand
36 12 24 Depth, distance
39 14 26 Depth, temperature
30 29 29 Temperature, sand

40 27 33 Distance, sand
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Table 7. Linear discrimination between stations with and without yellowfin
sole, based on physical parameters, {Cross validation error rates.)

Absence  Presence Total Parameters
37 18 27 All
34 15 24 Depth, temperature, gravel, sand
37 15 26 Depth, temperature, sand
30 14 22 Depth, gravel, sand
30 15 23 Depth, temperature, gravel
40 25 32 Temperature, gravel, sand
30 14 22 Depth, gravel
37 14 25 Depth, sand
41 16 28 Depth, temperature
40 23 32 Temperature, gravel
38 34 36 Temperature, sand
48 23 36 Gravel, sand

by basing the discrimination on only two parameters instead of all
measured parameters.

For rock sole, several combinations of three predictor variables
resulted in identical cross validation error rates (Table 4). The error
rate increased substantially only if sand was omitted as a predictor
variable. Thus, all combinations of two variables from depth, tempera-
ture, gravel, and sand were tested to determine the two best predictor
variables. The combinations temperature/sand, depth/sand and
gravel/sand resulted in the lowest total error rates for rock sole (26%).
For most combinations of variables, error rates were higher for
stations where rock sole were absent. Thus, for the combined 1991
and 1992 data, the presence of rock sole could be more accurately
predicted than their absence.

Sand is clearly a good predictor for rock sole presence and should
be included in a habitat model for rock sole. Depth and temperature
perform equally well in the discrimination due to their high (negative)
correlation. Since rock sole abundance was significantly rank corre-
Jated with depth but not with temperature, sand and depth seemed to
be the most important variables determining rock sole distribution.

The three best predictor variables for flathead sole were depth,
gravel and mud. Of these, depth and mud resulted in the lowest total
error rates (Table 5). Since these variables also had the largest rank
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correlations with abundance (Table 1)}, they are likely to be the most
important parameters for flathead sole distribution. For flathead sole
the error rates for stations where flathead sole was absent were
consistently much lower than for stations where they were present.

Pacific halibut presence or absence could be most accurately
predicted using either depth or temperature with distance or sand
(Table 6). The best two predictor variables, based on error rates from
all combinations of two variables, were depth and distance (24% error
rate), but a similar error rate (25%) was achieved using sand with
depth or temperature. The error rate for any combination of two
variables was highest when neither depth nor temperature were
included. The rank correlation of halibut abundance was higher with
temperature than with depth and was lower for distance than for
sand. It is difficult to evaluate the relative importance of depth and
temperature and of sand and distance due to high correlations among
these variables. Therefore, all four variables will be retained in build-
ing a habitat model. The exclusion of either one or two variables does
not significantly change error rates for predicting presence or absence,
except if both depth and temperature are excluded. Thus the depth-
temperature factor probably explains most of the observed distribu-
tion. Error rates for stations where Pacific halibut were present were
consistently much lower than for stations where nc halibut were
found, indicating that this species was strongly associated with
specific habitat characteristics.

The three best predictors for yellowfin sole were depth and gravel
combined with either sand or temperature {22% and 23% error rate
respectively). Of these, depth and gravel resulted in the lowest total
error rates (Table 7). Only depth was significantly rank correlated with
yellowfin sole abundance {Table 1) and at this time stage yellowfin
distribution can only be explained in terms of depth. Any other
parameter that we measured adds very little information, since
yellowfin sole occur over a wide range of substrate types. As for
halibut, the error rates for stations where yellowfin sole were present
were much lower than for stations where no yellowfin sole were
present, reflecting the restricted depth range within which vellowfin
sole were encountered.

Discussion

A test of linear disciminant function models developed from 1991 data
successfully showed that relationships among fish distributions and
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habitats within the geographically restricted areas of the eastern side
of Kodiak Island apply 1o the general Kodiak area sampled in 1992. Of
the variables examined in this study, two groups of variables seem to
explain much of the observed distribution. These were a depth/
temperature factor and substrate composition. The relative impor-
tance of temperature and depth or of gravel, sand and mud is difficult
to assess since temperature and depth as well as gravel, sand, and
mud are highly correlated (Norcraoss et al. 1995,

These parameters have been linked to the habitat quality of
juvenile flatfishes in many locations (Gibson 1994), Larvae of flatfishes
are known to settle in shallow water (Edwards and Steele 1968,
Lockwood 1974) or settle offshore and move into shallow water
(Gibson 1973, Lockwood 1974, Tanaka et al. 1989). As noted in our
results, depth and its effect on water temperature may play an impor-
tant part in determining distribution of juveniles (Gibson 1994). Water
temperature affects growth and feeding rates, and shallow, warm
waters promote faster growth (Malloy and Target 1991, van der Veer et
al. 1994).

Distribution of juvenile flatfishes has been linked to substrate type
available {Tanda 1990, Kramer 1991, Gibson and Robb 1992). Juvenile
flatfish species appear to avoid coarse sediments {Moles and Norcross
1995) and choose fine grained sediments (Rogers 1992, Keefe and Able
1994) which vary in size from mud (Wyanski 199¢, Veer et al. 1991} to
sand (Jager et al. 1993). Choice of settlement location is affected by
the ability of juvenile flatfishes to bury in the sediment (Gibson and
Robb 1992} as well as the prey available in the substratum (Burke et al.
1991). Growth and survival are related to these choices {(Gibson 1994},

A discriminant analysis was employed in this study to test
whether stations could be accurately classified into groups defined by
the presence or absence of a given species. The classification based on
the observed parameters resulted in relatively high error rates for all
species. Between one-sixth and one-third of the stations were not
classified correctly. Obviously, no discrimination method will be able
to correctly distinguish between populations (of stations with or
without a flatfish species) that have an overlapping distribution.
Stations with the same or very similar physical characteristics may or
may not have a flatfish species and can therefore not be separated by
any discrimination method based on the observed parameters. There
are several possible reasons for the observed high error rates. For
halibut, rock sole, and yellowfin sole, error rates for predicting pres-
ence were generally much lower than error rates for predicting
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absence. This may indicate that these species were mostly confined to
relatively well-defined depth/substrate characteristics. The high
misclassification rate for absence suggests that there are many sta-
tions that may offer suitable depth, temperature and substrate condi-
ttons for a species, but the species is not found there for other rea-
sons. These could be related to another unobserved variable, it could
be a chance event, or it may simply indicate that the species was not
caught in the beam trawl, although it may have been present in the
area. We are likely to miss species, since no replicate tows were taken
at most stations. At stations where replicate tows were taken the
number of species captured generally increased with the number of
tows (unpubl. data).

For flathead sole the situation was different since their presence
wds 101 as edasy to predict as their absence. Stations where they were
absent are generally in shallow areas with little mud, whereas they are
usually present in, but are not restricted to, deep, muddy places.

The classification results suggest that the seven environmental
variables used in our discriminant analysis alone cannot account for
the observed flatfish distributions, but they are a first cut at defining
them. Thus aithough our locarion variable as measured was not
statistically significant, we incorporated a parameter which qualita-
tively describes distribution with respect to position with bays into the
conceptual models along with depth and substrate parameters. These
conceptual models developed from 1991 data (Norcross et al. 1995)
are still applicable after incorporating 1992 data.

Clearly, additional factors influence the presence or absence of
these flatfish species at any given station. Possible factors that were
not included in this study are a location parameter, prey and predator
abundance, and a substrate or habital parameter to account for
microhabitat features that are not reflected in the sediment composi-
tion. A location parameter may be a categorical variable assigning
each station to a well-defined geographical area. For example, we
observed large differences in the abundance of halibut and rock sole
between the east and west side of Kodiak Island and ameng different
bays (unpubl. data). These differences possibly reflect oceanographic
conditions that lead to recruitment of juvenile flatfishes into near-
shore areas around Kodiak Island. The oceanographic conditions
underlying recruitment canneot be parameterized until the recruitment
mechanisms are better understood, but habitat models incorporating
geographical and oceanographic information may help to reveal these
mechanisms.
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The abundance of prey (McIntyre and Eleftheriou 1968, Minami
1986, Allen 1988) and predators {van der Veer et al. 1991, Seikai 1993)
are likely to influence the distribution and abundance of flatfish
species, but cannot be quantified without extensive surveys, Incorpo-
rating prey or predator abundance in a general habitat model is
therefore not practical and is of little use in applying the model to
other areas.

Additional substrate information is desirable to more adequately
describe the microhabitat at each station. During our sampling we
obtained qualitative descriptions of the benthic flora and fauna that
were collected at each station and a very rough quantification of the
dominant invertebrates that were caught together with the fishes. In
the future, we will attempt to consolidate this information into a
categorical “community descriptor” for each station. This “community
descriptor” can then be used as an additionat explanatory variable in
future models.

Rather than a simple discrimination into stations where a flatfish
species is present or absent, for future analysis it is desirable to obtain
an estimate of the probability of a species being present at a given
station and/or an estimate of its predicted abundance. The probability
of a species heing present can be estimated by logistic regression
analysis, using the parameters that were used in this study and
additional parameters as discussed above. Logistic regression is an
alternative method of classification when the multivariate normal
model is not justified and is applicable for any combination of dis-
crete and continuous variables {Afifi and Clark 1990). Prediction of
expected abundance may be obtained using multiple regression
models, but this method critically depends on the normality assump-
tion and is very sensitive to outliers (Pers. comm. Ron Barry, Univ. of
Alaska Fairbanks, Sept. 1994).
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Abstract

Because competitive feeding relationships are potentially important to
nursery habitat quality, diets were investigated for the four most
abundant juvenile flatfishes around Kodiak Island, Alaska. The diets of
ages-0 and -1 rock sole (Pleuronectes bilineatus), yellowfin sole
(Pleuronectes asper), flathead sole (Hippoglossoides elassodon) and
Pacific halibut (Hippoglossus stenolepis) were examined in relation to
location, depth and substrate of capture. Crustacean taxa comprised
most of the diet of all eight predator groups. Diets appeared to be
related to the physical parameters of capture, including location,
depth and substrate type. In particular, mysids, cumaceans and
gammarid amphipods were sometimes consumed by multiple preda-
tor groups within a location, depth increment or substrate type.
Within the physical parameters examined, predators generally con-
sumed different prey taxa or a variety of prey. When predator groups
overlapped in spatial distribution, generally the dietary overlap at sites
of co-occurrence was reduced from or similar to the overall dietary
overlap for those predator groups. When the most abundant predator
groups (age-0 rock sole and age-1 yellowfin sole) co-existed, one or
both predator groups altered their feeding and thereby diminished the
amount of interspecific dietary overlap. Flathead sole and halibut
decreased intraspecific diet overlap by age-class segregation of diet.
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Introduction

Juvenile fishes congregating in nursery areas potentially can diminish
hahitar quality through competition for prey, yet different patterns of
food resource use may limit intraspecific and interspecific competi-
tion. Diet diversity is a possible mechanism for reducing competition
of co-occurring juvenile flatfishes. Many studies have documented the
localized partitioning of food resources among co-occurring species af
adult (Kravitz et al. 1977, Stickney et al. 1974, Pearcy and Hancock
1978, Livingston 1987) and juvenile flatfishes (Edwards and Steele
1968, Gibson 1973, Hogue and Carey 1982, Sturdevant 1987). In these
studies, co-occurring species or intraspecific age groups are found to
partition food resources by restricting feeding locale, by feeding from
a diverse assemblage of prey taxa, or by consuming different species
within a prey type favored by one or more flatfishes. It is important to
understand the trophic roles of abundant flatfishes in order to deter-
mine their relationships with similar species and other commercial
and noncommercial species within the ecosystem.

Nursery areas along the northern Pacific coast are usually shallow
(< 100 m) estuaries, bays and nearshore coastal areas (Krygier and
Pearcy 1986, Gunderson et al. 1990, Kramer 1991). Estuaries and
protected bays may provide better nursery habitat than other coastal
areas in part because of improved feeding. Feeding strategy may be a
primary reason juvenile flatfishes enter shallow waters (Tyler 1871).
Nutrients from land runoff permit high productivity in estuarine
areas. Thus, distribution of juvenile fishes in estuaries may result in
improved growth conditions (Kuipers 1977, Kramer 1991). Toole (1980)
hypothesized that newly settled juveniles in estuaries experienced less
feeding competition from larger flatfishes. Substrate type, depth and
food availability are among the many factors that may guide initial
settlernent as well as the distribution of older flatfishes. Abundance
and size distributions of juvenile flatfishes has been related to food
availability (McIntyre and Eleftheriou 1968, Allen 1988) as well as
substrate and depth (e.g., Norcross et al. 1995).

Relationships among juvenile flatfishes in Alaskan waters are
poorly understood, despite the strong economic value of these fishes
in commercial and sport fisheries. Inshore waters near Kodiak Island,
Alaska serve as nursery grounds for many species of flatfish (Harris
and Hart 1977, Blackburn and Jackson 1982, Norcross et al. in press),
the co-occurrence of which may result in competitive interactions.
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The objective of this study is to compare and contrast diets of
abundant juvenile flatfishes in a region of geomorphologic diversity.
We will pursue this objective through investigation of summer diets of
ages-0 and -1 of the four most abundant flatfishes around Kodiak
Island, Alaska. We will relate the prey of each of these eight predator
groups to the location, depth and substrate of the collection site, and
we will evaluate diet overlap between predator species and age groups.

Summary of species distribution around Kodiak

Norcross et al. (in press) related the distribution of juvenile flatfishes
captured along Kodiak Island's east and south coasts to the physical
characteristics of their capture sites, including location, depth,
substrate, distance from the mouth of a bay, bottom temperature and
salinity. Concentrations of the most abundant flatfishes, ages -0 and -1
rock sole (Plewronectes bilineatus), yellowfin sole (P asper), Pacific
halibut (Hippoglossus stenolepis), and flathead sole (Hippoglossoides
elassadon) can usually be grouped based on the first three physical
parameters, thus providing our rationale for examining diet based on
these same parameters. However, at many sites these species are
found concurrently. When juveniles of one or more age classes of
these four pleuronectids coexist, the extent to which they compete for
habitat is unknown.

Rock sole, yellowfin sole, Pacific halibut and flathead sole are
collected in bays and straits along the east and south coasts of Kodiak
Island in each location sampled by Norcross et al. (1993, in press)
(Figure 1). Rock sole of both age groups and age-0 halibut are cap-
tured primatily in water depths less than 40 m. Age-1 halibut are
found in water depths less than 50 m. Age-0 yellowfin sole are scat-
tered within the depth range of 10-90 m, but age-1 yellowfin sole are
found most often in depths less than 40 m. Ages-0 and -1 flathead sole
are found in greater abundances with increasing depth, and are
mainly captured deeper than 40 m (Norcross et al. 1995). Usually age-
0 and age-1 of a species are found on similar substrates. Rock sole are
captured mainly on sand or mixed sand substrate. Flathead sole are
found predeminantly on mud or mud mixed with sand or gravel.
Pacific halibut are mainly found on sand mixed with some gravel and
mud. Age-0 yellowfin sole do not demonstrate a clear substrate
preference, but age-1 yellowfin are captured most often on mixed
substrates containing mud as well as gravel or sand.
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Figure 1. Locations around Kodiak Island, Alaska, where fishes were collected for
storach conient analyses.

Methods

Collections

Feeding analyses were in conjunction with an exploratory study on
the distribution of juvenile flatfishes (Norcross et al. 1993, 1995, in
press). From 11 through 25 August 1981, collections of fishes and
sediment were made in six bays and straits along the east and south
coasts of Kodiak Island, Alaska (Figure 1). Kodiak Island is a large
island in the Gulf of Alaska with a gecmorphologically diverse coast-
line. Sample sites in Middle, Kalsin, Ugak and Alitak Bays and
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Sitkalidak and Sitkinak Straits encompassed a wide range of depths
and sediment strata. A detailed description of these localities is given
by Norcross et al. (in press).

Collections were stratified in 10 m depth increments to 100 m,
with the exception of the separation of the 0-10 m strata into 5 m
increments. Station locations were randomly selected within depth
strata within the constraints of suitable bottom type for trawling. The
substrates over which we trawled ranged from fine silt to gravel.
Sediment was collected with a 0.06 m® Ponar grab for laboratory grain
size analysis (Folk 1980). The primary sediment type, i.e., gravel, sand
or mud, was used in the analysis of feeding in relation to substrate.
Because some juvenile flatfishes feed more during flood tides
(Edwards and Steel 1968, DeGroot 1971, Tyler 1971, Kuipers 1975) and
daylight (DeGroot 1971, Gibson 1973, Ofate 1991), fish were coliected
only during these periods. Fishing gear was a 3.7 m plumb staff beam
traw] of 7 mm stretch mesh with a 4 mm bar mesh codend liner.
Abundance (catch-per-unit-effort) of each species was calculated
based on a 10 min tow time. Rock sole, yellowfin sole, Pacific halibut
and flathead sole were captured in numbers sufficient to examine
dietary trends versus the physical parameters of capture.

Sample processing

Following field identification, fishes were frozen and returned whole
1o the laboratory for analyses. In the laboratory, total length (TL) of
thawed fishes was measured (mm). Age groups were estimated as
summarized by Norcross et al. (1993) through the use of literature
references and plots of length frequency. Ages used in dietary analyses
correspond to fish length as follows: age-0 (12-49 mm]} and age-1
{(50-148 mm) rock sole, age-0 (12-23 mm} and age-1 (30-84 mm)
vellowfin sole, age-0 (31-75 mm) and age-1 (94-169 mm) halibut,
age-0 {22-54 mm} and age-1 (61-112 mm} flathead sole.

Stomachs were excised at the esophagus and pyloric caecae,
blotted dry and weighed (mg). Contents were removed and the empty
stomach was weighed to determine total weight of stomach contents.
Prey were identified to lowest taxon practical, usually species or family
level, based on a variety of references {e.g. Banse and Hobson 1974,
Butler 1980, Hart 1982, Kozloff 1987). For each prey taxon, individuals
were counted and then combined to attain a cumulative wet weight
for the prey taxon. Whole animals and heads were counted as indi-
viduals; all fragments from an identifiable taxon received a count of
one individual regardless of the number of fragments.
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Time constraints required that we subsample the catch for
stomach contents. Subsampling of the catch for diet analysis was
done in two ways. Rock sole, yellowfin sole, Pacific halibut and
flathead sole were each present at some stations in large quantities.
When many representatives of a single year-class of a species were
found at a station, we randomly selected and examined 20%, but not
less than 25 individuals. In addition, we subsammpled stations by
omitting stomach content analysis of rock sole, yellowfin sole and/or
flathead sole when the parameters (i.e., depth and substrate combina-
tions) of the omitted station were repeated in stations for which we
made thorough examination.

Prey were pooled into taxonomic groups {(usually the family level)
for calculation of an index of relative importance (IRI). IRI = (N + W) x
F, where N = percent number of prey, W = percent weight of prey and
F = percent frequency of fish consuming the prey (Pinkas et al. 1971).
This index was chosen because it considers the number of fish
consuming the prey taxa as well as the quantity and biomass of prey.
Prey taxa with IRI values of = 0.5 were considered important.

Diet was analyzed by age class for age-0 and age-1 rock sole,
yellowfin sole, flathead sole and Pacific halibut. The IRI contributed by
a prey taxon to the overall diet of age-0 and age-1 groups of each
predator was calculated, and the IRI contributed to the diet by impor-
tant prey taxa was determined for predators captured in each location,
depth and substrate type.

Dietary overlap between species and between age groups of a
single species were examined using Schoener’s (1970) index. This
index is calculated as follows:

N
ny=100x(l.0—0.5 )
. -1

Pxi_Pyil)

where P,; and P,; are the proportional weights of prey {in the diets of
species x and y, respectively. The prey of age-0 yellowfin sole were
insufficiently heavy to weigh, therefore for this species, we used
proportional IRI values of prey in place of proportional weights.
Schoener's index can range in value from 0 to 1. A value of 0 indicates
no dietary similarity, and a value of 1 represents complete dietary
overlap in which all prey are found in equal propaortions for both
predators. Schoener'’s index was used to calculate overall diet overlap
between predator groups. A separate index vatue was calculated for
localized diet overlap between pairs of predators at the station where
both groups were concentrated, and the less abundant fish was at its
greatest abundance.
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Results
Overall diets

Benthic and epibenthic invertebrates, consumed whaole, formed the
majority of the prey eaten by juvenile flatfishes. The overall diet of
hoth ages of each of the four species examined relied more on crusta-
ceans than other phyla (Table 1). Several crustacean taxa were of great
importance (> 10% of overall IRI) in the diets of more than one
predator group. Harpacticoid copepods comprised an important
portion of the diet of age-0 rock sole (35.8%), age-0 yellowfin sole
(89.9%) and age-1 vellowfin sole (20.5%). Mysids were very important
to age-0 rock sole (25.1%), age-0 halibut (52.7%) and age-1 flathead
sole (61.2%). As a group, gammarid amphipods accounted for 12.0-
53.4% of the diets of ages-0 and -1 rock sole, age-1 yellowfin sole,
age-0 halibut and both ages of flathead sole. However, these predator
groups usually consumed amphipods from different taxonomic
families. Unidentified Gammaridea juveniles accounted for a large
proportion of the diet of age-0 rock sole (19.8%) and age-1 yellowfin
sole (16.2%). Gammaridae was consumed by age-1 rock sole (16.6%]},
age-1 yellowfin sole (4.8%), age-0 (7.8%) and age-1 (3.7%) halibut.
Isaeidae was important in the diet of age-1 rock sole {7.4%) and age-1
yellowfin sole (6.0%). Oedicerotidae was consumed by age-1 yellowfin
sole {17.7%), age-0 (49.5%) and age-1 {11.0%) flathead sole.

Polychaete worms followed crustaceans in dietary importance for
age-0 (12.8%) and age-1 {30.0%) rock sole and for age-1 yellowfin sole
{13.0%). Only crustaceans were important in the diets of age-0 groups
of yellowfin sole and halibut. The second most important food eaten
by age-1 halibut was teleost fishes (12.9%). Bivalves were of secondary
importance in the diet of age-0 (23.6%) and age-1 (2.6%) flathead sole.
Molluscs were the third most important food of age-1 rock sole,
amounting to 12.5% of the diet; no other predator group had impor-
tant prey in three taxonomic phyla.

Diet of rock sole

Rock sole was the most abundant flatfish (age-0, N = 2286; age-1,

N = 397) captured (Norcross et al. in press) and it consumed the
greatest diversity of prey taxa. Age-0 rock sole consumed species from
46 different families or classes, and age-1 fish consumed taxa from 57
groups (Table 1). Ages-0 and -1 rock sole shared 29 prey taxa. Overall,
the most important prey of age-0 rock sole included harpacticoid
copepods, mysids, gammarid amphipods and polychaetes. The overall
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diet of age-1 rock sole relied on polychaetes, gammarid amphipods,
bivalves, cumaceans and mysids. The apparent importance of poly-
chaetes in the dict of age-1 rock sole may be an artifact of the
taxonomist's inability to identify to family due to the generally poor
condition of consumed polychaetes. It was quite rare for the stomachs
of age-0 rock sole to be empty (2% of the fish examined) although age-
1 fish were empty with relative frequency (249%).

When relative importance of prey taxa in the diets of ages-0 and
-1 rock sole were examined by location, depth or sediment type, the
most important prey items were sometimes different from the overall
diet. The predominant prey taxa of rock sole was related to location of
capture (Table 2). Age-0 fish consumed harpacticoid copepods and
gammarid amphipods in all regions, and consumed primarily mysids
in Middle Bay, polychaetes in Kalsin Bay and Sitkalidak Strait, gam-
marid amphipods in Ugak Bay, cumaceans in Sitkinak Strait and
harpacticoid copepods in Alitak Bay. Harpacticoid copepods were not
important prey in any location for age-1 rock sole, although they were
important in all locations for age-0 fish. Gammarid amphipods were
the primary food source of age-1 rock sole in Middle, Katsin and Ugak
Bays. Age-1 rock sole fed largely on two prey groups in Sitkinak Strait
{bivalves and cumaceans) and Alitak Bay (polychaete worms and
gammarid amphipods}. The single most important prey of age-0 rock
sole was different from that eaten by age-1 rock sole in all locations,
except in Ugak Bay, where both ages consumed primarily gammarid
amphipods.

Diets of rock sole were related to depth of capture {Table 3). In
cach of two depth increments, age-0 rack sole consumed primarily
Cumacea [0-5 m and 60-70 m) or gammarid amphipods (5-10 m and
80-90 m). Polychaetes were the most important prey of age-0 rock sole
by a small margin in 10-20 m. In the 20-30 m depth increment,
harpacticoids and mysids shared the role of primary prey for age-0
rock sole, and from 30 to 60 m depth, harpacticoid copepods were the
predominant food source, Age-I rock sole mainly consumed gam-
marid amphipods from 0 to 30 m depth, although in the 20-30 m
depth range, mysids were of similar dietary importance, Polychaete
worms were eaten by age-1 rock sole most often in 30-40 m,
brachyuran crabs were consumed in 40-50 m, and cumaceans were
the predominant food source at 60-70 m depth. When a single prey
taxa was consumed most often, the diets of age-0 and age-1 rock sole
coincided only in 5-10 m {(Gammaridea) and in 60-70 m (Cumacea). In
20-30 m, the most important prey of rock sole of both ages included
mysids and either harpacticoids (age-0) or amphipods (age-1).
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Feeding of age-0 rock sole was also related to the three primary
substrates surveyed (Table 4). Although more age-0 rock sole were
examined from sand substrates (N = 478), feeding was maore diverse
on gravel, where only 55 predators were examined. Harpacticoids were
eaten by age-0 rock sole on all substrates, but wetre the most impor-
tant prey only on gravel. On sand, age-0 rock sole fed mainly on
gammarid amphipods, and polychaete worms were the predominant
prey on mud. Gammarid amphipods were eaten by age-1 rock sole
widely on all substrates, but were the dominant food source only on
sand. Polychaeta was the principal prey of age-1 rock sole on gravel as
well as on mud. Gammaridea was the most important prey for both
ages of rock sole on sandy substrate, and Polychaeta was the most
important food of both ages of rock sole on mud. On mud, rock sole
age-1 had high IRI values for bivalves, cumaceans and gammarid
amphipods as well as its primary food source, Polychaeta.

Diet of yellowfin sole

The diet of yellowfin sole, the second most abundant flatfish captured
{(age-0, N = 16; age-1, N = 1103), was less diverse than the diet of rock
sole. Age-0 yellowfin consumed prey from only two taxa {Ostracoda
and Harpacticoida), and age-1 yellowfin consumed 36 taxa; ages-0 and
-1 yellowfin sole shared only one prey taxon, Ostracoda (Table 1). Age-
1 yellowfin sole fed on Gammaridea, Harpacticoida, Polychaeta,
Calanoida, and Cumacea in order of decreasing dietary importance.
Ten percent of age-0 fish and 19% of age-1 fish were empty.

Age-0 yellowfin sole fed primarily on harpacticoid copepods in
Kalsin and Alitak Bays and divided its diet between ostracods and
harpacticoid copepods in Sitkinak Strait. Few age-0 yellowfin sole
were examined from any location (N < 4}. Age-1 yellowfin sole con-
sumed primarily gammarid amphipods in Middle, Kalsin and Ugak
Bays (Table 2). Age-1 yellowfin sole fed primarily on cumaceans in
Sitkalidak Strait and on veneroid bivalves in Sitkinak Strait. In Alitak
Bay, age-1 yellowfin sole fed primarily on copepeds (both Calanoida
and Harpacticoida). Ages-0 and -1 yellowfin sole fed on the same prey
only in Alitak Bay, where harpacticoid copepods were the most
important prey of age-0 fish and were of secondary importance to
age-1 fish.

Age-0 yellowfin sole fed only on harpacticoids in depths of 0-20
m, and divided iis diet between harpacticoids and ostracods in deeper
areas (Table 3). Few age-0 vellowfin sole were examined (N < 3) in any
depth increment. Age-1 vellowfin sole consumed primarily
Gammaridea across depths of 0-5 and 10-30 m; in the 5-10 m depth
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Tahle 1. Indices of relative importance x 1,000 of all prey taxa consumed by
the four most abundant juvenile flatfishes captured near Kodiak
Island during August 1991. IRI values are multiplied by 1,600 to
allow itemns of lesser importance to be included. N = total number
of stomachs examined (number of stomachs that were empty).

Rack sale Yellowfin sole Paciflic halibur Flathead sole
age-0 age-1 age-( age-1 age-0 age-1 age-0 age-1
Prey taxa N=575(10) N=94(23) N=10{1] N=254{48) N=171(2) N=28(4) N=226(64] N=1(1(18)
Animalia? 1.9G1.4 32838 5,5347.4 2,832.1 4,451.5 38053 1,750.4 4,413.5
Foraminiferida b
Actiniaria 1T
Kinarhyncha "
Pulychaeta® 243.8 999.4 367.3 9.1 0.7 156 219
Polynoidae 1.0 b 0.4
Phyllodncidae b
Goniadidae 109
Lumbrineridae b 272 t.2 0.1 4.2 0.6
Spionidae 6.6
Opheliidae 14.5 34 32.4
Pectinatiidae b
Ampharetidae 0.6
Terebellidae 11 0.2 2.2 0.2
QOligochaeta b
Maollusca? 14.4 4087 23.4 0.5 4134 1169
Gastropoda® 4.7 09 0.4
Retusidae 0.7
Nudibranctia 36
Bivalvia® 14.4 405.0 22.5 i a13.4 1Y
Nuculanidae b 0.6
Thyasiridae 1.0
Cardiidae 0.7
Tellinidae 0.8
Lyonsiidae 0.3
Ophiuroidea 1.1
Chaetagnatha 155.8
Crustacea® 1.643.2 1,714.8 55474 24414 4,439.7 3.297.2 1.321.0 4,272.3
Cladocera 0.2 o
Ostracoda 18.3 2.8 539.6 53.3 0.1 08
Calanoida® 1.1 04 309.4 n.2 1.2
Calanidae b
Psendocananidae 0.9 1 0.2
Aetideidae b 0.4
Centropagidae 0.1 0.l ElR 0.z
Acartiidae 0.2
Harpacticoida 655.3 10.6 4,987 8 581.5 14.1 3.4 42.8 n.2
Cyclopoida L
Caligoida b 4.0
Cirripedia h

Ralanomorpha 3.7
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Table 1. {continued.)

Rock sole Yellowfin sole Pacific halibut Flathead sole
age-0 age-1 age-{ age-1 age-0 age-1 age-0 age-1
Prey taxa N=575(10) N=94{23) N=10{1) N=234(48) N=171(2) N=28{4) N=226(64) N=101{16)
Crustacea feontinued)
Mysidae 440.2 2032 4.5 2,346.4 54.2 18L.5 27840
Cumacea® 1133 3941 190.3 1280.2 3.7 36.8 138
Lampropidae ire 3337 163.7 130.6 241 7.0
Diastylidae 0.1 52.6 a.1 1,135.8 3.7 1.4
Nannostacidae 1 n1 1.1
Tanaidacea 0.1
lzopoda® 1.0 2.5 138 04
Flabellifera " L6 1.7 0.4
Sphaeromatidae 0.1
Gammaridea® 110.9 993.6 1.278.0 533.5 187.6 933.6 566.2
Ampeliscidas b 0.6 23 23.0
Ampithoidae b 336
Argissidae b
Atylidae 1.8 17.8 22.6
Corophiidae 0.1 0.1
Dexaminidae b
Eusiridae 2.0
Gummaridae 10.8 545.1 137.1 3473 142.0 21.7 46.1
Hausloriidae B9 3.7 1.1 0.1
Isaeidae 105 244.5 169.8 29.5 03 0.4
Lafystiidae 0.1
Lysianassidae 352 4.5 [+
Oedicerotidae 3.0 90.9 502.5 934 866.0 486.6
Phoxocephalidae © 1.1 0.3 0.9
Pleustidae b 0.3 2.1
Podoceridae b
Stenctheidae &
Caprellidae 4.8 5.3 ¢.2 0.2
Euphausiidae 07 0.3 .7 3.0
Dendrobranchiara® 0.5 13.3 5.5 164.5 5i4.2 128.0 860.1
Hippolytidae 03 3.8 1a5 241.7 90.0 269.4
Pandalidae 0.1 5.4 45.0 228
Crangonidac 0.1 i 6.5 137.3 222.2 0.4 526.8
Paguridae 0.z 36.0 6.0 44.8 834.5 226
Brachyura® a2 19.1 19 0.5 1,485.1
Majidae &.0 1,419.0
Cancridae 5.3
Chironomidace B
Ieleostei® 0.8 489.7 1.3
Cottidae 2159 0.8
Pleurcnectidae 0.2 208.8

AReports the cumulative importance of the taxa included within this category, inciuding the importance of
unidentified prey.

bSigniﬁe< the adjusted IRI for that prey species was < 0.1.
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Table 2. Relative importance {(IRI) of major prey taxa to the diets of juvenile
flatfish in each location sampled. N = number of fish examined
* (number of empty stomachs),

Middle Kalsin  Ugak Sitkalidak Sitkinak Alitak
Bay Bay Bay Strait Strait Bay
Rock sole age-0 N=96(4) 133(3} 106(1) 23(00  131{(2) 86(0)
Polychaeta 2.2 9.7 1.0
All molluscs? 0.9
Bivalvia 0.9
All crustaceans® 9.3 5.2 5.6 1.8 5.5 7.0
Harpacticoida 1.9 1.7 1.9 0.5 1.1 6.1
Mysida 5.8 0.6 0.8
Cuinacea 1.3 27
Gammaridea 1.3 1.5 3.0 0.5 1.6 0.5
Rock sole age-1 N =32(5) 1600} 7{1) 0 30(13) a4
Polychaeta 19 24 1.2 L6
All molluscs? 13 0.9
Bivalvia 1.2 0.9
All crustaceans® 5.4 8.7 7.0 1.1 1.8
Mysida 1.3
Cumacea 0.5 1.8 1.9 0.8
Gammaridea 3.3 6.5 4.7 1.3
Yellowfin sole age-0 N=0 4(0) 1) 0 3(m 2(0)
All crustaceans? 9.0 6.0 7.9
Ostracoda 3.1 1.1
Harpacticoida 9.0 29 6.8
Yellowfin sole age-1 N =35(2) 129{30) 14(4) 2(1) 3(1) 71(10)
Polychaeta 0.7 0.6 0.7
All molluscs® 1.0 2.0
Bivalvia 1.0
Venerpida 20
All crustaceans? 10.1 6.1 6.1 4.9 2.0 8.4
Ostracoda 0.5
Calanoida 4.0
Harpacticoida 0.7 33
Cumacea 0.7 2.6 1.0
Gammaridea 9.5 53 4.8 1.6 0.6
Brachyura 1.0
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Table 2. (continued.}

Middle Kaisin Ugak Sitkalidak Sitkinak Alitak

Bay Bay Bay Strait Strait Bay
Pacific halibut age-0 N = 45(0) 30(0) 5(0) 30 52(0) 36(2)
All crustaceans® 15.2 12.3 13.2 8.0 13.2 4.0
Mysida 13.3 1.2 5.4 20 1.5
Cumacea 2.5 0.9 12.6
Gammaridea 1.7 6.8 6.3 1.2 0.5 1.3
Caridea 1.5 1.1 0.7
Anomura 29 0.5
Pacific halibut age-1 N =0 0 0 0 12(0) 16(4}
All crustaceans® 6.4 3.6
Gammaridea 0.5
Caridea 0.7 1.8
Anomura 1.2 0.7
Oxychyncha 39
All fishes® 2.3
Cottoidei 1.2
Pleuronectoidei 1.1

Flathead sole age-0 N =42(10) 73(17) 36(8) 27¢7) 15312 330109

All moltuscs® 9.1 0.9
Bivalvia 9.1 0.9

All crustaceans® 3.7 4.1 4.1 3.2
Mysida 1.6
Flabellifera 0.6
Gammaridea 3.5 3.7 1.9
Caridea 1.5

Flathead sole age-1 N =16(0)  23(2) 23(5) 18(0) 0 219

Chaetognatha 4.9

All molluscs® 0.7
Bivalvia 0.7

All crustaceans?® 12.9 6.9 4.9 8.7 2.3
Mysida 7.8 4.8 51 1.0
Gammaridea 0.5 0.6 2.0 0.7 1.2
Caridea 4.6 1.3 2.1 2.6

“Reports the cumulative importance of the taxa within this category.

bSignifies there are no important prey for this location.
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Table 4. Relative importance (IRI) of major prey taxa to the diets of juvenile
flatfish, in each substrate sampled. N = number of fish examined
(number of empty stomachs).

Gravel Sand Mud
Rock sole age-0 N = 55{0) 478(10) 42(
Nematada 0.5
Polychaeta 4.7
All molluscs?* 0.6
Bivalvia 0.6
All crustaceans® 7.3 3.0 29
Harpacticoida 4.4 0.7 1.6
Mysida 1.9
Cumacea 0.2 0.5
Gammaridea 0.7 1.3
Rock sole age-1 N = 19(4) 71{19) 4{0
Polychaeta 1.9 0.9 58
All molluscs® 0.6 4.3
Bivalvia 0.6 3.7
Veneroida 0.6
All crustaceans® 24 33 6.3
Cumacea 0.7 0.7 2.0
Gammaridea 1.1 2.3 3.9
Yellowfin sole age-0 N =1{0} 7(0) 2(1)
All crustaceans® 9.0 6.7 2.3
Ostracoda 52 0.6
Harpacticoida 3.8 6.1 23
Yellowfin sole age-1 N = 40{4) 172039 42(5)
Pulychaeta 0.5 1.5
All crustaceans® 7.8 6.0 7.8
Ostracoda 0.9
Calanoida 2.4 3.8
Harpacticoida 3.7 1.8
Cumacea 0.5

Gammaridea 5.4 2.1
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Table 4. (continued.)

Gravel Sand Mud
Pacific halibut age-0 N =32(0) 129(2) 10(0)
All crustaceans? 7.4 7.2 9.5
Mysida 3.0 5.6
Cumacea 5.4 1.9
Gammaridea 1.5 1.8 2.8
Pacific halibut age-1 N = 16(1) 11(3) 1(0)
All crustaceans® 5.6 3.3 18.0
Mysida 13.3
Gammaridea 07
Caridea 1.4 13
Anomura 14 4.7
Oxyrhyncha 22 0.8
All fishes? 1.5
Cottoidei 0.7
Pleuronectoidei 08
Flathead sole age-0 N=28(8) 119(34) 79(22)
All molluscs? 0.8 2.0
Bivalvia 0.8 2.0
All eristaceans® 3.8 3.2 0.8
Gammaridea 3.5 2.2 0.6
Flathead sole age-1 N = 23(5) 35(2) 43{9)
Chaetognatha 3.0
All crustaceans? 5.3 It.1 3.3
Mysida 3.2 7.4 0.6
Gammaridea 0.9 1.4
Caridea L.6 2.8 1.0

“Reports the cumulative importance of the taxa within this category.



Proceedings of the International Symposium on North Pacific Flatfish 195

increment, its diet was divided nearly equally between calanoid
copepods and gammarid amphipods. Ages-¢ and -1 yellowfin sole did
not consume the same primary prey in any depth increment.

Age-0 yellowfin sole consumed mainly ostracods on gravel and
harpacticoid copepods on both sandy and muddy substrates (Table 4).
Few age-0 yellowfin sole were examined on gravel (N = 1) or mud
(N = 2). Age-1 yellowfin sole consumed mainly harpacticoid copepods
on gravel, gammarid amphipods on sand and calanoid copepods on
mud. Ages-0 and -1 yellowfin sole did not feed on the same primary
prey taxa on any substrate.

Diet of Pacific halibut

Pacific halibut was the least abundant of the four flatfishes examined
(age-0, N = 217; age-1, N = 28). Halibut consumed prey from 35 (age-
0) or 20 (age-1) taxonomic groups; they shared 15 prey taxa (Table 1).
Mysids, cumaceans and amphipods were the most important prey of
age-0 halibut, while age-1 halibut consumed mainly brachyuran and
anomuran crabs, shrimps, fishes and amphipods. Stomachs of age-0
and age-1 halibut were seldom empty (1% and 14% of fish, respec-
tively).

Age-0 halibut ate mysids in most locations and amphipods in all
locations (Table 2). Age-0 halibut consumed primarily mysids in
Middle Bay, gammarid amphipods in Kalsin Bay, and cumaceans in
Sitkinak Strait, In Ugak and Alitak Bays and Sitkalidak Strait, the
primary prey of age-0 halibut was mysids and either gammarid
amphipods (Ugak and Alitak Bays) or anomuran crabs (Sitkalidak
Strait). Age-! halibut captured in Sitkinak Strait ate brachyuran crabs,
and in Alitak Bay fed primarily on caridean shrimps. Ages-0 and -1
halibut did not share the same primary prey in any atea.

The predominant prey of age-0 halibut was mysids in depths less
than 10 m, gammarid amphipods in 10-30 m, and cumaceans in
deeper sites {Table 3). Age-1 halibut caught in depths from 5 to 20 m
divided their diet among multiple crustacean taxa. In deeper water,
age-1 halibut consumed mainly anomuran (20-30 m) or brachyuran
(30-40 m) crabs. Ages-0 and -1 halibut did not consume the same
primary prey in any depth increment.

Age-0 halibut consumed primarily cumaceans on gravel and
mysids on substrates of sand and mud (Table 4). Age-1 halibut
consumed primarily crabs {Brachyura and Anomura) on gravel,
shrimps (Caridea) on sand and mysids on mud. Halibut of both ages
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ate mysids on mud, although it should be noted that only one age-1
halibut was examined on this substrate.

Diet of flathead sole

Flathead sole was the third most abundant flatfish captured along the
east and south coasts of Kodiak (age-0, N = 320; age-1, N = 187). Age-0
flathead sole preyed on 23 families, and age-1 flathead sole consumed
species from 24 families of prey (Table 1). Ages-0 and -1 flathead sole
shared prey from 16 taxonomic families, and fed primarily on the
same four prey groups. In order of importance, age-0 flathead sole
preyed on amphipods, bivalves, mysids and shrimps, while age-1
flathead sole consumed mysids, shrimps, amphipods and bivalves. Of
the four fishes examined, the stomachs of flathead scle were empty
most often (28% of age-0 fish and 16% of age-1 fish, Table 1), Flathead
sole was the only species in which the percentage of empty stomachs
decreased with increasing age.

Gammarid amphipods were the primary food of age-0 flathead
sole in Kalsin and Alitak Bays and in Sitkalidak Strait (Table 2). In
Ugak Bay, age-0 flathead fed primarily on bivaives, and in Middle Bay,
the diet was divided fairly equally between mysids and caridean
shrimps. Age-1 flathead sole fed primarily on mysids in Middle and
Kalsin Bays. In other locations, age-1 flathead sole fed primarily on
two prey taxa. Age-1 flathead sole consumed Gammaridea and either
Caridea (Ugak Bay) or Mysida (Alitak Bay). In Sitkalidak Strait, age-1
Nlathead sole consumed Mysida and Chaetognarha. When ages-0 and
-1 flathead sole shared a predominant prey (mysids in Middle Bay or
gammarid amphipods in Alitak Bay) one of the predator groups had a
second prey taxa which was of similar importance to the predominant
prey type.

Few age-0 (N = 2) or age-1 (N = 3} flathead sole were examined in
the 10-20 m depth increment. Age-0 flathead sole in depths 10-40 and
70-80 m consumed mainly gammarid amphipods (Table 3). Age-0
flathead split their diet among Caridea, Mysida and Gammaridea in
50-60 m depth, and in 80-90 m age-0 flathead scle ate mainly Bivalvia.
Age-1 flathead sole primarily consumed mysids at depth increments
of 20-40 and 50-60 m. In depths from 10 to 20 and 40 to 50 m, age-1
flathead sole consumed nearly equal amounts of mysids and caridean
shrimps. In 80-90 m depth, mysids, amphipods, shrimps and chaetog-
naths were of similar importance in the diet of age-1 flathead sole. In
depths where ages-0 and -1 flathead sole utilized the same primary
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prey (50-60 and 80-90 m), one or both ages consumed multiple prey
in similar quantities.

On gravel and sand, the diet of age-0 flathead sole primarily
consisted of gammarid amphipods, while on mud this predator
mainly consumed bivalves (Table 4). Age-1 flathead sole primarily
consumed mysids on sand, but mysids and chaetognaths were of
similar importance on gravel and gammarid amphipods and caridean
shrimps were of similar importance on mud. Ages-0 and -1 flathead
sole did not primarily consume the same prey over any substrate.

Through examination of diet versus location, depth increment or
substrate type, it was apparent that predators do not consistently take
the majerity of their diet from a single prey taxon. Multiple predator
groups may rely primarily on a single prey taxon within some physical
parameters of capture. In particular, mysids, cumaceans and
gammarid amphipods were utilized as the primary food source by
more than ane predator group in many locations, depths or sub-
strates. When a prey taxon was the primary food of more than one
predator group, often one or more of the predators relied to a similar
extent on additional prey.

Dietary overlap between predator groups

Dietary overlap between the entire diets of most juvenile flatfishes was
fairly high (Table 5). In general, dietary overlap between predator
groups ranged from 30 to 50%. Age-0 yellowfin sole had the least
amount of dietary overlap with other predator groups {0.0-3.0%). The
diet of age-1 halibut also overlapped little with other predator groups
(0.0-32.3%). The greatest similarity in overall diets was between age-0
Pacific halibut and age-1 flathead sole (56.9%).

The overall diets of age-0 and age-1 rock sole were similar to each
other and to the diets of other flatfishes (Table 5}. When rack sole co-
existed with other predator groups, dietary overlap ata specific site
was usually reduced or did not change appreciably from overall
dietary overlap. For example, at the site where the most age-0 rock
sole and age-1 yellowfin sole were assembled together, diet overlap
was much less (22.2%) than when considering the entire diets of these
predator groups (50.4%). An exception to this situation occurred at
one station in 60-70 m depth, on a sand substrate where age-0 rock
sole (N = 264) and age-0 halibut (N = 71) were captured. Dictary
overlap at this station (65.9%) was greater than overall diet overlap
{43.9%) for these two predators.
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Table 5. Percent of dietary overlap between the overall diets of predator
groups {(between pairs of predators at the station where these fishes
were most abundant).

Pacific  Flathead
Rock sole  Yellowfin sole halibut sole
age-0 age-1 age-0 age-1 age-0 age-1 age-0

Rock sole age-1 51.3

' (15.4)
Yellowfin sole age-0 1.0 1.0
A a

Yellowfin sole age-1 504  51.3 3.0
(22.2) (50.8) 2

Pacific halibut age-0 43,9  45.2 0.0 3086
(65.9) (40.3) Y (3L2)

Pacific halibut age-1 116  21.1 0.0 115 289

4a a a a (11_9]
Flathead sole age-C 36,4  40.4 0.0 387 351 170
a a a (67.0] a a
Flathead sole age-1 414 33,6 0.0 256 569 323 479
a a a a ] a {13.4)

*Signifies predator pairs which were rarely or never captured at the same site.

Yellowfin sole of age-0 were not abundant and had little dietary
overlap with other predator groups (Table 5), but age-1 yellowfin sole
usually overlap spatially with concentrations of ages-0 and -1 rock
sole and age-0 halibut (Norcross et al. 1993, 1994), When age-1
yellowfin were captured concurrently with these groups, dietary
overlap between predator groups at that site was usually reduced from
ot similar to overall dietary overlap. Age-1 yellowfin sole and age-0
flathead sole usually did not co-occur, but at one site (20-30 m, on
sand) both groups were abundant (N = 11 and 44, respectively). At this
station, the dietary overlap between age-1 yellowfin and age-0 flat-
head (67.0%) was greater than overall (38.7%) dietary overlap.

Although the overall diets of age-0 and age-1 halibut were most
similar to age-1 flathead sole, these predator groups rarcly co-exist
{Norcross et al. 1993, 1994). When age-0 halibut occupied a site
concurrently with another predator group, dietary overlap was usually
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similar to or less than the overall dietary overlap between the two
predators. An exception to this is the previously mentioned co-
occurrence of age-0 halibut and age-0 rock sole in one site where
dietary overlap between halibut and rock sole was greater (65.9%)
than overall dietary overlap (43.9%).

Discussion

Ages-0 and -1 rock sole, yellowfin sole, Pacific halibut and flathead
sole primarily feed on crustaceans in all areas of capture, including
those sites where predator groups are found concurrently. The overlap
between the entire diets of these predator groups can be high, al-
though differences in geographic centers of distribution {Norcross et
al. 1993, 1994) minimize dietary competition between flathead sole
and other predator groups and between age-1 halibut and other
predator groups. When two predator groups are sampled concurrently,
the similarity of their diets is often reduced. Thus, direct competition
for food among these eight predator groups may be less than is
suggested by the high similarities between entire diets. Results of
investigations into the diet and distribution of adult rack sole, yellow-
fin sole and Alaska plaice (Pleuronectes quadrituberculatus) in the
Bering Sea (Lang 1992) are similar to this study. These three congeners
occupy separate centers of distribution and their diets are dissimitar
in an area of known distribution overlap.

Other studies also document the use of diet to reduce competition
for nursery habitat. Localized feeding strategy in age-0 North Sea
plaice (Pleuronectes platessa) and common dabs (Limanda limanda)
may lead to food partitioning on nursery grounds and reduced spatial
overlap of these fishes (Edwards and Steele 1968). Size differences
within the age-0 group of Pacific halibut correspond to dietary differ-
ences (Holladay and Norcross in press). The diet of older juvenile
halibut continues to shift toward larger crustaceans and fishes as
predator size increases (Best and Hardman 1982, Best and St-Pierre
1986).

Depth can strengly influence the feeding habits of juvenile and
adult flatfishes. In a study similar to this one, Pearcy and Hancock
(1978) related the feeding habits of juvenile and adult Dover sole
(Microstomus pacificus) captured over a range of depths (74-195 m)
and substrates {0-100% sand) along the continental shelf of the central
Oregon coast with depth, substrate and prey availability. In their
study, depth-related factors exerted more influence on the composi-
tion of benthic fishes and their prey than did sediment type. Diet
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composition in age-1 and age-2 yellowtail flounder (Pleuronectes
ferrugineus) collected from 0-220 m depth varied more strongly with
depth than with temperature (Langton 1979). The present study is not
sufficiently in-depth to evaluate the relative influence of physical
parameters or species interactions on the diets of juvenile flatfishes,
but previous examination of these data have related the diet of age-0
halibut more strongly to fish size and location than to depth or
substrate (Holladay and Norcrass in press).

The baseline data presented here on the diets of juvenile flatfishes
suggest a need for further research on feeding competition and diet
selectivity. This research has established a large potential for interspe-
cific and intraspecific dietary overlap between juvenile flatfishes in
Alaskan waters. The present study suggests that prey consumption is
related to fish abundance and age as well as to the physical param-
eters of the capture location. Our results may indicate feeding prefer-
ence, dietary competition or fluctuations in prey availability. A con-
current examination of the density and distribution of the established
prey taxa is needed to determine whether these juvenile flatfishes
preferentially select among prey taxa or certain size ranges of available
prey. Clarification of the interrelationships of abundant juvenile
flatfishes may lend guidance to future management policies,
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Abstract

The food habits of two flatfish, arrowtooth flounder (Atheresthes
stomias), and Pacific halibut (Hippoglossus stenolepis), in the Gulf of
Alaska groundfish ecosystem are presented.

A total of 1,144 arrowtooth flounder stomachs and 467 Pacific
halibut stomachs collected in Gulif of Alaska in summer 1990 were
analyzed. Walleye pollock (Theragra chalcogramma) were the most
important prey of both arrowtooth flounder and Pacific halibut; they
comprised 66% and 57% by weight of the total stomach contents,
respectively. Arrowtooth flounder fed mainly in the water column.
Shrimp was the predominant food of arrowtooth flounder < 20 ¢cm
fork length while capelin (Mallotus villosies) and Pacific herring
(Clupea pallasi) were the main prey for arrowtooth flounder 20-39 cm
long. Walleye pollock dominated the diet of arrowtooth flounder = 40
cm. Pacific halibut had benthic feeding habits; their diets varied
greatly by predator size. Hermit crabs comprised the highest percent-
age (28% in depth < 100 m, and 41% in depth 100-200 m, respectively)
by weight of the stomach contents of fish < 50 cm. Crabs (including
Chionoecetes sp., Oregonia sp., Hyas sp., and Cancer sp.) were the main
food of Pacific halibut 50-79 cm long while the main food of the
largest size group (> 80 cm) of this species was pollock.



206 Yang — Food Overlap of Arrowtooth Flounder and Pacific Halibut

High dietary overlaps (expressed as Schoener’s indices) were
found for the same size groups of the same species in different depths.
Between different species, high dietary overlap occurred between
arrowtooth flounder > 40 cm and Pacific halibut 2 80 cm. These high
dietary overlaps were maintly attributed to the high percentage of
walleye pollock in the diet of these {ish.

Introduction

Arrowtooth flounder (Atheresthes stomias) and Pacific halibut (Hippo-
glossus stenolepis) are important groundfish species in the Gulf of
Alaska. During 1990, Pacific halibut had an exploitable biomass of
216,888 metric tons (1) {3A, 3B, and 4A International Pacific Halibut
Commission Regulatory Areas} (Pers. commur., P J. Sullivan, Interna-
tional Pacific Halibut Commissien, PO. Box 95009, Seattle, WA 98145-
2009, September 1993) and a commercial catch of 23,836 t (data
compiled from International Pacific Halibut Commission). Even
though the commercial catch (17,641 t in 1990) of arrowtooth flounder
was low, the exploitable biomass (1,144,242 t in 1990} was the highest
in the groundfish complex in the Gulf of Alaska. Since both arrow-
tooth flounder and Pacific halibut feed on commercially important
fish like walleye pollock (Theragra chalcogramma), it is important to
study the food habits of these two flatfish species, their impact on
commercially important prey, and the diet overlap between them.

Materials and Methods

Study area

In summer 1990, the Resource Assessment and Conservation Engi-
neering (RACE) Division at the Alaska Fisheries Science Center (AFSC)
conducted its third comprehensive triennial survey of groundfish
resources in the western and central Gulf of Alaska (North Pacific
Fishery Management Regulatory areas). This survey covered the area
from the Islands of Four Mountains (170°W longitude) to Cape 5t.
Elias (144°30°W longitude). The Food Habits Program at the Resource
Ecology and Fishery Management (REFM) Division of the AF5SC
collected fish stomach samples during this survey. The sampling
stations (Fig. 1) covered the area from 161°35'W longitude to 144°30'W
tongitude.
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Figure 1. Haul locations (+) for arrowtooth flounder and Paclfic halibut stomachs

collected in the Gulf of Alaska in summer 1990.
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Sample collection

Stomach samples were collected by scientists on board the chartered
vessels Pat San Marie and Green Hope during the AFSC bottom traw]
survey from late June to early September in 1990. Both vessels used
standard RACE poly-Nor'eastern high-opening bottom trawls rigged
with roller gear. Trawls were constructed of 5 inch (12.7 cm) stretched-
mesh polyethylene web with a 1.25 inch (3.2 cm) mesh nylon liner in
the codend (Stark and Clausen, in prep.).

Before excising the stomach, fish were checked for evidence of
regurgitation or net feeding. If a fish had food in its mouth or around
the gills, or if the stomach was inverted or flaccid, it was categorized
as a “regurgitated” fish, and the specimen was discarded. If a predator
had fresh food (usually fish) sticking out of the mouth or the throat, it
was categorized as a “net-feeding” fish and was also discarded. When
a qualified stomach was excised from a fish, it was put in a cloth bag.
A field tag with the species name, fork length (FL) of the fish, and haul
data (vessel, cruise, haul number, specimen number) was also put in
the bag. All of the samples collected were then preserved in 5 gallon
buckets containing a 10% Formalin solution. When the samples
arrived at the laboratory, they were transferred to a 70% ethanol
solution before a stomach contents analysis was performed.

Stomach contents analysis

In the laboratory, the stomach contents were first blotted with a paper
towel and the wet weight was then recorded to the nearest one tenth
of a gram. After obtaining the total stomach contents’ weight, the
contents were placed on a petri-dish and examined using a micro-
scope. Each prey item was classified to the lowest practical taxonomic
level. The prey items of Pacific halibut were weighed and enumerated;
however, counts of non-commercially important prey were not
recorded for arrowtooth flounder and the percent volume of these
prey items was visually estimated. Prey weights and numbers of
commercially important crabs and fish were recorded. Standard
lengths of prey fish, carapace widths (CW) of Tanner crabs and snow
crabs, and carapace lengths (CL) of king crabs were also recorded.
During this study, discarded fish parts from commercial fish process-
ing operations were also found in the stomachs of Pacific halibut. Prey
items were identified as a fishery discard (processing offal) if the parts
(usually heads or tails) had a clean cul,
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Data analysis

For each predator, the general diet of each species was described. The
diet was compared among three depth groups (Depth 1, < 100 m;
Depth 2, 100-200 m; Depth 3, = 200 m) and three predator size groups
for each species, in terms of the frequency of oceurrence and the
percent weight of the main prey items. Stomach content data were
first analyzed for every 10 cm (FL) predator size groups. Based on the
similarity of the main prey of these size groups, arrowtooth flounder
were categorized into < 20 cm, 20-39 ¢m, and 2 40 cm (FL) size groups
and Pacific halibut were categorized into < 50 cm, 50-79 cm, and > 80
cm (FL) size groups. The prey size data of the commercially important
fish and crabs were also sumrmnarized by predator size groups.
Schoener’s (1970) index was calculated to show the diet overlap
among the different groups within and between these two species in
the Gulf of Alaska. Schoener’s index (C,J is calculated as

Cx},:l—O.S(E

Px‘i —P‘”-|)

where P ;and P, are the proportions by weight of prey i in the diets
of species x and y, respectively.

Results
Arrowtooth flounder
General diet

A total of 1,144 arrowtooth flounder stomachs were analyzed. Of this
total, 489 were empty and 655 (57%} contained food. Arrowtooth
flounder sizes ranged from 12 to 80 cm FL with a mean and standard
deviation (SD) of 42.1 and £ 10.] cm, respectively. The average depth
of the 62 hauls where stomachs were collected was 164 + 69 m with a
range from 66 to 432 m.

Even though many invertebrate species like euphausiids, pandalid
shrimp, squid, mysids, and amphipods were found in the diet of
arrowtooth flounder, they comprised only 10% by weight of the total
stomach contents. The remaining 90% of stomach content weight was
made up of fish. Walleye pollock was the most important prey of
arrowtooth flounder; they comprised 66% by weight of the total
stomach contents. Pacific herring (Clupea pailasi) and capelin
(Mallotus villusus) comprised 9% and 8% of the total stomach con-
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Table 1. The percent weight of the main prey items of different size groups
of arrowtcoth flounder collected in Depth 1 (< 100 m), Depth 2
{100-200 m}, and Depth 3 (2 200 m) in the Gulf of Alaska in summer

1990,
< 100 m 1{-200m =200 m
<20 20-3%9 =40 <20 20-33 =40 <20 20-39 =40
Prey item om cm cm cm cm cm cm cm cm
Cephalopod NI 0 0 0 0 <1 0 1 8
Euphausiid 9 10 17 12 3 2 <1 <1
Caridea 7 <1 66 8 3 a8 21 2
Clupea pallasi 63 24 o 12 6 0 34 8
Mallotus villosus 3 4 16 42 [ 0 8 1
Theragra 2 50 0 4 80 0 36 82
chalcogramma
Zoarcidae 0 0 0 1 1 i] 0 ]
Stichaeidae 0 <l 0 2 <l 0 0 0
Ammodytes 0 0 0 0 <1 0 0 0
hexapterus
Thaleichthys 0 0 0 8 V] 0 0 ]
pacificus
Salmonidae 0 2 Q 0 0 0 i}
Scorpaenidae 0 0 0 0 1 1} 0 1]
Pleuranectidac 13 5 0 0 <1 1] 0 0
FPleurogrammus 0 0 0 2 0 0 0
monopteryeius
Fishery discard 0 0 0 0 1 [H 0 <1
Sample size 0 24 67 8 147 178 2 20 71

ND indicates no data.

tents by weight, respectively. Arrowtooth flounder also consumed
some eulachon (Thaleichthys pacificus), Atka mackerel (Pleuro-
gramimus monopterygius), Pacific sand lance (Ammodytes hexapterus),
arrowtooth flounder, flathead sole (Hippoglosseides elassodon), fishery
discard, and some non-commercially important species (zoarcids and
stichaeids).

Spatial and size differences

Few differences were found in the food of arrowtooth flounder < 20
cm (FL) in Depth 2 (100-200 m) and Depth 3 (= 200 m). Fish in both
areas consumed large amounts of shrimp (2 66% by weight) (Table 1).

Arrowtooth flounder 20-39 cm (FL) consumed a higher percent
(63%) by weight of Pacific herring in Depth 1 (< 100 m) than in Depth
2 and Depth 3 (12% and 34%, respectively); however, the percent
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Figure 2. Percent weight of walleye pollock consumed by different size-groups of
arrowtooth flounder collected in different depths in the Gulf of Alaska in
Summer 1990.

frequency of occurrence (£ 5%) of Pacific herring were low at all three
depths. This size group of arrowtooth flounder consumed more
capelin (42% by weight) in Depth 2 than in the other two depths. The
percent of frequency of occurrence of capelin (= 15%) in the three
depths was higher than those of Pacific herring. The consumption of
walleye pollock by this size group of arrowtooth flounder was highest
in Depth 3 (Fig. 2). Euphausiids were found mainly in Depth 1 and
Depth 2. Although euphausiids were about 10% by weight of the
stomach contents, they occurred in about 60% of the stomachs
analyzed. The consumption of shrimp {mainly pandalids) by this size
group of arrowtooth flounder decreased as the depth increased. The
percent frequency of occurrence of shrimp in the stomachs collected
in Depth 3 was high (55%).

Large arrowtooth flounder (= 40 ¢cm FL) consumed high percent-
ages (= 50% by weight) of walleye pollock in all three depths {Fig. 2).
The percent by weight of pollock in the diet increased with depth
{50%, B0%, and 82%, for Depths 1, 2, and 3, respectively). The fre-
quency of occurrence of capelin consumed by large arrowtooth
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Table 2. Mean standard length (X}, standard deviation (SD), and size range
(R) of the prey fish consumed by arrowtooth flounder (ATF) and
Pacific halibut {PH) in the Gulf of Alaska in summer 1990.

ATF PH

Prey fish X+ 8D (mm} R (mm)} X+ SD (mm) R (mm}
Pacific hetring 160 + 23 127-195 * *

Capelin 85 + 18 43-130 791+ 15 46-108
Flathead sole 130 =+ © 130-130 146 £ 96 58-280
Atka mackerel 28 = 0 128-128 * *

Eulachon 142 + 17 130-154 120+ 0 120-120
P sand lance 70 + 0 70- 70 137 £ 27 55-187
Walleye pollock 196 = 89 21-450 316 £ 155 34-670
Coho salmon - * 475 £+ 35  450-300
Pacific cod * * 380 + 0  380-380
Pacific ocean perch * * 208+ 0 208-208
Pacific halibut * * 26+ 6 21- 36

* Indicates no measurement.

flounder in Depths 1 and 2 was higher than that in Depth 3, even
though the percentage by weight of capelin consumed was low (< 6%)
at all depths. Large arrowtooth flounder also consumed a higher
percentage (28%) by weight of Pacific herring in Depth 1 than in
Depths 2 and 3 (6% and 8% by weight, respectively). Similar to the 20-
39 cm size group, euphausiids occurred most frequently in large size
arrowtooth flounder in Depths 1 and 2 (58% and 42%, respectively).
They occurred in only 1% of the stomach collected in Depth 3. In
contrast, shrimp were found most frequently (24%) in Depth 3.

Prey size trend

Arrowtooth flounder less than 20 ¢m FL did not consume walleye
pollock. The medium-sized arrowtooth flounder (20-39 cm FL)
contained some age-0 {< 140 mm SL} and age-1 (140-220 mm SL)
pollock. The larger sized (= 40 cm FL} arrowtooth flounder had age-0
to age-3 (> 300 mm SL) poliock (Fig. 3). Pacific herring were found in
medium-sized and larger sized arrowtooth flounder. Capelin were
consumed only by arrowtooth flounder longer than 20 cm FL. Table 2
lists the average, standard deviation, and range of the prey fish
standard lengths.
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Pacific halibut
General diet

A total of 467 Pacific halibut stomachs were analyzed, of which 79
wete empty and 388 (83%) contained food. The size range of the
Pacific halibut was between 11 to 151 ¢m FL with a mean and SD of
71.5+ 25.9 cm FL. The average depth of the 71 haul locations was 109
* 48 m with a range from 20 to 234 m.

Nearly 80% of the total stomach contents weight was fish while
invertebrates comprised only 20% by weight. Walleye pollock was the
most important prey of Pacific halibut. They were the most frequently
occurring prey in the stomachs (28%). In terms of weight, they com-
prised 57% of the total stomach contents. Coho salmon (Onco-
rhynchus kisutch) made up 5% of the total stomach contents by
weight, but they did not often occur in the Pacific halibut sampled.
Capelin were consumed quite frequently (14%) but they comprised
less than 1% of the total stomach contents weight. Other commer-
cially impaortant fish consumed by Pacific halibut include Pacific cod,
Pacific sand lance, Pacific ocean perch (Sebastes alutus), flathead sole,
rock sole {Pleuronectes bilineatus), yellowfin sole (Pleuronectes asper),
Daver sole (Microstamus pacificus), and young Pacific halibut. Pacific
halibut also consumed 7% by weight of fishery discards (processed
fish carcasses). Many non-commercially important fish (eulachon,
Pacific sand lance, arrowtooth flounder, cottids, agonids, cyclopterids,
bathymasterids, and stichaeids) were also consumed by Pacific
halibut; however, they played a minor role as food. Tanner crabs
(Chionoecetes bairdi) were the most important invertebrate prey of
Pacific halibut; they comprised about 6% of the total stomach
content’s weight. Less important invertebrate prey included octopus
(4.8%), lyte crab (Hyas lyratus) (2.7%}, cancer crab (Cancer oregon-
ensis) (2%), hermit crab (1.3%), and decorator crab (Oregonia gracilis)
{1%). All of the other invertebrates consumed (polychaetes, gastro-
pods, clams, squid, shrimp, and other crustaceans) were found less
frequently and were considered to be relatively less important as food
of Pacific halibut.

Spatial and size differences

Pacific halibut < 50 cm fork length. Pacific halibut < 50 cm FL long ate
more hermit crab in Depth 2 {41% by weight) than in Depth 1 (28% by
weight). However, the frequency of occurrence of hermit crab in the
diet was higher in Depth 1 (59%) than in Depth 2. This size group of
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Table 3. The percent weight of the main prey items of different size groups
of Pacific halibut collected in Depth 1 (< 100 m), Depth 2 (100-200
m), and Depth 3 (= 200 m) in the Gulf of Alaska in summer 1990.

< 100 m 100-200m 2200 m

<20 20-3% =240 <20 20-39 240 <20 2039 =240
Prey item cm cm cm cm cm m cm cm cm
Cephalopod 3 3 13 0 3 ND ND 0
Caridea 4 <l <1 19 1 < 0
Pagurid 28 9 <1 41 9 <1 0
Chionoecetes 4 3 28 1 11 76
bairdi
Majidae 10 26 3 L 17 1 0
Other crab 5 23 2 0 17 <1 0
Echinodermata 0 ¢ 0 13 0 0
Salmenidae 0 [ 0 0 0 ¢
Mallotus 6 i) <1 0 4 <1 0
viltosus
Theragra <1 6 35 0 18 72 24
chalcogramma
Gadlus 0 ] 6 0 3 0 0
macrocephalus
Zoarcidae 5 4 1 0 1 0 0
Scorpaenidac 0 5 0 0 0 0 0
Cottidae 5 1 3 a 0 0 G
Bathylagidae 2 1 0 1] 0 0 0
Stichaeidae 2 1 0 0 0 0 0
Ammodytes 13 1 3 4 0 0 0
hexapierus
Pleurcnectidae 7 ] 1 22 14 6 0
Fishery discard <1 0 3 0 1 9 0
Sample size a6 109 34 5 47 105 0] 0 2

ND indicates no data.

Pacific halibut contained a higher percentage by weight of Tanner crab
and other majid crabs in Depth 1 (14%) than in Depth 2 (5%). Another
phenomenon was that Pacific halibut in the Depth 1 ate more miscel-
laneous fish than in Depth 2, although this is probably caused by the
small sample size in Depth 2. Details of the prey items consumed by
Pacific halibut were listed in Table 3.

Pacific halibut 50-79 cm fork length. Hermit crabs and Tanner crabs
were not the dominant prey of Pacific halibut 50-79 cm FL in any of
the depth groups (Table 3). Instead, other majid crabs (26% by weight)
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Figure 4. Percent weight of walleye pollock consumed by different size-groups of
Pacific halibut collected in different depths in the Gulf of Alaska in
summer 1990,

and pygmy cancer crab (Cancer oregonensis) (23% by weight) were
more important in Depth 1. The percent weight of these two prey in
the diet was less in Depth 2 {17% each). The percentage of walleye
pollock consumed by this size group of Pacific halibut was higher in
Depth 2 than in Depth 1 by weight (Fig. 4). Also, there were more
miscellaneous fish consumed in Depth 1 than in Depth 2 (Table 3).

Pacific halibut > 80 cm fork length. Like the 50-79 cm FL size group,
Pacific halibut = 80 ¢m FL ate a higher percentage (72%) by weight of
walleye pollock in Depth 2 than in Depth 1 (Fig. 4). Conversely, Tanner
crab, miscellaneous fish and cephalopods comprised a higher per-
centage of the stomach contents in Depth 1 than in Depth 2.

The sample size of the stomachs collected in Depth 3 was small.
Only two Pacific halibut larger than 80 cm FL were collected in this
area. The stomach contents were comprised of 76% Tanner crab and
24% walleye pollock by weight.
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Prey size trend

Pacific halibut < 50 cm FL consumed very few walleye pollock,
whereas the walleye pollock consumed by the medium-sized Pacific
halibut {50-79 cm FL) were mainly age-0 fish plus a few age-1 to age-3
fish. The larger-sized Pacific halibut (= 80 cm FL) contained many
different sizes of walleye pollock including both pre-recruits (< 300
mm SL) and recruits (= 300 mm SL)(Fig. 5). The average (mean = SD)
standard length of pollock consumed by Pacific halibut was 315.9 +
155.0 mm SL with a range from 34 to 670 mm long {Table 2). The size
of Tanner crabs consumed by the two smaller sized groups of Pacific
halibut were mainky age-0 (< 9 mm CW) and age-1 (9-34 mm CW)
crabs, whereas large Pacific halibut (= 80 cm FL) consumed mainly
age-1 C. bairdi and some age-2 and older crabs (> 34 mm CW) (Fig. 5).
The mean CW of the C. bairdi consumed were 24.7 = 18.0 mm with a
range from 3 to 97 mm. For Pacific halibut, capelin occurred mainly in
the 50-79 cm FL size-group, and only a few were measurable for the
smallest (< 50 em FL) and the largest (= 80 cm FL) size groups. The
Pacific sand lance consumed by Pacific halibut were mainly between
100 and 150 mm SL. The average, standard deviation, and range of
prey fish standard lengths are shown in Table 2.

Diet overlap

The diet compaosition data from Tables 1 and 3 were used to calculate
values of Schoener’s index of diet overlap (Fig. 6). Diet averlaps within
arrowtooth flounder (A), between arrowtooth flounder and Pacific
halibut (B), and within Pacific halibut (C) are shown. For each section,
actual values of Schoener's Indices (percentage) between different
categories are shown and categorized into low (< 30%), medium (30-
55%), and high {> 55%) values. Arrowtooth flounder less than 20 ¢m
FL were not included in the diet overlap analysis because of the small
sample size (Table 1). For the same reason, stomach content data of
Pacific halibut collected from Depth 3 were not included in the diet
overlap analysis either. Overall, Figure 6 shows that the highest diet
overlap category within arrowtooth fiounder occurred mainly in the
larger size groups {= 40 cm FL) in the two deeper areas. Large Pacific
halibut from Depth 2 had high diet overlap with large arrowtooth
flounder from all depth zones. Within Pacific halibut, there was one
high diet overlap value. It was between the same 50-79 cm FL size
groups collected in Depth 1 and Depth 2. Intermediate (30-55%) diet
overlaps were common in within-species and across-species tables.
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Figure 6. Diet overlap (expressed as Schoener’s index, %) of arrowtooth flounder

and Pacific halibut in Guif of Alaska in summer 1990. A, within

arrowinoth flounder; B. between arrowiooth flounder and Pacific halibut;
C. within Pucific halibut.
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Discussion

General diet

Both arrowtooth flounder and Pacific halibut feed largely on fish.
Walleye pollock contributed the largest percentage by weight to the
diets of these two species, followed by Pacific herring and capelin for
arrowtooth flounder, and miscellaneous fish and crabs for Pacific
halibut. Smith et al. (1978) found that similar prey items (walleye
pollock, euphausiids, shrimp, and miscellaneous fish) were consumed
by arrowtcoth flounder in the Gulf of Alaska area. In the Bering Sea
area, arrowtooth flounder also consimed a high percentage (56% by
weight) of pollock {Yang 1991). Earlier food habits studies of Pacific
halibut also showed that the diet was primarily composed of walleye
pollock, Tanner crab, and miscellaneous fish (Novikov 1968, Hunter
1979, Best and St.-Pierre 1986, and Livingston et al. 1993). Best and
St.-Pierre (1986) showed that, in the Gulf of Alaska, Pacific halibut also
consumed a relatively large number of octopus. Octopus was found in
the Pacific halibut stomachs in this study; however, they comprised
only about 5% by weight of the total stomach contents weight.

Spatial and size difference

The main prey items of the arrowtooth flounder and the Pacific
halibut (Tables 1 and 3) show that arrowtooth flounder feed mainly in
the water column and Pacific halibut feed mainly on benthic prey.
Smaller sized arrowtooth flounder feed on euphausiids and shrimp;
when they grow larger, they feed mainly on pelagic fish such as Pacific
herring, capelin, and smaller sized walleye pollock {usually in the
upper water colurnn). On the other hand, Pacific halibut feed mainly
on crabs (hermit crabs, Tanner crabs, and other crabs), miscellaneous
fish (mainly bottom fish like cottids, zoarcids, stichaeids, and flatfish),
and larger sized walleye pollock (which usually stay in the lower water
column or near bottom). Table 2 lists the mean standard length and
size range of the prey fish consumed by these two species. It indicates
that, in general, Pacific halibut consumed larger sized prey fish
because they are bigger. This can also be observed by comparing the
size of walleye pollock consumed in Figures 2 and 3. Pacific halibut
also consumed more fishery discard than arrowtooth flounder did.

Diet overlap

The type of prey eaten by a fish corresponds with the morphology of
the alimentary tract of the fish (De Groot 1971, Ebeling and Cailliet
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Figure 7. Mean standard length of prey walleye pollock consumed by arrowtooth
flounder and Pacific halibut in the Gulf of Alaska in summer 1990

1974, and Allen 1982). The structure of the mouth of arrowtooth
flounder and Pacific halibut is similar in some aspects but with
apparent differences that contribute to the similarity or dissimilarity
of their diets. Both arrowtocth flounder and Pacific halibut have a very
large terminal meuth that is nearly symmetrical with a wide gape.
However, the upper jaw of the arrowtooth flounder extends beyond
the posterior margin of the lower eye whereas the upper jaw of the
Pacific halibut extends only to th