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ABSTRACT

An int.n.iv. r•••arch progr.m w•• conduct.d in 1961 .nd
1962 by the Bur••u of Comm.rci.1 Fi.h.ri•• Biologic.1 L.b.
or.tory, Auk. B.y, AI••k., .nd the Fi.h.ri•• R••••rch In.ti·
tut., Univ.r.ity of W••hington, with the coop.r.tion of the
AI••k. D.p.rtm.nt of Fi.h .nd Gam•• M.ny .ock.y•••Imon
riv.r .y.t.m. w.r••tudi.d concurr.ntly with ...entiaUy the
••m. t.chniqu•••0 th.t .y.t.m. covering the entire r.ng. of
production l.v.iI could be comp.r.d. Th. g.ner.1 obj.ctive of
this r••••rch w•• to d.termine the optimum ••c.p.ment of
.ock.y••almon for ••ch of the major .y.t.m•• Thi. w•••c·
compli.h.d through int.gr.tion of the r••ult. of ••ver.1 r.l.t.d
.tudi•• : (1) .umm.riz.tion .nd .naly.i. of hi.torical and cur·
r.nt d.ta on run. of .dult .ock.y•••Imon, (2) deline.tion and
de.cription of .p.wning ar.a. and e.tim.tion of th.ir capaci.
ti••, (3) d.lin.ation and d••cription of the nunery ar••• and
••tim.tion of th.ir capaciti•••

The major task that the manager of a salmon
fishery must undertake each year is to set a tar­
get escapement of fish to the spawning grounds
for each salmon run (stock) under his manage­
ment. He must have such a goal as a basis for
numerous decisions that control the actual time,
place, and method of fishing.

A correct decision is extremely valuable. The
number of sockeye salmon (Oncorhynchus
nerka) returning to a single river in Alaska
may exceed 20 million in a single year, and each
fish caught may be worth as much as $3 after
being canned. Sometimes the number of adults
returning to a system is much larger than the
needed escapement; sometimes it is not large
enough. Great year-to-year variability in the
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Th. major .y.teml Itudied were the Wood, Kvich.k, N.k­
nek, .nd Ug••hik .y.tem., which enter Bri.tol B.Yi the Chig.
nik Iy.tem, on the .outh lide of the Ala.k. P.ninlula; and the
K.rluk Iyltem, on Kodiak hland. Adult lock.ye .almon in the
comm.rci.1 catch.. and e.c.pementl, .nd lock.y. ..Imon
.moltl, were count.d .nd I.mpl.d. Spawning groundl were
lurveyed to det.rmin. their siz••nd qu.lity and the distribu­
tion and abundanc. of sp.wn.n. B.thymetric m.pl w.r. pre·
p.red for som. of the nun.ry l.k.l. Intensiv. Iimnological
Itudi", including a major effort to mellure prim.ry produc­
tivity, were mad. on many nurlery I.k". S.ver.1 typ" of ge.r
IImpled juv.nile sockeye salmon and ...oci.ted Ipeci.1 in the
I.k". Interim optimum or target IIc.pementl required for
highllt production on a IUlt.ined.yield bllil have been IItab­
Iished for e.ch major IYltem•

size of the run to a given system is common.
The manager must divide the return between

catch and escapement, and he must do so in a
way that ensures maximum sustainable yield.
He must know the optimum escapement and
then he must set a target escapement, having in
mind the optimum and any modifications that
may be indicated by the expected characteris­
tics of the returning run and the expected con­
ditions within the spawning and nursery areas.
He will tend to set an escapement slightly higher
than the optimum because his control of the
fishery is not precise, and he is aware that the
cost of slight underfishing is probably less than
the cost of slight overfishing. In this way he
attempts to make full use of the spawning and
nursery areas.

The optimum escapement is usually consid­
ered to be the number of adults that will yield
the greatest surplus of expected return over
needed escapement. The optimum escapement is
determined from the historical relation between
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FIGURE 1.-Theol'eticall'eturn-escapement relation of
sockeye salmon.

recruitment, which usually is measured as the
number of adults returning, and the parent es­
capement. A simplified example of this relation,
developed partly from inference and partly from
observation, is a curve that starts at zero and
rises to the left of the replacement line (the 45"
line representing replacement reproduction at
various levels of escapement), so that over a con­
siderable range of escapements the expected
return is greater than the parent escapement
(fig. 1). The distance between the curve and the
replacement line represents surplus production.
The curve, however, either levels off or declines
because the capacities. of the spawning area, the
nursery area. or the ocean feeding ground have
been exceeded; and an increased number of
spawners will not increase the expected return.

In practice, a sati~factory curve is difficult to
obtain. First, observations over many years that
include values for the entire range of escape­
ment sizes are needed for each run. These ob­
servations are not available for most runs in
southwestel'n Alaska. Attempts to estimate the
escapement on the basis of the catch per unit
of effort of the fishery (International North
Pacific Fisheries Commission, 1962) yielded un­
certain results because the relation between the
catch per unit of effort and the level of the
escapement varied with changing gear, chang­
ing management practices, and changing effects
of competition between units of gear.

Data on the catches of sockeye salmon from
runs to Bristol Bay since 1955 present a special

problem. The Japanese fishing fleet has inter­
cepted parts of these runs at sea, and its catches
in some years have nearly equaled those of
United States fishermen in Bristol Bay. The total
Japanese catch of Bristol Bay sockeye salmon
is not known with reasonable accuracy, and we
have no breakdown of their catch by river sys­
tem.

Even when accurate catch and escapement
data have been available, the relation between
return and escapement has not been clearly de­
fined-partly because of the cyclic nature of
many sockeye salmon runs and partly because
survival rates are greatly influenced by environ­
mental conditions which differ from year to
year. Obviously, it is desirable to measure abun­
dance before the adults enter the fishery, partic­
ularly after completion of any critical part of
the life cycle or residence in an environment that
may limit production. The mortality of sockeye
salmon in fresh water, from potential egg depo­
sition to seaward-migrating smolt. is high and
extremely variable: considerable evidence indi­
cates that the fresh, water rather than the ma­
rine environment usually places upper limits on
the numbers of returning adults.

Thus, an important question is: What factors
in the fresh-water environment are limiting the
size of the sockeye salmon population in each
system? First, the adult salmon must have ac­
cess to spawning areas, and in some systems
lack of access may be the limiting factor. Next,
the ~pawning area must have gravel and water
sUitable for spawning and incubation of the
eggs and for sheltering the fry until they
emerge. Then, the young fish must find food and
shelter for 1 or 2 years in the lake while they
grow from a length of about 2.5 cm. to 7 to 13
cm.-smolt size. Finally, the smolts must be able
to migrate successfully to sea.

In the sockeye salmon systems of southwest­
ern Alaska, neither the adult's access to the
spawning area nor the smolt's path of migration
to the sea is restricted. It seems most logical.
therefore, to seek limiting factors either during
the salmon's life on the spawning grounds a::;
adult, egg, larva, or fry or during its life in the
lake as a growing juvenile. Our studies were
planned on this assumption, and our task has
been to determine approximately the number of
spawners that can be expected to produce
enough young to fully use the environment.
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This report summarizes the data we now rec­
ognize as bearing on the question of cptimum
escapement. In it we recommend (where pos­
sible) optimum escapement for each of the sock­
eye salmon river systems in southwestern
Alaska and discuss the factors that affect those
levels. The recommendations are the best that
we can prepare at this time. They are not the
last word-that must await a more detailed un­
derstanding of the life of young sockeye salmon.

Commercial fishing for sockeye salmon in
southwestern Alaska started in 1884. and the
annual catch rose rapidly to more than 10 mil­
lion fish by 1900 and was rarely less than this
until after 1940.~ Between 1913 and 1938 the
annual production in the Bristol Bay area alone
exceeded 20 million fish 10 times. The record of
24,700,000 was in 1938. More than half of the
catch usually came from the Naknek-Kvichak
district, where the fishery produced a record
catch of almost 21 million fish in 1938.

During many of the years that the Federal
Government managed the sockeye salmon fish­
eries of southwestern Alaska. desired escape­
ments in the major river systems were estab­
lished by law. The White Act of June 26. 1924.
declared the intent of Congress to limit the catch
to 50 percent of the returning salmon-that is,
one fish in the escapement for each one in the
catch. As our knowledge of the life history of
sockeye salmon increased, it became apparent
that in some years the stocks were so small that
the entire returns were not adequate to use fully
the spawning grounds or nursery areas; in other
years the returns were so large that escape­
ments of 50 percent were obviously excessive.
This provision of the act was repealed on Sep­
tember 4, 1957.3

In autumn 1960 it became evident that a
major research program was needed to supply
additional biological information to be used in
the management of the sockeye salmon and pink
salmon (0. gorbuscha) of Alaska.

This need for information was emphasized by
the escapement of more than 3 million adult
sockeye salmon to the rivers of the Nushagak
fishing district and more than 2 million to the
Naknek River in 1959, and an escapement of

2 Extensive statistics on the catch and pack are available in Rich and
Ball (1928). Simp~CJn (1~60), and in annual publications such as the
Pacific Fisherman Yea"book and the Statistical Yearhook of the
International North Pacific Fisheries C'Jmmh;sion.

3 Public Law 85-296.

almost 15 million to the Kvichak River in 1960.
These possibly excessive escapements again
raised many questions about optimum escape­
ments. In spring 1961, the Secretary of the U.S.
Department of the Interior submitted a revised
budget in which he requested an increase of
$1l/~ million for an intensified salmon research
program in Alaska.

The study of sockeye salmon was undertaken
by the BCF (Bureau of Commercial Fisheries
Auke Bay Biological Laboratory). About half
the funds and research were contracted to the
FRI (Fisheries Research Institute, University
of Washington). The two agencies together
planned several projects on the major sockeye
salmon systems.· Both organizations had his­
torical1y worked in specific sockeye salmon river
systems; they concentrated their efforts in these
areas during this study. The FRI worked on the
systems tributary to Nushagak Bay (the Igu­
shik, Snake, Wood. and Nuyakuk systems) on
the mainland, the Kvichak system at the head of
the Alaska Peninsula. and the Chignik system
on the Gulf of Alaska side of the Peninsula. The
BCF worked on the Alagnak. Naknek, Egegik,
and Ugashik systems of the Alaska Peninsula
and the Karluk system on Kodiak Island (fig.
2). By mutual agreement. one agency or the
other analyzed historic records of catch and es­
c.apement for individual systems.

The intensified program began in April 1961,
and field work continued through the summer of
1962. Most of the techniques used by the two
organizations were standardized. Field research
guides and standardized data sheets were pre­
pared.

The satisfactory execution of this large pro­
gram required the effort of many biologists. The
research responsibilities within the BCF "and
FRI were as follows.

For the BCF-George Y. Harry, Jr., and
Charles J. DiCostanzo, assisted by Wilbur L.
Hartman, were responsible for general planning
and supervision. DiCostanzo directly supervised
the compilation and analysis of the data on the
historical and current catch and escapement of
adults and on the records of counts of smolts.
Hartman supervised the Iimnological resear~h

t Each lake or Kl'uUll Qf connected Jukes and its. outlet to the ocean
is termefl a "!"y~tcm" and designated in this report by the name of the
outlet or trunk dver. F'e,., exuOll'lc. Amanka and Ualik Lakes are con­
nected to the (Iccan thl'ough the [I,;'u~hik Rivel', and the system is.
the,'efore. called the Igu.hik.
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FIGURE 2.-Southwestern Alaska, showing major sockeye salmon river systems.

and assisted in studies of spawning ground
capacities. John B. Owen helped compile and
analyze historical and current records of catch
and escapement. Herbert W. Jaenicke was re­
sponsible for counting smolts. Robert J. Ellis,
William R. Heard, and Benson Drucker super­
vised studIes of young fish. Ellis also assisted in
studies of the spawning ground capacities.
Richard Straty was responsible for studies of
the timing of the migration of spawning fish in
the Naknek system.

For the FRI-William F. Royce, Robert L.
Burgner, and Ole A. Mathisen were responsible
for general planning and supervision. Burgner
and Ted S. Y. Koo supervised studies on the
systems tributary to Nushagak Bay. Donald
Rogers assisted in studies of the rearing areas in
the systems tributary to Nushagak Bay. Mathi­
sen, assisted by Orra E. Kerns, supervised studies
on the Kvichak system. Royce supervised the
studies of David Narver on the Chignik system.

Biologists who performed the research in each
area compiled and analyzed the data on the his­
torical and current catch and escapement in
that area.
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The Alaska Department of Fish and Game
provided samples of scales and data for recent
years on catch and escapement, length frequency
of adults in escapements for many of the rivers,
distribution of escapement for the Nushagak
fishing district for 1960-62, and lengths, ages,
and numbers of smolts for some rivers.

The broad aim of the intensified study of sock­
eye salmon was to determine the optimum es­
capement for each of the major systems in
southwestern Alaska. In planning the investiga­
tion, we recognized that in the short time avail­
able little progress toward attaining our goal
could be made by a detailed study of a single
lake or river system. General principles ap­
plicable to each lake or system could be developed
more rapidly by comparing the major sockeye
salmon systems with respect to their salmon pro­
duction and the factors in the spawning grounds
or lakes that might limit this production. The
bases for comparison were as follows: (1) type,
quality, amount, and capacity of spawning
areas; (2) type, quality, amount, and capacity
of nursery areas; and (8) history and charac­
teristics of sockeye salmon runs. Not all aspects
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31.72

Develop­
ment

Volume of Alt!-
Bhore- tude
line'

64 26 .60 2.40 6
6 3 .10 1.56 16

--~-~------
.70 ------------

Maxi- Mean
mum

Depth

176 ---- ----- -.. ------- 2.18 246
121 --- --. _. -_ .. - ------- 1.96 192

297 ------ --- ---- --- -------- --- ------- --

88 68 19 .64 1.86 88
73 107 liO 8.68 2.li4 81

182 167 68 11.52 2.07 10
94 173 96 9.00 1.71 10
32 71 27 .86 1.41 10

302 80 13 8.77 1.82 10
75 79 45 3.39 1.70 19

790 ----------- 82.86 ------------

Km.' M. M. Km.' M.

2,622 301 44 116.81 2.76 16
267 262 lOS 27.84 8.60 67

2,889 ----------- 142.65 ------------

Lake
area

System and lake

Ugashik system
Upper Ugashik
Lake__________ 208

Lower Ugashik
Lake ~_1~7~7_ _.::.--~-~--~-~--~-~--~-.:.:--~-.:.:--:..:-.:.:-_~1.:.:.7:..:0____=_3

Total ~=3=8=5======--=-=--=-=--=-=--=-=--=-=--=-=--=-=_-=-=--=-=--=-=--=-=--=-

Egegik B)'Stem
Becharof Lake ...;;..1:..:,1.:.:82=---.:_:..:_.:.:__:..:_.:.: -.:.:-_:..:_.:.:__:..:_.:.:__"""_.:.: 2.:.:._26__--'-11i

Total ==1:::,1:::32=====_:::-=:-_:::-=:-_:::-=:-_:::-:::--:::-=:-_:::-::::-_:::-=:--:::-::::__:::_::::-_:::-::::--:::-::::--=:--

K!!rluk system
Karluk Lake____ 40 126 49 1.92 2.01 106

Total________ 40 1.92 _

1 Ratio of the length of the shoreline to the length of the circumference
of a circle of area equal to that of the lake.

Chignik ByBtem
Chignik Lake____ 22
Black Lake ._--=3.:.:9__...:....__=--_:..=-:-_-"- _

TotaL .=~6~1===================:::

MAINLAND
SYSTEMS­

Continued
Kvichak system

Iliamna Lake _
Lake Clark _

Total. ========================

Naknek 8)"stem
Coville Lake _
Grosvenor Lake__

Naknek Lake
North Arm _
I1iukArm _
South Bey _
WeetEnd _

Brooks Lake --=..::......_-:.=__=--_:..:..:.=---.::.:...:..:..__-=
Total. ==========================

TABLE I.-Morphometry and altitudes of major sockeye salm­
on lakes of southwestern Alaska-Continued

PENINSULA
SYSTEMS

Alagnak (Branch)
system

Kuksklek Lake._
Nonvianuk Lake

Total _

============

Develop­
ment

Volume of Alti-
Bhore- tude.
line'

Maxi- Mean
mum

Depth

89 182 li7 5.10 1.94 14

89 --- ----- ----- ----- -- ---- ------- -- -----
Pacific Ocean-the Chignik on the east coast of

83 110 48 3.li7 4.22 10 the Alaska Peninsula and the Karluk on the
201 164 89 7.84 6.70 21

northwest shore of Kodiak Island.90 188 li5 4.95 8.46 30
41i 160 77 3.47 2.80 43 The geology of each general area is believed

6 77 80 .18 8.liO 28 to be at least partly responsible for differences
421i ------------- 20.01

---~---------- in water quality. Drainage areas of the Mainland
Systems consist primarily of sedimentary rocks,

68 46 Iii .80 2.44 91i which occasionally include local deposits of lime-
144 288 118 16.27 2.92 . 91i stone. Minor bodies of igneous rocks and other

82 268 111 8.94 2.68 98 products of volcanism also occur. In contrast,
279 ------------- 26.01 -------------- the drainage areas of the Peninsula Systems,

LBke

"!'Ba

Km.' M. M. Km.' M.

35 65 23 0.80 3.94 9
39 72 28 1.10 1.78 16

74 --- -- --- ---------- ---- ----------------

Sptem and lake

TABLE I.-Morphometry and altitudes of major sockeye salm­
on lakes of southwestern Alaska

of the three categories are discussed for all of
the systems because for some systems the data
are too few.

MAINLANiJ
SYSTEMS

Iguehik BYBtem
Amanka Lake _
Ualik Lake _

TotaL ===================
Snake aystem

Lake Nuna-
vaugaluk __=_=_-.:::..::::._-.:::...:.--.::..:..:..:'---.....;:.:..:..::...__..::;.;;
TotaL _

=============
Wood system

Lake Aleknagik__
Lake Nerka _
Lake Beverley _
Lake Kulik _

Little Togiak
Lake ~----'---~~------

Total. =========================
Nuyakuk (Tikchik)
system

Tikchik Lake _
Nuyakuk Lake __
Lake Chauekuk-

tuli --=~_=-=-=_ __=_=__:...:..:..=_...;;..:..:..:..:__-'-

TotaL ================

PHYSICAL DESCRIPTION OF
THE LAKES

A substantial portion of this study was de;
voted to obtaining physical data on the lakes of
sockeye salmon systems in southwestern Alaska.
All of these lakes were either formed or modified
by glaciation during the Pleistocene (Mertie,
1938; Keller and Reiser, 1959). Except for the
Alagnak system, the lakes lie at elevations less
than 100 m. above sea level (table 1). In some
systems tidal influence extends to or almost to
the outlet of the lowest lake.

On the basis of geological and biological as­
pects, the systems studied fall into two general
groups-"Mainland" and "Peninsula." The
Mainland Systems drain "into Bristol Bay along
the west and north shores and include the Igu­
shik, Snake, Wood, Nuyakuk, and Kvichak. Sev­
eral of the Peninsula Systems enter Bristol Bay
from the northeast and east-the Alagnak, Nak­
nek, Egegik, and Ugashik. Two other systems
that we place in the peninsula category enter the
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although containing sedimentary I·ocks. have
proportionally mueh more igneous material
(Keller and Reiser. 1959). The Alaska Penin­
sula is an area of current and historical volean­
ism, and drainages of the Peninsula Systems
(including the Karluk) contain many deposits
of volcanic ash.

The differences in seasonal changes of water
level and turbidity in the lakes are also· partly
due to differences in geology. Water levels are
lowest in the winter in all the systems. Because
lakes of systems tributary to Nushagak Bay and
those of the Chignik and Karluk systems receive
most of their water from snowmelt and rainfall,
water levels are highest during spring thaw and
autumn rainy periods. In contrast, lakes of the
other Peninsula Systems and of the Kvichak
system are low in the spring and tend to rise
during the summer because of melting ice fields
and glac.iers. Turbidity often varies widely
among the lakes within a system because of the
localized source of rock flour carried by· glacial
meltwater. Turbidity is highest during the sum­
mer, especially in lakes that reeeive glacial melt.

The sock~ye salmon lakes in southwestern
Alaska differ considerably in the length of their
iee-free periods, and presumably the growing
season also differs. In general. the lakes of the
Mainland Syst~ms that are farther from the in­
fluence of the oceanic climate have shorter ice­
free periods than lakes nearer the coast. For in­
stance, the lakes of the Nuyakuk system are
farthest from the coast and are the last to be­
come ice-free in the spring. The upper lakes of
the Wood system do not usually become ice-free
until after June 1, whereas Lake Aleknagik, the
lowest lake in the Wood system. is usually free
of ice during late May. In the Kviehak system,
Iliamna Lake, because of its large size and
greater exposure to ocean storms. loses its ice
cover earlier and forms it later than Lake Clark.
Breakup generally occurs by mid-May in Iliam­
na Lake, which occasionally has areas free of
ice during mild weather in the winter.

Lakes of the Peninsula Systems. which are
more influenced by the oceanic climate and gen­
erally more exposed to wind action, may be ice­
free over long periods during the winter. The
ice in the Naknek system. generally breaks up
in early May. Iliuk Arm seldom freezes over
eompletely, and the other Naknek lakes fre­
quently develop areas of open water during mild
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winters. Lakes of the Egegik and Ugashik sys­
tems, whieh are farther down the peninsula,
freeze later (if at all) than the Naknek lakes,
and the ice (if any) breaks up earlier. In the
Chignik system the shallower lake, Black Lake,
is free of ice sooner in the spring than Chignik
Lake. Both lakes are generally open by early
May and frequently develop areas of open water
in the winter. The Karluk system is strongly
influen~edby the ocea1.1ic climate; the ice in Kar­
luk Lake frequently begins to break up in April.
The lake occasionally remains ice-free during
mild winter~.

The two lakes in the Igushik system, Amanka
and Ualik, have similar areas. maximum and
mean depths, and volumes but have different
shoreline developments. Lake Amanka has two
distinet basins, whieh are separated by a sill,
but Ualik Lake has a single basin. The Kathlene
River flows from Ualik Lake into Amanka Lake
and enters the latter in its outlet basin.

Lake Nunavaugaluk, the single lake in the
Snake system. is relatively deep and has only
one basin and a relatively low shoreline devel­
opment.

The four main lakes of the Wood system (ex­
cluding Little Togiak) are similar in average
depth and shoreline development (if Lake Nerka
is eonsidered to be two separate lakes joined at
their west ends). The deep end of each lake is
to the west among the mountains, and the shal­
lower east end extends into lowlands. All of the
lakes have altitudes of less than 50 m. (table 1).

The lakes of the Nuyakuk system contrast in
size and form. Tikchik Lake is relatively shal­
low. Lakes Chauekuktuli and Nuyakuk are
larger and extremely deep-each has a mean
depth of about 112 m. and a cryptodepression
that exceeds 170 m.

The two maj or lakes of the Kvichak system
are sharply dissimilar in size and other morpho­
metric characters. Iliamna Lake is the largest
body of fresh water in Alaska. Its east end lies
among the mountains and has a deeply seoured
basin with an irregular shoreline, and because
of the many islands and bays, it has a high shore­
line development value. The western two-thirds
of the lake is relatively shallow and uniform in
depth and has few islands and a low shoreline
development. Lake Clark, mueh the smaller of
the two major lakes of the system, empties into
Iliamna Lake through the Newhalen River. It
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lies in a long deeply glaciated valley and has a
moderately high shoreline development, similar
to the average of Iliamna Lake.

The Naknek system contains seven major in­
terconnected lakes or basins all formed by glacial
action. In general, the basins are elongate, deep,
and steep sided. Within these basins, however,
are representatives of most of the major physi­
cal and biological types of sockeye salmon lakes
in southwestern Alaska. One exception is the
lack of a basin as shallow and eutrophic as Black
Lake of the Chignik system.

Three lakes of the Naknek system-Coville,
Grosvenor, and Naknek-form a chain that
drains thi'ough,Naknek River into Bristol Bay.
Coville Lake has the shallowest basin-mean
depth. 1~) m. It receives a great part of its water
from snowmelt and runoff via 80-km.-long Amer­
ican Creek. Coville Lake acts as a settling basin
for downstream Grosvenor Lake. Iliuk Arm of
Naknek Lake receives drainage from Grosvenor
Lake and from glacier fields via the Savonoski
River, and from areas of volcanic ash and pumice
in the Valley of Ten Thousand Smokes via the
Ukak River. The heavy load of rock flour and
volcanic .materials from these drainages has a
profound effect on the water quality and trans­
parency of Iliuk Arm, and to a lesser extent on
other areas of Naknek Lake. The South Bay
basin of Naknek Lake receives water from Iliuk
Arm and North Arm directly, and from Brooks
Lake via 1.6-km.-Iong Brooks River. Brooks Lake
receives snowmelt and runoff drainage from low
mountains and extensive lowland wet tundra: the
water is extremely clear. The North Arm basin of
Naknek Lake has a restricted connection to South
Bay because of a moraine that forms islands and
shallow water along their common border.
Drainage into North Arm is snowmelt and run­
off, predominantly from areas of wet tundra.
The west end of Naknek Lake leading to the
outlet is less than 15 m. deep. The comparatively
small and shallow northwest basin is separated
from North Arm by a moraine and connected
to the west end of Naknek Lake across a wide
shoal.

Little is known about the morphometry of the
remaining lakes in the Bristol Bay area. For
lakes of the Alagnak, Egegik, and Ugashik sys­
tems we have only the information available
from U.S. Geological Survey topographic maps.

The morphometry of the two major lakes of

the Chignik system, Chignik and Black, is con­
trasting.Maximum and mean depths are only 6
and 3 m. for Black Lake, but they are 64 and
:~6 m. for Chignik Lake. Black Lake' flows into
Chignik Lake through Black River. Meltwater
from an ice field on Mt. Veniaminoff enters
Black River and, subsequently, Chignik Lake.

The Karluk system drains via Karluk River
into Shelikof Strait on the northwest side of
Kodiak Island. The system contains two small
!akes and one large lake. The small lakes, Thumb
and O'Malley, drain into separate basins of the
large lake, Karluk. Karluk Lake is about 20 km.
"long, has a mean depth of 49 m., and appears
to be of glacial origin. Drainage is snowmelt
and runoff from a watershed composed predom­
inantly of sedimentary rock.

LIMNOLOGY OF THE LAKES

The limnological studies were designed to
help explain why the various lakes and systems
produce salmon at different rates. In addition
to morphometry of the lakes, we measured fac­
tors that other investigators have related to the
biological productivity of lakes-chemical and
thermal c.haracteristics of the water. We meas­
ured biological productivity in terms of primary
productivity and the standing crop of phyto­
plankton. The several measures of water chem­
istry and biological productivity are examined
in relation to production of salmon.

WATER CHEMISTRl'

The euphotic zones of the major sockeye salm­
on nursery lakes were sampled between May
1961 and November 1962 to determine their
chemical characteristics. The number of deter­
minations varies among characteristics and
lakes, but sampling was concentrated in the more
important systems (table 2). Standard methods
of collection and analysis were used. In general,
lakes of the Peninsula Systems contained higher
concentrations of dissolved minerals than those
of the Mainland Systems (table 3).

Total Dissolved Solids. Alkalinity. and pH

We have ranked the lakes according to total
dissolved solids, total alkalinity, and pH (table
4). As would be expected, the rankings of the
lakes by the three measurements tend to be
similar, i.e., the more alkaline lakes tended to
have higher total dissol ved solids and generally
higher pH values. Lakes of the Naknek, Chignik.
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the values in sockeye salmon lakes of southwest­
ern Alaska.

Several investigators have used total dis­
solved solids to predict lake productivity (cf.
Larkin and Northcote, 1958; Rawson, 1942,
1961). A comparison of this characteristic with
measures of lake productivity is made later.

Nuyakuk, and Karluk systems rank highest in
total dissolved solids, and those of the Igushik
and Snake systems rank lowest. Usually the
values for the three characteristics were similar
in all of the lakes of a system. The concentra­
tions of total dissolved solids in other deep-water
lakes in the Northern Hemisphere (reported by
Hutchinson, 1957) are generally higher than

TABLE 2.-Months and depths of sampling and numbers of determinations of temperature and various chemical char­
acteristics of sockeye salmon nur8IJry lakes of southwestern Alaska, 1961-61

Detenninatloll8 made Detenninations made
Month Total Min- Month Total Min-

of Depth Tem- di&- eral of Depth Tem- di&- eral
lam- lam- 02 pera- Alka- solved ana- Bam- Barn- O, perB- Alka- BOlved ana-

System and lake plinK pled ture IInity pH sollda 1)'BIs System and lake pllnlli pled ture linity pH solids lysis

MAINLAND PENINSULA M. .\'0. Xo. No. No. .Vo. No.
SYSTEMS M. No. No. No. No. No. No. SYSTEMS

Il\IIIhik sYBtem A\acnak (Branch)
Amanka Lake___ AI1ll. 0-26 2 24 2 2 B)'Btem
Ualik Lake__ , ___ AUK· 0-26 2 36 4 4 2 2 Kukaklek Lake_. July-Aug. 20 8 17 7 8 4 8

Snake system Nonvianuk Lake July-AUK. 26 9 20 9 9 4 8
Lake Nuna- Naknek system
vauKaluk______ AUK. 0-46 0 16 4 4 2 2 Coville Lake ____ June-Oct. 26 Hili 286 149 160 10 14

WoodsYBtem Grosvenor Lake __ June-Oct. 46 198 668 178 178 10 U
Lake Aleknqik__ JUDe-Oct. 0-46 84 192 62 62 10 10 Naknek Lake ___ June-May 86 260 742 2M 266 14 19
Lake Nerka_____ June-Qct. 0-46 1721,916 176 176 14 14 Brooks Lake ____ June-May 36 249 676 248 249 16 20
LakeBeverley___ June-Oct. 0-45 21 194 26 26 8 8 Ugaohlk system
Lake Kulik _____ June-Oct. 0-46 26 221 26 26 8 8 Lower UKaohik
Little Togiak Lake. ____ • ____ AUK. 26 0 18 7 7 6 14
Lake___ • __ •• __ June-Oct. 0-45 34 226 30 80 7 7 ChiKnik system

Nuyakuk (Tikchik) ChilPlik Lake ___ June-Oct. 3u 61 64 16 16
Iystem Black Lake. ____ June-Oct. 4.6. ________ 43 41 11 12

Tikchik Lake___ Aug. 0-30 30 4 4 2 2 Karluk system
Nuyakuk Lake __ Aug. 0-30

~--------------_._-
2 2 Karluk Lake ____ June-Oct. 41> 214 657 227 222 16 16

Lake Chauekuk-
tuli ______ • ____ AUI. 0-45 48 4 4 2 2

KYiehak system
Iliamna Lake_ __ June-Oct. 0-46 743,164 45 45 37 37
Lake Clark _____ June-Oct. 0-45 227 8 8 4 4

TABLE 3.---Ghemical analyses of water from sockeye salmon nursery lakes of southwestern Alaska, 1961-61

Total Ni-
di&- Total Po- Mag- trate Mo-

solved pH alka- Sodi- tao- nesi- nitro- Man- Cal- Cop- Stron- Alumi- Iyb-
System and lake solids Unity urn Bium urn len Silica Iron ganesc cium Boron per tium num denum

MAINLAND
SYSTEMS P.p.lII. P.p.lII. P.p.lII. P.p.lII. P.p.lII. P.p. III. P .p.lII. P.P.III. P.p.m.P.p.m. P.p.m. P.p.m. P.'[I.m.P.p.III.P.p.m.

Il\IIIhik sYltem
Amanka Lake___ 21. 6 7.80 10.84 0.56<0.20 0.76 0.075 4.3 .010 .002 6.10 .007 .0003 .06 .006 .0015
UalikLake______ 17.6 7.1310.60 .80 .86 .70 .020 2.1 .011 .001 3.96 .011 .0004 .08 .008 .0014

Snake system
Lake Nuna-
vaulaluk ______ 18.0 7.16 10.42 .66 <.80 .66 .120 2.1 .010 .001 4.90 .007 .0003 .07 .008<.0001

Woodsyatem
Lake Aleknagik. _ 80.6 7.1612.61 .68 .86 .95 .111 2.6 .006 .001 4.96 .008 .0008 .07 .004 .0004
Lake Nerka____ • 20.7 7.14 11.99 .46 .37 .87 .167 2.2 .011 .001 4.68 .015 .0003 .06 .006 .0018
Lake Beverley___ 24.0 7.2111.90 .80 <.83 .80 .160 2.8 .008 .001 4.28 .012 .!l003 .07 .005 .0004
Lake Kulik _____ 26.8 7.11 12.46 .68 .38 .68 .173 3.0 .009 .001 4.66 .005 .0008 .08 .004 .11015
Little TOIiak

Lake_. _______ • 36.0 7.29 18.69 .75 .50 1.83 .160 8.8 .006 .001 7.28 .013 .0002 .10 .004 .0006

Nuyakuk (Tikchik)
system
Tikchik Lake•• __ 42.0 7.3422.46 .66 <.70 2.12 .090 6.4 .010 .001 7.70 .010 .0004 .09 .005 trace
Nuyakuk Lake __ 36.5 7.3& 22.99 .40 Trace 1.65 .110 6.4 .007 trace 8.40 .017 .0004 .10 .005<.0001
Lake Chauekuk-
tulL ______ . ___ • 60.0 7.2929.46 .40 Trace 2.60 .136 6.4 .005 trace 11.00 .009 .0004 .10 .003 .0003

KvichakBYBtem
Iliamna Lake____ 26.8 7.2618.96 .83 .60 .83 .068 4.5 .011 < .003 5.11 .022 .0004 .06 .010 .0016
Lake Clark. ____ 32.0 7.28 19.69 .80 1.28 1.08 .113 8.6 .026 .001 6.76 .030 .0006 .09 .017 .0028
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TABLE 3.-Ghemical analyses of water fr01n sockeye salmon nursery lakes of sonthwestern Alaska,1961-62-Continued

Total Ni-
dia- Total Po- Mag- tratp MOo

solved pH alka- Sodi- tas- nesi- nitro- Man- Cal- Cop- Stron-Alumi- .lyb-
System and lakc solids linity um sium um gen Silica Iron ganese cium Boron pcr tium num dPnum

7.23 14.57 7.13 .80 1.28 .019 1.4 --------.-.- 4.81 --- -- - --- --_.. --- ----- ---- --

7.65 21.31 2.35 1.31 3.04 .026 12.9 .024 .002 7.43 .027 .0006 .07 .007 .0011
7.4421.53 4.07 1.43 3.04 .014 12.6 .016 .002 10.36 .042 .0009 .12 .010 .0001

7.25 25.22 3.32 .26 1.47 .036 .4 .042 .01 6.61 ---- - - -- -- --- - .... -- _. -- ------

7 .00 8.88 4.02 1.23 1.15 .018 1.1 -.. ------ ~ --- 3.29 ---------------- ... _---- .... _-
7.21 10.54 3.25 .90 1.12 .017 4.1 .040 .01 5.33 .003 _4 ~ __ ~ ________________

7.13 25.28 3.18 .46 1.21 <.014 9.0 .052 .01 7.79 .003 - ----_... ------ --- ---~-
7.24 25.42 2.98 .47 1.89 < .014 7.7 .040 .01 6.90 .003 -. -.. -.. ---- --_...... ------
7.35 28.54 10.40 1.16 4.16 .087 9.3 .040 .01 18.16 .008 ---- --_. -_. ---- ---. _.-
7.27 28.61 ------- .... -- ------- ---- ---- .. - --- --- ---- -- ---- -- --- --- - -- .. _.... ---- --- -- -------
7.31 26.78 4.30 .95 2.18 .012 10.6 .041 .01 8.88 .004 ---- --_ .. - .. ------ ------

PENINSULA
SYSTEMS P.p.m.

Alagnak (Brancb)
system

Kukaklck Lake__ 23 .0
Nonvianuk Lake_ 32.5

Naknek system
Coville Lake ____ 61. 6
Grosvenor Lake _ 53 .5
Naknek Lakp ' __ 139.5

lIiuk Arm _

Brooks Lake____ 74.8

Ugashik system
Lower Ugashik
Lake 22.4

Chignik system
Chignik Lakp ___ 55 .9
Black Lske 69.7

Karluk systcm
Karluk Lake 42.9

P.p.m. P.p.m. P.p.m.P.p.m.P.p.m.P.p.m. P.p.m. P.p.m. P.p.m. P.p.m.P.p.m. P.p.m. P.p.m. P.p•."•.

I Excluding Iliuk Ann. lIiuk Ann is considered separately because of the large amount of suspended glacial material.

SOCKEYE SALMON IN MAJOR RIVER SYSTEMS IN SOUTHWESTERN ALASKA

Equivalent Proportions of Sodium, Calcium, and Magnesium

TABLE 4.-Ranking of sockeye salmon nnrse,..y lakes of south­
western Alaska according to total dissolved solids, total
alkalinity, and pH, 1961-62

• Equivalents per million are determined by multiplying the parts per
million by the reciprocals of combining weights of the appropriate
ions. The combining weight of an ion equals the atomic weight of the
ion divided by its ionic charge.

40 22 38
28 18 54

22 1Ii 62
21 25 54
27 20 58
23 22 55

47 16 37

14 85 51
19 26 55

24 20 56
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Sodium Magnesium Calcium

Perren I Ptrronl Percenl

7 18 75
12 20 68

7 17 76

8 22 70
6 22 72

11 21 68
9 18 73
6 22 72

4 30 66
3 23 74
2 27 71

10 111 71
8 19 78

PENINSULA SYSTEMS

Alagnak (Branch) system
Kukaklek Lake - -- --
Nonvianuk Lake _

Naknek system
Coville Lake - -- - - - - - - - --
Grosvpnor Lake ----
Naknek Lake. --- - ---- - --
Brooks Lake -- - - -- ---

Ugashik system
Lower Ugashik Lake _

Chignik system
Chignik Lake -- -- ---
Black Lake - - - -- - --

Karluk system
Karluk Lake ---- --- --

System and lake

TABLE 5.-Mean equivalent proportions of the three major
cations-sodium, calcium, and magnesium-in -water
sa7nple~ fr07n sockeye salmol! lakes of southwestern Alaska,
June to September 1961-62

MAINLAND SYSTEMS

Igushik system
Amanka Lake _
Ualik Lake _

Snake system
Lake Nunavaugaluk _

Wood system
Lake Aleknagik _
Lake Nerka_. _
Lake Beverley _
Lake Kulik _
Little Togiak Lake _

Nuyakuk (Tikchik) system
Tikchik Lake _
Nuyakuk Lake _

Lake ChauekuktulL - ---- - - --

Kvichak BYstem
Iliamna Lake _
Lake Clark -. -_ - _-.-

3
5
2
1

13
20

8
12

4
6
8

15
10
18
11
22
16
23
14

7
19
17
20

pH

2
3
9

10
4
5
1
6
8
7

12
20
11
16
14
16
18
23
13
19
17
22
21

Total
alkalinity

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23

Total
dissolved

solidsSystemLake

'ExcludinJr North Ann and Iliuk Arm.

Lakes of the Mainland Systems clearly differ
from those of the Peninsula Systems in the pro­
portion (based on number of equivalents per
million) 5 of each of the three principal cations
-sodium, calcium, and magnesium. To deter-

Naknek ' Naknek
Brooks Naknek
Black Chignik
Chignik Chignik
Grosvenor . Naknek
Coville Naknek
ChauekuktulL Nuyakuk
Karluk Karluk
Tikchik . Nuyakuk
Nuyakuk .. Nuyakuk
Little Togiak Wood
Nonvianuk Alagnak
Clark Kvichak
Aleknagik Wood
I1iamna Kvichak
Kulik Wood
Beverley Wood
Kukaklek . Alagnak
Lower Ugashik Ugashik
Amanka Igushik
Nerka Wood
Nunavaugaluk. Snake
Ualik Igushik



100%

MAINLAND LAKES

PENINSULA LAKES
---+-:;;"'~---110.

PENINSULA SYSTEMS
o ALAGNAK
o NAKNEK
l:>. UGASHIK
o CHIGNIK

-e KARLUK ""
~
~

MAINLAND SYSTEMS

• IGUSHIK
.... SNAKE
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• NUYAKUK
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o
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q.. CALCIUM 0\0

FIGURE 3.-Relative chemical proportions of the three major cations-sodium, calcium, and magnesium-in
water samples from sockeye salmon lakes of southwestern Alaska. Each corner of a triangle is as­
signed a value of 100 percent for one of the cations. If a lake had equal equivalents of each cation,
the value for that lake would be plotted in the center of the triangle. As the proportion of a cation

. increases toward 100 percent for that lake, the point is plotted closer and closer to the corresponding
tip of the triangle.

mine these proportions, the concentrations of
the three cations in equivalents per million were
summed. Then the proportion of the total equiv­
alents contributed by each cation was calculated
(table 5). The data are presented graphically in
figure 3.

The graphic analysis of the proportionate con­
tribution of the three cations (fig, 3) reveals a
similarity among the lakes of a system. Lakes
of several systems-Wood, Nuyakuk,Naknek,
and Chignik-show this grouping, which sug­
gests that the sources of these elements (ter­
restrial and marine) influence all lakes within
a system similarly. Figure 3 also shows that
groups of lakes for systems on the mainland and
on the peninsula do not overlap. Lakes of the

Mainland Systems have proportionally more
equivalents of calcium and less sodium than
lakes of the Peninsula Systems. Our last com­
ment on this analysis concerns lakes of the
Nuyakuk system. In these waters the absolute
concentrations of sodium were comparatively
low (table 3), and the proportions of equivalents
of sodium in relation to magnesium and calcium
are also low (table 5).

.Goldman (1960) found low concentrations of
magnesium to be limiting to phytoplankton pro­
duction in Brooks Lake during the summer of
1957. He concluded that magnesium at a low
level. in comparison with other cations, was less
available to the plankton because of the presence
of relatively high quantities of sodium.
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Other Nutrients and Trace Elements

We measured all of the dissolved chemicals
our facilities permitted because more are either
known or suspected to be important in the pro­
duction of phytoplankton. In addition to those
measurements previously discussed, we de­
termined the concentrations of nitrogen, phos­
phorus, molybdenum, silica, iron, aluminum,
boron, and copper.

Because nitrogen is essential for photosyn­
thesi~, it is commonly considered as a factor
that may limit the production of phytoplankton.
Although the ultimate source of nitrogen is the
atmosphere, the combined nitrogen in lake water
is derived primarily from inflowing waters
(Hutchinson, 1957). Goldman (1960) found a
nitrate-nitrogen deficiency in Brooks Lake in
July and August 1957. In the lakes we studied
concentrations of nitrate nitrogen were highest
in the Mainland Systems and lowest in the
Peninsula Systems (table 3). The lower values
in the Peninsula Systems may be due in part to
greater use of nitrate nitrogen in the higher
production of phytoplankton.o

Some investigators have considered phos­
phorus as a possible limiting factor in the pro­
duction of phytoplankton in sockeye salmon
lakes (Krokhin, 1957; Nelson and Edmondson,
1955 ; Nelson, 1958; Goldman, 1960). Carcasses
of adult salmon are considered an important
source of replenishment of phosphorus to sock­
eye salmon lakes (Krokhin, 1957: Nelson and
Edmondson, 1955). The limit of detectability
of phosphate in our analysis of water samples
was about 0.01 to 0.02 p.p.m. In general, con­
centrations of phosphorus were below these
limits. Since a large part of the total phosphorus
is bound in plankton, .and phytoplankters are
known to store more phosphorus than they need,
the rate of phosphorus turnover largely con­
trols the level in solution in water and, hence,
determines its availability. Additional measure­
ments and nutritional experiments are needed
to establish whether availability of phosphorus
is a factor that seriously limits production of
phytoplankton in the lakes under study.

From limited nutritional experiments in 1962,
Goldman (1964) concluded that low concentra­
tions of molybdenum were limiting the phyto-

G The low rate~ or pr'(,rlucti\'ity in the UA'llshik and Alagnak :;)'stems
are based on ani)' line ami two obsel"\'utivns. I"espedi\'el)·.

plankton growth in many lakes, including somt:
sockeye salmon lakes of Bristol Bay. We meas­
ured molybdenum by colorimetric and spectro­
graphic methods.-Concentrations were low in all
lakes. Comparison of spectrographic analyses of
filtered water and phytoplankton from lakes of
the Wood, Kvichak, and Chignik systems in
1964 indicates that molybdenum was generally
detectable in water only. This finding indicates
that phytoplankters were not concentrating the
element. Experiments are needed to clarify the
role of molybdenum in the production of phy­
toplankton.

Silica is necessary for the growth of diatoms
and, "the main mechanism of loss of silica from
lake waters is its utilization by diatoms...."
(Hutchinson, 1957). The peninsula lakes, except
for Kukaklek and Lower Ugashik. had the high­
est concentrations of silica. Lakes of the Wood
system had moderate levels; Karluk Lake, al­
though highly productive, had considerably
lower concentrations than the other lakes. It is
likely that large amounts of silica are bound in
the phytoplankton, especially in Karluk Lake,
where Hilliard (1959) found that diatoms were
the dominant phytoplankters throughout the
year.

Some differences were found also between
systems in concentrations of the other elements
detected regularly in spectrographic analyses of
water samples. Lakes in the Chignik system had
the highest concentrations of iron, aluminum,
boron, and copper; the Kvichak system followed.
The concentrations of these elements were lower
but fairly uniform in the lakes of the several
systems tributary to Nushagak Bay. High con­
centrations of copper can inhibit growth of
phytoplankton, but the concentrations found in
this study were low.

Dissolved Oxyll.en

Concentrations of dissolved oxygen were near
saturation whenever lakes were sampled. re­
gardless of depth or season of year: winter sam­
ples through the ice were taken only in Naknek
and Brooks Lakes.

THERMAL CHARACTERISTICS

Variation in both photosynthetic rates and
water temperature during the summer is largely
due to variation in solar radiation. Photosyn­
thesis is at the base of primary productivity,
and temperature greatly influences the rate of
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growth of fish; therefore, we measured solar
radiation and water temperature in our limnol­
ogy studies. Many data were collected. but only
general comparisons were made among the sys­
tems.

Thermal stratification and development of
thermoclines are most pronounced in lakes pro­
tected from the mixing action of strong and
persistent winds. During our study, thermoclines
usually were well devekp~d in the upper lakes
of the Wood system, which are generally pro­
tected from strong winds: they were less well
defined in the lower, more exposed lakes. The
larger, broadly exposed lakes, such as Iliamna
and those of the Naknek system. were generally
without thermoclines. Thermoclines were com­
mon in the smaller lakes, such as Chignik and
Karluk, but were easily destroyed by the strong
persistent winds which result from the lakes'
exposure to the ocean climate.

PRIMARY PRODUCTIVITY AND STANDING CROP
OF PHYTOPLANKTON

The measure of primary productivity used in
this study was the rate of carbon fixation by
phytoplankton per 4-hour midday incubation
period throughout the water column, calculated
on the basis of a square meter of the surface
and a cubic meter in the euphotic zone. The rate
of carbon fixation was determined by the in situ
light- and dark-bottle CI4 technique (method I
of Steemann Nielsen, 1952). The measure of the
standing crop of phytoplankton was the concen­
tration of chlorophyll a. In general, rates of car­
bon fixation were lower in 1961 than in 1962,
but the values for 1962 rather than the averages
for 1961-62 are used here to compare lakes be­
cause productivity measurements were available
for more lakes in 1962. These data along with
concurrent measures of the transparency of the
water (Secchi disk extinction values) are given
in table 6.

The results of our measures of basic produc­
tivity are discussed by system.

Mainland Systems

Among lakes of the Mainland Systems, those
of the Nuyakuk rank highest in concentrations
of total dissolved solids and alkalinity: yet in
the single series of observations in two lakes of
the system (Tikchik and Chauekuktuli), phy­
toplankton production and standing crop were
low. The average Secchi disk reading of more
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than 15 m. in Lake Chauekuktuli was the high­
est in any of the systems-a further indicator
of low phytoplankton density: and the rate of
carbon fixation per cubic meter had the lowest
average for any of the lakes. Deficiencies of
trace elements may limit productivity.

The single series of observations of photosyn­
thetic rates in Ualik Lake of the Igushik system
and Lake Nunavaugaluk of the Snake system
indicated that they were intermediate in the
ranking among all systems tested and were simi­
lar to those of the Wood system. The standing
crops of phytoplankton, however, were lower.

The lakes of the Wood system had carbon
fixation rates, chlorophyll a concentrations, and
Secchi disk readings intermediate in the range
of values for all systems. The photosynthetic
rate and chlorophyll a concentration in Little
Togiak Lake were slightly higher than in the
other lakes. The differences among lakes in the
Wood system were rather small.

Rates of carbon fixation were only slightly
lower in lakes of the Kvichak system than in
lakes of the Wood system. The photosynthetic
rate per cubic meter in the euphotic zone and
the chlorophyll a concentrations were as high
in Lake Clark as in Iliamna Lake, but the total
carbon fixed in the water column was less in
Lake Clark because of the restricted depth of
the euphotic zone (caused by rock flour). The
Secchi disk extinction value was only 3.8 m. in
Lake Clark, in contrast to 9.8 m. in Iliamna Lake
and 8.7 to 12.6 m. in lakes of the Wood system.

Peninsula Systems

Among lakes of the Peninsula Systems, those
of the Alagnak system ranked near the bottom
in basic productivity and also had low standing
crops of phytoplankton.

Lakes within the Naknek system had a wide
range in productivity.· Shallow Coville Lake is
very productive and ranks next to lakes of the
Chignik and Karluk systems in primary pro­
ductivity and standing crop of phytoplankton,
whereas deep and clear Brooks Lake is among
the least productive s~rstems. The Secchi disk
readings in each lake were correspondingly low
and high.

In the Ugashik system the primary productiv­
ity and standing crop of phytoplankton in Low­
er Ugashik Lake (the only lake examined) were
about as low as in the Alagnak system.

Lakes of the Chignik system had by far the
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TABLE G.-Primary prodll~tipity. chlorophyll a concentration, and water transparen~y for sockeye salmon lIursery lakes of
southwestern Alaska, 196$ .

System and lak~

MAINLAND SYSTEMS
Igushik system

Amanka Lake _
Ualik Lake • _

Snake system
Lake Nunavaugaluk _

Wood system
Lake Aleknagik • • _
Lake Nerka • • _
Lake Beverley • _
LakeKulik • • _
Little Togiak Lake _

Nuyakuk (Tikchik) system
Tikehik Lake • _
Nuyakuk Lake _
Lake ChauekuktulL. • • _

K viehak system
Iliamna Lake • •
Lake Clark _

PENINSULA SYSTEMS
Alagnak (Branch) system

Kukaklek Lake •• • __ • __ • _
Nonvianuk Lake • •• _

Naknek system
Coville Lake_. • • __
Grosvenor Lake • • _
Naknek Lake 1 _

I1iuk Arm • _. •
Brooks Lake • _

Ugashik system
Low.•r Ugashik Lakc _

Chign Ik system
Chignik Lake • _
Black Lake ••• _. _

Karluk system
Karluk Lake . _

Primary Chloro- Water
produetivity phyll " transpareney

M~an caTbon Mean carbon
fixation per fixation per

4-hour period 4-hour period
per per

square mett"r cubic mctE'r Mean
Deter- lake surlace in euphotic Deter- Mean Seechi disk

minations area zon.' minations concE'ntrations Sampl~s reading

Nmnbtr Mg. Mg. Nllmhtr Mg.!I. Nlcmhf'r M.

---- -_. -- - -- -----. -. -- - - ------- 0.7 2 8.5
9 73 2.5 2 .8 3 9.7

10 66 1.4 .6 1~.0

240 65 2.0 8 1.3 25 8.7
659 58 1.7 22 .9 63 12.6
118 71 1.7 8 1.0 11 12.0
108 66 1.6 7 .8 11 11.5
133 73 1.9 6 1.4 14 10.4

10 52 1.6 3 .6 3 10.7

-.- .. -- ~ --- -- ---- - -- - - --_. ----- 2 .2 2 10.0
10 54 1.0 ~ .5 3 15.~

456 54 1.5 165 .8 24 9.8
41 13 1.6 4 1.1 4 3.8

18 22 1.1 4 .6 3 10.2
20 24 1.2 4 .5 4 13.2

411 99 5.9 80 1.0 72 5.4
553 61 2.9 85 .7 84 8.4
810 59 3.4 86 .9 135 4.4

---. -. -.- --------. -------- --'--~- ------------. -~---- ---_.----. -.---. -- ._~
.9

832 47 1.7 73 .5 154 10.8

20 n 1.2 4 .8 ~ 8.5

311 242 13.5 41 15.3 41 1.9
1~7 121 3~.4 26 5.4 28 1.6

606 131 5.9 73 2.1 105 8.6

, Excluding Iliuk Arm. lliuk A"m is considered separately because of the large amount of suspended glacial material.

highest photosynthetic activity and the greatest
standing crop of phytoplankton of all lakes
studied. Chignik Lake had a high average value
for carbon fixed in the water column, but the
rate per cubic meter in the euphotic zone was
much higher in shallow Black Lake where a.high
rate of carbon fixation extended to the bottom.
Although the low transparency in these two
lakes was primarily due to heavy phytoplankton
blooms, in Chignik Lake it was partially due to
suspended rock flour.

In Karluk Lake, the rate of carbon fixation
per cubic meter in the euphotic zone was high
but considerably below the rate in the Chignik
system. Because of the greater depth of the
euphotic zone at Karluk Lake, however, the rate

of carbon fixation per square meter of surface
was greater than in Black Lake. The Secchi disk
readings were 8.6 and 1.6 m., respectively, ior
Karluk and Black Lakes. The standing crop of
phytoplankton in the Karluk system was second
only to that of the Chignik system.

PRODUCTIVITY MEASUREMENTS AND SALMON
PRODUCTION

Studies of the size of escapements and the
growth of progeny indicate that in some systems
at least (Wood, Kvichak, and Chignik), the
growth of young salmon is slower when popu­
lation densities are high (see later sections of
this paper). This slow growth suggests that the
abundance of food in the nursery lake limits
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production. A primary aim of the limnological
studies was to determine if those lakes that usu­
ally support high population densities of salm­
on are basically the more productive. In other
words, do they have higher concentrations of
dissolved plant nutrients, higher standing crops
of phytoplankton, and higher rates of photosyn­
thetic activity?

The only measure of salmon production avail­
able for all the systems is the average escape­
ment for recent years. To use this measure we
must assume that the average catch-to-escape­
ment ratio is about the same for all systems.
Although this ratio can vary somewhat, the
escapement levels provide a useful index of
salmon production.

The systems are ranked in table 7 according
to: (1) the average sockeye salmon escapement
per square kilometer of lake surface for 1955-62,
(2) primary productivity as indicated by the
rate of carbon fixation by photosynthesis per
square meter of lake surface and per cubic meter
in the euphotic zone, (3) the standing crop of
phytoplankton as indicated by the concentra­
tion of chlorophyll a, and (4) the concentration
of total dissolved solids.

The four systems with the higher rates of
primary productivity (considering both rate
per square meter and rate per cubic meter) pro­
duced more adult salmon per square kilometer."
of lake (Karluk, Chignik, Igushik, and Wood).
Among the other systems the correlation be­
tween rates of primary productivity and salmon
production is not marked. The number of ob­
servations was too small in several of the sys­
tems to give reliable averages for primary pro­
ductivity and chlorophyll a values: hence, the
true rankings of the lake systems may diverge
from those given here.

The primary productivity and escapement per
unit lake area for the Naknek system are un­
usual. Although this system does not rank high
(no. 6) in rate of carbon fixation in the water
column under a square meter of lake area, it
does rank high (no. 3) in rate of carbon fixation
per cubic meter in the euphotic zone. Further­
more, the escapement per unit lake area is a
misleading statistic for this "system because two
basins, North Arm and Brooks Lake, make up
about 32 percent of the area of the system but
usually receive only about 5 percent of the es­
capement. These two basins also have the lowe"st
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TABLE 7.-Rankin!/ of sockeye salllwn nursery lakes of south­
western Alaska according to al'erage esca pe1nelIt den.~ity

(1955-62), primary produelivity, standing crop of phyto­
plankton, and total dissolved solid.~ (1961-62)

Primary
productivity (rate Standing
01 carbon fixation) ('rop

Pcr Pcr 01 phyto- Total
square cubic plankton dis-
meter meter (chiaro- solved

Escapement lake in phyllil solids
PPf square surraec euphotic per in

System kilomet!:'r area zone litNl p.p.m.

Rank Number RlU,k Rank Nallk Rank
Karluk _____ 8,350 2 2 2 3
Chignik ____ 2 8,070 1 1 1 2
Igushik ____ 3 4,860 '3 '4 '7 '10
Wood ______ 4 2,340 4 5 3 6
Alagnak ____ D 1,441 10 10 9 5
Ugashik- ___ 6 1,338 9 9 6 8
K vichak____ 7 1,330 7 7 4 7
Naknek ____ 8 1,122 6 3 5 1
Snake ______ 9 290 15 18 '8 19
Nuyakuk ___ 10 280 '8 '6 '10 14

1 Only a few determination~were made: see tables 2 and 6.

rates of primary productivity in the system. If
North A-rm and Brooks Lake were not consid­
ered, the Naknek system would rank about no.
5 in terms of escapement and no. 4 or 5 in terms
of primary productivity.

Measurements of the standing crops of phy­
toplankton (chlorophyll a concentrations) and
concentrations of total dissolved solids are not
clearly related to rate of production of salmon.
We cannot expect the standing crop of phyto­
plankton to be as sensitive a comparative meas­
ure of productivity as rates of carbon fixation
because of the problems of unknown rates of
turnover or utilization of phytoplankton by the
zooplankton. Similarly, our measures of total
dissolved solids do not give a good estimate of
the potential of a system to produce salmon be­
cause the phytoplankters need a proper balance
of nutrients.

CAPACITY OF SPAWNING GROUNDS

Our purpose in studying the capacity of the
spawning grounds was to determine whether
the space available is suffic.ient to produce
enough salmon fry to use the nursery areas fully.
In considering the amount of spawning ground
as a limiting factor, we first present information
on the size of past escapements and their char­
acteristics. Next we will estimate potential
spawning populations by using estimates of the
space available for spawning, estimates of the
space requirements of a spawning female, and
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data on past spawning populations. Finally, we
consider the question-is the capacity of the
spawning grounds to produce young sockeye
salmon less than or greater than the capacity
of the lakes to rear them?

MEASURES OF ESCAPEMENT

Statistics on the escapements of sockeye salm­
on to the major river systems of southwestern
Alaska are incomplete before 1955. Between
1900 and 1933, escapement counts were ob­
tained at weirs in a few rivers. Since the late
1930's, rough estimates of escapements have
been made by ground and aerial surveys. Weirs
were reinstalled in the Chignik and Ugashik
Rivers in 1949, in the Naknek River in 1950,
and in the Egegik River in 1952. Intensive
ground and aerial surveys of spawning grounds
in the Wood system were started in 1946. On
the Wood River in 1953, FRI first used observa­
tion towers to obtain sample counts for estimat­
ing escapements of migrating adult salmon. This
technique has supplanted weirs in most areas
and was extended to the Kvichak River in 1955;
the Egegik in 1956; the Naknek, Ugashik, and
Alagnak in 1957; the Igushik in 1958; the
Nuyakuk in 1959; and the Snake in 1960 (fig.
2). Since 1921, weirs have been used in Karluk
River except in 1958 and 1959 when counting
towers were used. A weir is still used in the
Chignik River.

Size of Escapements

Estimates of the size of escapements to the
several river systems in 1955-62 (table 8) pro­
vide an index of the relative production of each
system. Escapements may vary widely within a
system and may be cyclic in some. For instance,
in the Kvichak system (which is the only sys­
tem with clearly defined cycles of abundance of
sockeye salmon) the escapement in 1960 was
almost 60 times that in 1955. In each of the next
three largest systems-Wood, Naknek, and
Egegik-the greatest escapements were only six
to eight times the smallest. The escapements to
Chignik and Karluk Rivers have not varied as
much-in the Karluk system the largest was
about four times the smallest, and in the Chignik
system it was only twice the smallest.

Distribution of Spawners within Systems

Sockeye salmon use four major types of
spawning grounds: streams tributary to lakes,

TABLE S.-Estimates of sockeye salmon escapements to major
river systems of sOllfhwestenz Alaska. 1955-62

IThousands or fish I
Igu- Nuy- Kvi- Alag- Nak- Ege- Uga- Chig- Kar-

Year shik Snake W<.ood akuk .hak nak nek gik .hik nik luk

1965__ 1500 '30 1,383 '16 251 1172 273 269 77 447 386
1956__ 1400 14 773 '30 9.443 I 784 1,773 1.104 425 748 138
1967._ 1130 13 289 '67 2.843 127 635 391 215 509 221
1968__ 108 I 9 960 I 196 536 95 278 246 279 326 274
1959__ 644 I 140 2,209 49 680 825 2,282 1,072 219 411 444
1960.. 495 17 1,016 146 14,630 1,241 828 1,799 2,304 608 349
1961._ 294 5 461 80 3,706 90 351 702 349 407 297
1962._ 16 2 874 38 2,581 91 722 1,027 265 483 561

Aver-
age_ 323 26 996 78 4,334 428 886 826 615 492 334
I Aerial survey estimates by FRio

rivers between lakes, outlet rivers (trunk
streams), and lake beaches. The relative im­
portance of each type varies among systems and
from year to year within systems.

Variation may be considerable in the age com­
position of sockeye salmon that use the different
types of spawning grounds within a given sys­
tem. The most striking difference is in the num­
ber of years the salmon have spent in the ocean.
Although most adult sockeye salmon are 2- or
3-ocean fish (Le., remain in the ocean 2 or 3
years before they return to spawn), the propor­
tion varies among groups of fish occupying
specific spawning areas from year to year.
Three-ocean fish are larger than 2-ocean and
are more susceptible to capture by the gill nets
in Bristol Bay.

Natural fluctuations in the relative abun­
dance of various components of a stock, com­
bined with selective effects of the fishery, often
lead to poor distribution of the escapement
among the spawning grounds. The total escape··
ment may be adequate for a system, but if the
distribution of the escapem~ntdoes not conform
to the relative spawning capacities of var.ious
grounds, some grounds will be underutilized and
others will be overutilized. Various races and
age groups of sockeye salmon bound for the
many spawning .grounds of a system may pass
through the fishery at different times. There­
fore, the fishery that operates at different in­
tensities through each season could harvest
components at differen,t rates-for example.
through a combination of net selectivity and
closed fishing times. This section examines the
evidence bearing on these problems in the sock­
eye salmon systems of southwestern Alaska.

Igushik system. - The type of spawning
grounds used varies greatly from lake to lake
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TABLE 9.-Distribution of spawning sockeye salmon among
three types of spawning areas in lakes of the Wood .~yslem,

1955-62

in the Igushik system. Most sockeye salmon
spawn on the beaches at Lake Ualik and in the
streams at Lake Amanka.

Wood system. - The distribution of adult
sockeye salmon among the three types of spawn­
ing grounds in the Wood system differs marked­
ly from lake to lake, but each lake has a charac­
teristic distribution (table 9). For example,
tributary creeks and the ~ivers between lakes
receive the greatest part of the spawners in
Lake Aleknagik (over 90 percent from 1955 to
1962), whereas in Lake Beverley almost 90 per­
cent of the spawners use the lake beaches. The
spawners in Lake Nerka are usually distributed
about equally among the three types of spawn­
ing grounds. The year-to-year changes in dis-

Aleknagik
1955_._ •• ______________ 55 0 45
1966 ____________ • ______ 54 2 44
1957 _________ •• ________ 38 2 60
1958 ________ • ___ • __ • ___ 51 5 44
1959 __ • _• ______________ 29 5 66
1960 ___________ • _______ 37 5 58
1961 ________________ • __ 10 2 88
1962 ___________________ 47 6 47

Average ______________ 40 3 57

Nerka

1955 _______________ • _._ 32 55 13
1956____ . ______ • _______ 11 43 46
1957. _____ • ________ • ___ 87 49 14
1958. __________________ 17 74 9
1959 ___________________ 29 6 66
1960 ___ •• __________ • ___ 37 49 14
1961. ___________ • ______ 11 43 46
1962 ____ • ______________ 32 55 13

Average ___ • __________ 26 47 27

Beverley
1955 _____________ • _____ 0 95 5
1956 _________ • _________ 13 85 2
1957 ___________ . _______ 29 70 1
1958 ___________________

1 95 4
1959 ___________________ 1 95 4
1960 ________ • ____ • _____ 0 94 6
1961 _________________ ._ 14 76 8
1962 _______________ • ___ 6 85 9

Average ___ • __________ 8 87 5

Kulik
1955___________________

0 53 47
1956 ___________________ 0 49 51
1957 ___________________ 0 16 84
1958 ___ • _______________ 0 90 10
1959____ • ______________ 0 61 39
1960 ____________ • ______ 0 68 37
1961. __________________ 0 51 49
1962 ___________________ 0 88 12

Average ___________ • __ 0 59 41

Fish spawning in-

Rivers consistently had a higher proportion of
3-ocean fish than samples from other areas of
the system (table 10).

NUYl/.kuk system. - The type of spawning
grounds used also varies greatly among the
lakes of the Nuyakuk system. Sockeye salmon
in Lake Chauekuktuli spawn almost exclusively
on beaches; in Tikchik Lake they spawn only in
rivers and creeks. The escapement to the Nuya­
kuk system has a consistently higher proportion
of 3-ocean fish than tha t to the Wood system.;

Kvic/wk system. - Sockeye salmon of the
Kvichak system spawn in streams tributary to
lakes. rivers between lakes, beaches of Iliamna
Lake, and spring-fed ponds, which are usually
located at the heads of small tributaries. They

'% Rurgner, R. L. 1965. Age composition (If Nushagak sucklt:'ye run~

by river system. Univ. Wash.. Fish. Res. Inst., eire. 234, 14 pp.

TABLE lO.-ProportioIlS of 3-oceall sockeye salmoll in escape­
ments from areas of the W uod syst"Jn, 1960-62

tribution of the spawners in the system as a
whole are largely the result of changes in the
relative escapement to each lake.

Most sockeye salmon entering the Nushagak
fishing district are bound for lakes of the Wood
system. Tagging results in 1961 indicated that
spawners bound for the different lakes of the
Wood system may have passed through the fish­
ery at different times. Overlap was considerable,
however, and the same pattern of entry may not
occur every year. Time of passage to the two
major river spawning grounds, Agulowak and
Agulukpak Rivers, was average for the system.

Although the percentages of 2-ocean and 3­
ocea.n sockeye salmon in the run vary annually
with year class strength and other undetermined
factors, consistent differences in age composi­
tion tend to prevail among spawning groups.
For instance, in 1960-62, samples of spawning
sockeye salmon from Agulowak and Agulukpak

Av('rag(~ for
Year and sex Agulr,wak Aglllukpak f'=.'maining

River River areas

Per.c,1I Per""t Pl'fCtnt

1960
Male ___________________ 80 49 16
Female_________________ 84 66 18

1961
Male___________________ 99 92 60
Female _________________ 100 96 69

1962
Male ___________________ 42 40 8
Female_________ • _______ 76 64 7

Averagc ___ ______ _____ 80 68 30

PeTcintP,r••"lPer••nl

Tributary Rivers
creeks Lake beaehes between lakes

Lake and year
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spawn also in the tributaries to, and on beaches
of, small lakes. Some of the fry from these small
lakes migrate to nursery areas in Iliamna Lake
or Lake Clark.

The distribution of the escapements to large
streams, lake beaches, and all other spawning
grounds of the Kvichak system in 1959-62 is
shown in table 11. When the escapement was ex­
tremely large in 1960, the beaches of Iliamna
Lake received a larger proportion of the total
escapement and the large streams received a
smaller proportion than in years when the es­
capements were smaller. The importance of the
other spawning grounds remained nearly 'con­
stant from 1959 to 1962.

TABLE ll.-Distributioll of sockeye sail/lOll e.~caJlemelll.~ ill
spawning yrolOlds of the Kvichak sys/e1/!, 1959-62

Fish spawning in-

Fish in Br-aehcs or
(·scarc- Largf ' Iliamna All

Y(~ar mlmt streams Lake other.

MilIio". Perri'll' Peutnt Pcr~t'JrI

1959______________ 0.7 578 25.4 16.8
1960 _____________ 14.6 26.9 50.0 23.1
1961 _____________ 3.7 55.0 338 11.2
1962 _____________ 2.6 64.7 19.7 15.6

Escapements to large streams have varied by
a factor of 10, whereas those to the system
varied by 20 and those to the lake beaches by
about 50. Thus. the cyclic nature of the produc­
tion of sockeye salmon in the Kvichak system
could be reinforced or perhaps caused by the
cyclic nature of the production from the beaches
alone.

We found marked contrasts in age character­
istics - both ocean and fresh-water - among
spawning groups in the Kvichak system in 1962.
Stream spawning groups (except those of the
Copper River) had a significantly lower pro­
portion of 3-ocean fish than beach spawning
groups.s Differences also existed in the average
fresh-water age of various spawning groups in
the Kvichak system in 1956-58 (Koo and Smith,
1960) .

Smith (1964) found little or no difference in
the time the various spawning groups entered
the Kvichak system in 1957. 1958, and 1959.
Adult sockeye salmon were tagged as they en­
tered Iliamna Lake, and the tagged fish were

• Kim. Wan Soo, and R,'bert L. Demory. 1963. Kviehak salmon
studies. 1962 spawning ground studies. Univ. Wash .• Fish. Res. Inst.•
eire. 195, 26 pp.

recovered on the spawning grounds. The migra­
tion into the lake lasted about 4 weeks. Fish
tagged in anyone of these weeks were recovered
in about the same proportion in large and small
streams, on lake beaches, and in spring-fed
ponds, regardless of whether spawning in these
places occurred early 01' late in the season.

Na.knek slfste·m. - The principal spawning
grounds of the Naknek system are: (l) Brooks
and Grosvenor Rivers (rivers between lakes) ;
(2) American and Hardscrabble Creeks (tribu­
tary streams): (3) Naknek River (outlet or
trunk river) ; and (4) beaches of Grosvenor
Lake. Some sockeye salmon also spawn on
beaches in Iliuk Arm and South Bay of Naknek
Lake. The proportions of sockeye salmon that
spawn on the several major spawning grounds
change markedly from yeai: to year. In some
years a single major ground may receive more
than 60 percent of the escapement to the system
and in other years the same ground may receive
less than 10 percent.

Each of the major groups of spawning sock­
eye salmon in the Naknek system in 1962 was
characterized by different proportions of com­
binations of fresh-water and ocean ages (Straty,
1966). Most major spawning grounds contained
a smaller proportion of adults that migrated
seaward as age II smolts than did the total es­
capement to the Naknek River. This anomaly
suggests the existence of spawning groups as
yet undetected.

Tagging in the Naknek River in 1961 and
1962 demonstrated that all major spawning
areas within the system received fish from all
parts of the run about in proportion to the
sizes of the spawning groups (Straty, 1966).
Some slight indication appeared, however, that
Brooks Lake and BroQks River received more
of the earlier fish than the other areas.

Chignik system. - Sockeye salmon in runs to
the Chignik system are predominantly 3-ocean
fish. The greatest contrast in age composition
in this system is in the time the young live in
fresh water: most of the .smolts migrate at age I
from Black Lake and at age II from Chignik
Lake.

Tagging and studies of scales have es~ablished

that adults returning' to Chignik alld Black
Lakes pass through the fishery at different times
.(Narvet, 1963). The early run (in June) has
'Primarily sockeye salmon bound for Black Lake,
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and the late run (in July and August) has pri­
marily fish bound for Chignik Lake.

Ka-rlnk system. - The distribution of sockeye
salmon on the spawning grounds in the Karluk
system has been well documented from data col­
lected on weekly surveys carried out on foot
each summer in 1947-6'2. Salmon that enter the
system during May, June, and July tend to oc­
cupy all tributaries; those entering during
August and September tend to occupy only the
large tributaries at the south end of the lake. the
lake beaches, and the outlet river. 9

Sockeye salmon in Karluk Lake have a
marked temporal as well as spatial segregation
by age group (Rounsefell, 1958: also see foot­
note 9). In general, salmon that spend the long­
est time in the ocean (3 years or more) return
early in the spawning season and those that
spend the least time at sea return late. Since late
spawners tend to occupy the large terminal
streams. lake beaches, and the upper end of Kar­
luk River. these areas usually receive a dispro­
portionately large number of smaller 2-ocean
fish.

The Chignik and Karluk systems contrast
sharply with the systems tributary to Bristol
Bay in having temporal segregation of spawn­
ing units in the trunk river. The absence of
marked segregation in Bristol Bay systems may
be the result of the short duration of these runs.
In general, the Bristol Bay runs last about 4
weeks, and more than 50 percent of each run
enters the fishing areas and trunk streams dur­
ing a few days in early July. In the Chignik and
Karluk systems the escapements enter the trunk
stream over a 2- to 4-month period.

POTENTIAL SPAWNING POPULATION

The physical capacity of the rivers or beaches
to contain adult sockeye salmon imposes a limit
on the number of fish that could spawn in each
system. It was obvious, however, that a large
portion of most of the rivers and beaches was
in fact unsuitable for spawning and that the
amount of space required for a pair of salmon to
spawn varied among different types of spawn­
ing grounds. Therefore, to estimate the capacity
of each river or beach in terms of numbers of
females we determined the area of potential

• Owen, John Boo Chari,," Y. Conkle, and Robert F. Raleigh. 1962.
Factors possibly affecting production of sockeye salmon in Karluk
Rh·er. Alaska. Bur. Comme,·. Fish. BioI. Lab.. Auke Hay. Alaska.
[Manuscript. 57 pp.]
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spawning ground and divided this figure by the
estimated area required per female.

Estimates of Area of Potential Spawninl! Grounds

The amount of potential spawning ground for
streams and for lake beaches was measured to
determine if the area of suitable spawning
grounds might limit salmon production in any
of the river systems. The data obtained are first
approximations because complete and' accurate
surveys of all spawning grounds could not be
completed in 2 years. Estimates of suitable po­
tential spawning area were made for the Wood.
Kvichak. Naknek, and Karluk systems (table
12) .

During the 2-year study period, catalogs of
spawning grounds. which contain descriptions
of the physical characteristics and estimates of
the area of the potential or utilized spawning
grounds and estimates of annual escapements

TABLE 12.-Estimate.~ of surfaa area of potential ,~oekeye

sallllOn spawning grollnds in streams and lake beaches of
Wood, l\.vichak, Nakllek, and Karlllk 8y.~tem,~

Syst~m and lako Str(>ams Lakc beaches Total

Hertar•• Hf!l"tares Hutares
Wood syst~m

Lake Aleknagik _________ :34.6 186.2 220.8
Lakc Nerka_____________ 409 I 1,437.0 1.477 .9
Lake Bevcrl,·y ____ • ______ 47.0 1862.6 909.6
Lakp Kulik_____________ 11.7 1337 9 349.6
Little T,)giak Lakc _______ 7.2 1108.9 116.1

Total. ________ • ______ 2414 2,832.6 3,074.0

Kvichak sysu,m
Iliamna Lake________ . __ 649.6 , 33.0 682.6
Gibraltar Lake __________ 23.0 28 8 51.9
Lake Clark ___ . _. ____ . __ 167.1 49 7 216 8

Total. _______________ 839.7 '111.5 951.3

Naknek sysu,m
Coville Lake ____________ 111.0 (I) -- . - --- -- - ---
Grosvenor Lakc _________ 29.6 (0) - . -----. - - ----
Naknek Lake I - _.. -- - - -- \88.3 (3) . - --- -- --- --- .

North Arm. __________ 7.5 (3) ----. -. - --- ---
Brooks Lake. __ . ________ 18.0 (3)

--~-----------

Total. ___ . ___________ 354.4 (3) --_.. ------ _.-

Karluk system
Karluk Lake. _. ________ • 33.7 • 1.2 34.9

I Estimates based on gravel types only.
'2 Minimum estimate based on incomplete information.
3 No estimate made_
-I Excludes North Arm; North Arm is considered s:;,eparateJy because

it constitutes a real-ing area for juvenile salmon discrete from the rest
of Naknek Lake.

S Only the beach spawning areas of Thumb and O'Malley Lakes are
included here.
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by stream, were completed for the Kvichak sys­
tem (Demory, Orrell, and Heinle, 1964) and the
Wood system (Marriott, 1964). A catalog for
the Naknek system is being prepared.

The amount of potential spawning grounds
for streams was estimated as follows: (1) The
stream was divided into sections from the mouth
to the upper limit of possible spawning, Le., to
the source or to obstructions to the passage of
fish, e.g., falls and beaver dams. (2) The total
area of each section was determined. (3) The
percentage of each section not usable for spawn­
ing was estimated on the basis of bottom com­
position, gradient, and water velocity. Bottom
types defined as not usable included silt. bed­
rock, and large rock. Pools and torrential water
were considered unsuitable for spawning. (4)
The amount of potential spawning grounds in
each section was estimated by subtracting the
area unsuitable for spawning from the total
area. Spring-fed ponds were treated as streams.

Wood system.-The estimates of the amount
of potential spawning grounds in streams of the
Wood system (table 12) apply only to streams,in
which spawning had been observed.

Size of the gravel and depth of the water were
used in the lakes of the Wood system as criteria
in estimating the area of beach suitable for
spawning. The area of lake surface from the
shore to 10-m. depth contours (over bottom
judged by field observations to be suitable for
spawning) was measured on bathymetric maps.
Because other factors, such as upwelling ground
water, also appear to be important in beach
spawning, the estimates based only on size of
the gravel and depth of the water exceed the
amount of potential beach spawning grounds.

Kvichak s'ystem.-The estimates of the
amount of spawning grounds in the Kvichak
system are minimal. For stream spawning, es­
timates were made only for streams in which
spawning had been seen. For beach spawning
in Iliamna Lake, estimates were made only for
beaches on whic.h a small escapement of sockeye
salmon had spawned (196l). Beaches in the fol­
lowing areas were not examined: Flat Island,
Southeast Beaches, Tommy Beach, Lonesome
Bay, and Finger Beach.

Observations in Iliamna Lake during the
spawning of a large escapement (1960) indi­
cated that beach spawning was much more ex­
tensive than was formerly thought, particularly

around islands. where it extended to depths of
30 m.

Na.knek system. - Estimates of the amount of
potential sockeye salmon spawning grounds are
available for all streams in the Naknek system,
even those in which spawning has never been
seen. The reliability of the estimates varies from
stream to stream, and the estimates will be modi­
fied as more information is obtained.

Sockeye salmon spawn on beaches in Gros­
venor Lake and in a lesser amount in other lakes
in the Naknek system, but the extent of these
spawning grounds has not been estimated.

Ka·rl1tk system. - Data on the amount .of
spawning grounds in the Karluk system are
from Owen et al. (footnote 9) and are fOl'
grounds on which sockeye salmon are known to
spawn.

Estimales of Space Requiremenls of Spawning Females

A spawning female sockeye salmon requires a
certain minimum area of gravel bed in which to
deposit her eggs. Eggs are buried in about five
pockets in an area of disturbed gravel known as
the redd. During construction of the redd and
spawning and postspawning activities, both the
female and male defend a certain territory sur­
rounding the redd.

Wood and K-vichak systems. - Estimates of
the minimal space requirements for spawning
females in the Wood and Kvichak systems were
based on the egg-carrying capacity of the gravel
independent of observed spawning density.

Three principal sources of loss of eggs were
considered: (1) increased retention of the eggs
by the female because of increased density of
spawners, (2) dislodgment of eggs from the
redds because of repeated excavations of the
same gravel by subsequent females (superim­
position), and (3) increased egg mortality be­
cause of crowding of eggs in the gravel. Data
from the Wood and Kvichak systems indicate
that as spawning density increases, superimpo­
sition of redds limits survival of the eggs. We
estimated egg loss from s~lperimposition to be
less than 10 percent with a spawning density of
one female per 2 m." This density is low enough
to avoid significant egg loss by increased reten­
tion or crowding of eggs in the gravel. Calcula­
tion of the capacity of streams in the Wood and
Kvichak systems to support spawning sockeye
salmon is based, therefore, on a density of one
female per 2 m."
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184,000
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2
2
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34.91

1.67
6.71
1.25

~5.28

354 .4

A",a of
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Htrlart'8

Total. _

==============

TotaL _

Syst~m and type of
spawning ground

Karluk system
Terminal streams _
Latr:ral streams _
Lake b~aehes . _
Outl,·t river _

--------------

Lake
Strl:'ams I...akl! b('aches Total

Number Numhcr ;\ill.u~brr

Aleknagik _____ . __ . _____ 62::?,000 15,000 637,000
Nerka. _________________ 929,000 :i92,000 1,321,000
Beverlny _______________ 98,000 487,000 085,000
Kulik __________________ 94,000 144,000 238,000
Little Togiak ___________ 16,000 47,000 6~,000

TotaL __________ . ____ 1,759.000 1,085,000 2,1l44.000

TABLE 14.-Estimated l1W.n·l1W1II pOJlIII(ltioll.~0./ adlllt .~(l(·ke!le

,~almoJl ill ",tre(l1n", 'Inc/lake be(l('hell of Wood sysfc·m. in (my
year befweell 19.1,6 alld 1962

Nakfll'k system
Terminal streams_ _____ 124.9 4.1
Small lateral str~ams___ I::? 3 ::? 6
Large lateral streams_ __ 6::? . 7 7 . 6
Rivers betw~~n lakes_ __ 7.::? 1 8.8
Outlet river___________ 147.3 8.0
Lake beaches . . _

TABLE 13.-E.~fl:1Ilated nllmber,~ of ]lotE'ntial redd .~Oes in
IJariOll.~ fypes of spawniny yrollnd.~ 0/ fhe Naknek and
Karhtk systems

1 O~les not take inlv consideratiQn sliccessive waves of spawnerti.

, An estimate or 20.000 reoid sites is based on number or fish seen
using lht- beaches or GI"O:)venul· Lake. Other beach spawning Rreas
t."xi~t.

Naknek and Ka'rl'Uk systems. - General ob­
servations had indicated that the space require­
ments for spawning female sockeye salmon vary
with differences in quality of the gravel and size
and stage of the stream and that the space used
by a spawning female is elastic -large when
escapements are low and small when they are
high. We estimated, therefore, the space require­
ment for a spawning female from maximum
observed densities of sp,-, wners in measured sec­
tions of streams in the Naknek system. Average
densities for entire streams were used in the
Karluk system.

Our studies confirmed the earlier general ob­
servations that space requirements vary among
different kinds of streams. For example, in the
large and relatively deep rivers between lakes
and the terminal rivers in the Naknek system,
the space requirements are between 4 and 9 m.~

pel' female. In the smaller streams the require­
ments are much less - 2 to 3 m." In the open­
water beachareas the requirements are probably
similar to or perhaps larger than those in the
large rivers. In the shallow torrential lateral
streams in the Karluk system, space require­
ments were often ~ubstantially less than 2 m."
(table 13) , but 2 m. ~ would appear typical for the
system as a whole on the basis of stream survey
data from many areas (Richard Gard, personal
communication) .

Our calculations of the potential capacity of
the streams in the Naknek and Karluk systems
to support spawning sockeye salmon are based
on the estimate cif maximum density for each
type of stream.

Estimates of Potential Spawning Capacity by System

The potential capacity for the streams in each
system to support spawning adults was based on
the amount of potential spawning grounds and
the space required per spawning female. The
potential spawning capacities of the beach areas
were estimated from escapement surveys and
various other data.

Wood s1Jstem. - The potential spawning area
of rivers and streams (including connected
ponds) of the Wood system was estimated to be
241.4 hectares (table 12), and the area required
per spawning female was estimated to be 2 m.~

By dividing the spawning area by the area re­
quired pel' female and assuming a 1: 1 sex ratio.
we calculate that the maximum spawning popu-

lation in streams in the Wood system is 2,414,000
sockeye salmon.

The maximum numbers of sockeye salmon ob­
served on each spawning ground in 1946-62 were
summed by lake for stream spawning and for
beach spawning. Since only about 43 percent of
the fish that enter the system (estimated by
counts from towers) are seen during spawning
surveys, the summed maxima have been in­
creased to produce the estimate of the maximum
populations for streams and for lake beaches
(table 14).

Maximum populations and the estimated po­
tential capacity of the spawning grounds in
streams are thought to be in reasonable agree­
ment, because use of the spawning grounds is
highly variable and some of the larger streams
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have very small populations. Because the maxi­
mum number of spawners estimated on beaches
is less than the maximum estimated in streams
(table 14), the spawning ground potential of
the beaches is probably not in excess of that of
the streams.

The largest escapement of sockeye salmon to
the Wood system since counting from towers be­
gan in 1953 was 2,209,000 in 1959 (table 8).
Although some spawning grounds were over­
crowded in 1959, as evidenced by a large mortal­
ity of eggs, most were greatly underutilized.
Escapements in 1955-62 varied between 289,000
and 2.209,000 sockeye salmon. Thus, the poten­
tial capacity of the spawning grounds in the

. Wood system greatly exceeds the normal escape­
ments.

Kvichak system. - The area of potential
spawning grounds in rivers, streams, and ponds
in the Kvichak system was estimated to be 839.7
hectares (table 12), and the space required per
spawning female was estimated to be 2 m." A
capacity of 4,199,500 spawning females is cal­
culated from these data; on the basis of 1:1 sex
ratio, the potential capacity of the nonlake
spawning grounds in the Kvichak system is
about 8,399,000 spawners.

We do not have enough data to make a direct
estimate of the area of the potential beach
spawning grounds in the Kvichak system, but we
can estimate it indirectly. The area used by
3,706,000 spawners in 1961 on 16 of 21 recog­
nized spawning beaches was 111.5 hectares (table
12). The area used by the 14,630,000 spawners
of 1960 would have been 435 hectares if we
assume a constant relation between numbers of
spawners and area used (the ratio of spawners
in 1961 and 1960 was 1: 3.9). Because only 75
percent of the beaches known to be used have
been surveyed, the estimate of 435 hectares is
further expanded by 4/3, to give 579.9 hectares
of beach actually used in 1960. Because only
beach areas used for spawning have been con­
sidered and the average use of potential spawn­
ing grounds in the streams has been 48 percent,
the amount of potential beach spawning grounds
was calculated by assuming the same rate. This
computation gives an estimate of 1,208 hectares
of potential beach spawning grounds with a ca­
pacity of 12,080,000 spawners.

On the basis of the above information, we
postulate a potential spawning population of

about 20.500,000 sockeye salmon for the Kvichak
system. This figure is greater than the maximum
observed escapement through 1962. Escape­
ments since 1955 have varied between 251,000
and 14,630,000 (table 8) .'"

Na.knek system. - The amount of potential
spawning ground in the Naknek system, the
space required per female, and the capacity of
the spawning ground were calculated for each of
several types of streams. We made estimates
of the total potential of the beach spawning
grounds.

The total number of potential redd sites­
calculated from estimates of the amount of
spawning ground available and the size of redd
sites-is 624,000 for the streams of the Naknek
system (table 13). An estimate of 20,000 redd
sites for the beach spawning grounds of Gros­
venor Lake is based on past spawning ground
surveys. Other beach spawning grounds exist,
but their capacity is unknown.

Since estimates of the size of redd sites were
based on observations of spawning density on
single days, the effect of spawning in waves or
surges must be considered. Three waves of fish
commonly enter the Brooks River (Hartman,
Merrell, and Painter, 1964), which is the major
interconnecting stream that produces sockeye
salmon. The number of redd sites in the inter­
connecting streams has been expanded, there­
fore, by a factor of 3 to produce a more realistic
estimate of the capacity of these areas to receive
spawning salmon.

If all of these factors are considered and a
1:1 sex ratio is assumed, the estimated spawning
capacity of the Naknek system is about 670 000
females, or 1.340,000 fish of both sexes. Esc~pe­
ments in recent years varied between 273,000
and 2,232,000 salmon (table 8). Escapements
exceeded 1,260,000 twice in the 14 years from
1949 to 1962.

Ka:rluk system. - Estimates of the size of a
redd site for several tributaries in the Karluk
system are about 2 m.", and because estimates
ar~ not available for other areas, 2 m." is used
for all. The estimated number of redd sites for
streams and lake beaches is 174,000 (table 13),
and (assuming a 1:1 sex ratio) the capacity is

III The escapement in 191)5 was ~4.:} million. Some of the spawning
groun<ls had few adult fish: others were so densely occupied that super­
impositiun or re<ldtS Hnd l'etentiun ur eggs cauged a gl"t~at loss of eggs.
On most ~pawning grounds. ho~C:'vel'. density appeared to "be optimal
and confirmed the figure given above.
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Fish in Lak,·' Spawn"rs Pl.·f

System (·s("ap(:mr.nt area squaw kih)Jn~t("r

'J'hUUMUlds Kill.';: Number
Igushik_______ • _______ 323 74 4.360
Snake ________ • _______ 26 89 290
Wood ________ • _______ 996 425 2.340
Nuyakuk ITikchikl. _._ 78 279 280
Kviehak ______ • _______ 4,334 ::!.889 1,500
Alagnak IBraneh) _____ 4::!8 297 1.441
Naknek ______________ 886 7UO 1,122
Egogik. ______________ 826 1.132 730
Ugashik ______________ 515 385 1,335
Chignik. _____________ 492 61 8.070
Karluk _______________ 334 40 8.300

TABLE 15.-Al.craye sockeye xalmon c"capell/ent", area of
lakes. alld ."paw/lers per .•quore kilometer 0/ lakc (I-y .•/lstem in
soutJllcestern .4Iaska, 1955-62

RELATION HETWEEN NUMHERS OF SPAWNERS
AND SIZE OF REAIHNG AREAS

In the systems of southwestern Alaska the
capacity of the rearing areas to support sockeye
salmon is, in general. reflected in the number of
adults returning to each s~Tstem. The most exten­
sive data on the comparative numbers of fish in
the returns are found in the escapement records;
the escapement is also generally a good indicator
of the magnitude of the total return. Because the
size of the lakes and systems considered varies
widely. the escapements and other measures of
productivity are frequently expressed as num­
bers per square kilometer of lake area. Table 15
gives the average number of adults in the escape­
ments in 1955-62, the area of the lakes, and the
numbers of spawners per square kilometer of
lake for the major systems in southwestern
Alaska.

The systems fall into four general levels of
escapement per unit area (table 15): (1) es­
capements that averaged about 8,000 spawners
per square kilometer (Karluk and Chignik) ; (2)
escapements of about 2.300 to 4,400 spawners
per square kilometer (Igushik and Wood) : (3)
escapements between 1.100 and 1.500 spawners
per square kilometer (Kvichak, Alagnak, Nak­
nek, and Ugashik) ; and (4) escapements less
than 800 spawners per square kilometer (Ege­
gik, Snake, and Nuyakuk).

For some systems data are available for ex­
amiIling variation in productivity between l~kes

(in terms of numbers of adultf; in the escape­
ments to individual lakes) and between years
within lakes.

of comparisons among the several systems of the
biological and physical characteristics of the
rearing areas.

CAPACITY OF REARING AREAS

SPAWNING AREA AS THE LIMITING FACTOR IN
PRODUCTION

Young sockeye salmon mmally emerge from
the spawning gravels in the spring to begin theil'
stay in the rearing areas of the lakes. Here they
remain 1 or 2 years (occasionally 3. as at Kar­
luk) before they migrate seaward in May, June,
and July as smolts. The abundance and growth
of juvenile sockeye salmon and the age and size
of smolts produced in each system were deter­
mined and were examined in relation to several
physical and biological factors of the rearing
areas: (1) number of spawning sockeye salmon
per unit of rearing area: (2) relative numbers
of other fish species in each system, both possible
competitors and predators; (3) movement of
presmolt sockeye salmon within and between
lakes of a system; (4) basic biological productiv­
ity of the waters; and (5) innate characteristics
of the various stocks of sockeye salmon.

.Because long-term observations were not
available for most individuaf systems, the carry­
ing capacity of each system was judged by means _ --=--=::::.::......:..:..:.::.::..:...--=CC- _

An excessive density of spawners may cause
increased retention of egbs, loss of eggs because
of dislodgment from gravel during spawning,
and increased mortality of eggs because of
crowding of eggs in the gravel. We do not know
the relation between these variables and density
of spawners.

With the possible exception of the Karluk sys­
tem. the tentative data on potential spawning
areas indicate that the major lake systems could
accommodate spawning populations consider­
ably in excess of average present-day escape­
ments. Full use of potential spawning grounds
would. however, require a distribution of spawn­
ers strictly in proportion to the capacity of each
ground. Such a distribution has never been ob­
served.

348,000 adults. This estimate is only approxi­
mate - the situation in the Karluk system is
complicated by the occurrence of successive
waves of spawners in most streams and incom­
plete information on the amount of potential
spawning ground, especially on lake beaches. Es­
capements to Karluk neared or exceeded 1 mil­
lion fish for many years during the early 1900's.
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Fish in Spawners per
____-=-ye:..:a:.:.-r c:s---=-capt".'ment squar(' kilomctr.:r

TABLE 16.--Nlllnllt'rs of sockeye .~almon in escapements and
.Qllall'ners per square kilometer of lake, l{l'ichak system,
1955-63

Iltushik System

.In the Igushik system, in 1955-62 the number
of' spawners per square kilometer of lake in
Ualik Lake was only slightly larger than in
Amanka Lake if we assign the adults spawning·
in the interconnecting river and its branch (On­
goke River) to Amanka Lake.

Snake System

Nunavaugaluk Lake is the only lake in the
Snake system that produces significant numbers
of salmon.

1955__ " • _
1956 _

1957 ._ __ _.. _
1958 _ _ __ ... _
1959_ " _ __ .. _
1960 _ " _ .
1961_ •.... __ _. _ __ "_
1962 _ _ __ .. _.• _ .
1963 _".. _ .

Thor~8(Jml:.c

251
9.443
2.843

535
lillll

14.630
3.706
2,581

339

8·1
3,156

950
179
227

4.890
1,239

863
113

Wood System

The average numbers of spawners per square
kilometer in each of the four main lakes of the
Wood system in 1955-62 were: Aleknagik, 2,090;
Nerka. 2,430; Beverley, 2,490: and Kulik. 2.040.
Little Togiak Lake. tributary to Lake Nerka, had
a slightly higher density of spawners than the
main lakes.

Nuyakuk System

The low average number of spawners per unit
lake area in the Nuyakuk system (table 15) is
largely due to the low densities in Nuyakuk
Lake. the largest lake in the system, where the
figure was only 50 spawners per square kilo­
meter from 1959 through 1962.

K\'ichak System

The Kvichak is the only major sockeye salmon
system in Bristol Bay that has a pronounced
cyclic variation in number of adults in the es­
c~pement. The effects of this cycle overshadow
problems of distribution of the spawners within
each year. Over the years 1955-63, the number
of spawners per square kilometer of lake varied
from 84 - among the lowest numbers observed
in Bristol Bay - to 4.890 (table 16). Peak years
modify the reproductive potential in subsequent
off years. This problem is discussed later;

Naknek System

Many nursery areas of the Naknek system re­
ceive juvenile sockeye salmon from upsystem
areas; that is, from other than adjacent beaches
and tributary streams. Coville Lake represents
about 3 percent of the rearing area of the Nak­
nek system but has received as much as 65 per­
cent of the escapement in a given year. This lake
is at the upper end of the system, and many of

the juvenile sockeye salmon that originate in its
tributaries spend some growing time in down­
system lakes. North Arm basin and Brooks Lake
Tllake up about 35 percent of the area of the
system but reeeive less than 10 percent of the
escapement, and they do not receive fry pro­
duced in other areas. The distribution of escape­
ment and subsequently the distribution of the
juveniles are considered later.

Chillnik System

Chignik Lake had the greatest average con­
centration of spawners in the Chignik system­
about 14,000 per square kilometer of lake in
1956-62. The average for Black Lake during the
.'1ame period was slightly more than 4,600, about
the same as for the Igushik lakes.

Karluk System

Recently emerged fry behave in such a way in
the Karluk system that the total escapement is
assignable to Karluk Lake for consideration' of
rearing areas. The progeny of spawners that use
the outlet (Karluk River) move upstream into
the lake, and progeny of spawners from areas
above O'Malley and Thumb Lakes move down
into Karluk Lake early in their first summer
of life.

SPECIES OF FISH IN THE LAKES

Knowledge of the abundance of species of fish
associated with juvenile sockeye salmon in the
lakes is essential to understand the factors that
may affect the survival and growth of sockeye
salmon. Differences in behavior and the distri­
bution of the habitat of the many species re­
quired the use of several types of collecting gear:
tow nets, beach seines. trap nets, gill nets, and
bottom and midwater trawls.
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Although as many as 25 species of fish were
found in a system, the abundance of most was
low. Species of salmon other than sockeye were
not sufficiently abundant to compete seriously
for rearing area. Juvenile sockeye salmon and
one other species of fish constituted 75 to 95
percent of the catches.

Of the species that may be competitors with
juvenile sockeye salmon, the threespine stickle­
back (Gaste1'osteus aculcatus) is most im­
portant in the Igushik. Snake, Wood, Kvichak,
Nuyakuk, Chignik, and Karluk systems and part
of the Naknek system. In other parts of the Nak­
nek system the ninespine stickleback (PlIugitills
pungitius), pond smelt (HypomeslIs OUdI(13), or
pygmy whitefish (Pmsopium coulteri) seem to
be of greatest significance. Species of fish in most
systems that have varying degrees of impor­
tance as predators on juvenile sockeye salmon
include Arctic char (Salt'eUnus a.lpinus) , lake
trout (S. nama·lICllsh), northern pike (iJJso;r
lucius), juvenile coho salmon (0. kisutch). and
Dolly Varden (S. nwlnw).

The data on the species 'in the other systems
of southwestern Alaska are too few to permit
generalizations.

MIGRATION OF PRESMOLT SOCKEYE SALMON

To study the relation between density of par­
ent spawners (numbers per unit lake area),
growth and abundance of progeny. and capacity
of the rearing areas, we had to know how long
the young sockeye salmon remain in the lake that
they first enter as fry. Fyke nets were fished,
therefore, in some interconnecting rivers during
the summer to detect possible migrations from
various lakes. Changes in length frequencies of
juveniles and their abundance in tow net catches
supplied indirect information on their move­
ments.

Wood System

Catches of fyke nets fished in the connecting
rivers of the Wood system indicated no appre­
ciable migration of young sockeye salmon during
the summer between Little Togiak Lake aild
Lake Nerka in 1961 or between Lake Nerka and
Lake Aleknagik in 1962. 11 Two other kinds of
observations in the Wood system support the

11 Burgner. R. L .• and J. M. G."een. HI6~. Stud)' of int~J"lake migra­
tion of red salmon fry, Agulowak River, Uni\'. Wash .. Fish. Res, Inst.,
Ci,'c. 18~, 13 Pp.
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conclusion that these fish do not migrate during
the summer: (l) the abundance of young-of-the­
year in tow net catches after mid-August is gen­
erally proportional to the number of parent
spawners for each lake (the density of spawners
varies widely between lakes within years) : and
(2) the growth of young-of-the-year is often re­
duced in lakes that had liigh densities of spawn­
ers the previous fall. We. therefore, assumed
that in the main lakes of the Wood system,
juvenile sockeye salmon remain within their lake
of origin at least during their first growing
season.

K\'ichak System

Most of the sockeye salmon in the escapement
to the Kvichak system spawn in tributaries or
on beaches in Iliamna Lake. The only possible
significant presmolt interlake migration would
be from Lake Clark to Iliamna Lake, and we
have no indication that this movement occurs.
We investigated this problem directly only at the
time of normal smolt migrations in 1959, 1962,
and 1963 when we found that the juveniles leav­
ing Lake Clark are mostly age 11. ' " Because no
age III smolts have been captured at the outlet
of Iliamna Lake and no adults with three fresh­
water annuli have been captured in the system,
we assume that the age II juveniles migrating in
June from Lake Clark are smolts that pass di­
rectly to the outlet of Iliamna Lake. As indicated
elsewhere in this paper, the abundance of spawn­
ers within Iliamna Lake is greatest in the east
end. This concentration produces a greater
abundance of fry in that area. Entire age groups
move in the lake toward the outlet in the west
end, however; this movement is comparable to
interlake migrations in other systems.

Naknek System

Interlake migrations of presmolt (age 0 and
age I) sockeye salmon are known in the Naknek
system.'" In one movement fish left an area of
high density of juveniles to enter areas of low
densities (Coville Lake to downlake areas), and
in another the migration was from a low- to a
high-density area (Brooks Lake to Naknek

"0,.,.,,11, H. ~'. 196:1. Ahundance and age of Lake Cla"k "ed salmon
smoll~. l!"H.i~. Uni\'. Wa:ih. Fi~h. Res. Inst .• eire. 186, 13 pp.

IJ Ellis. Rllbel't J. 1~1l;:1. The ahundance and distribution of jU\'enile
red ~alnllJn Hnd a:'->l"IICioltcd :;I'ccics in lakf"s flf the Naknek Rh'er Systenl
3n() l\al'luk Lake Bur. COmnll?I', Fil$h, BioI. Lab .• Auke nay, Alaska.
[MUIlUSC,.;"t, ~O p".]
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Lake). The interlake and interbasin migrations
of presmolt fish in the Naknek system caused
large numbers of fish to accumulate in downsys­
tern lake areas, which have comparatively lim­
ited spawning grounds. Fyke net catches from
Coville, Grosvenor, and Brooks Rivers and tow
net catches from the lakes indicate that Naknek
Lake, except for the relatively isolated North
Arm basin, serves as a rearing area for fish
originating in other lakes.

Chignik System

Interlake migration of age 0 sockeye salmon
from Black Lake to Chignik Lake was detected by
fishing fyke nets in Black River in 1961 and 1962.
Scales of age 0 and age I salmon from Chignik
Lake indicate that some Black Lake progeny use
Chignik Lake as a rearing area. but scales from
spawning populations in Black Lake indicate
that most fry remain in Black Lake to age I and
then migrate directly to the ocean (Narver,
1963). Extensive sampling of Chignik Lagoon
with tow nets and seines in 1962 and 1963 re­
vealed that some of the progeny of spawners of
Chignik Lake migrate into Chignik Lagoon soon
after they emerge from the gravel and use the
lagoon as a rearing area.

Karluk System

Interlake movements of presmolt sockeye
salmon have not been investigated in the Karluk
system. Because Karluk Lake is the only rearing
area of significant size. these movements could
not be important.

ABUNDANCE AND GROWTH OF FISH IN
PELAGIC AREAS

The capacity of a system to produce juvenile
sockeye salmon is measured ultimately in the
number of smolts produced. We have discussed
our studies of the capacities of the spawning
grounds. To locate and define factors that affect
production of smolts in the rearing areas, we
investigated the relation of the abundance of
adult sockeye salmon to the abundance and
growth of juveniles and associated species in
the lakes.

Sockeye Salmon

The abundance of juvenile sockeye salmon in
the lakes was measured with the pelagic tow net
developed by Johnson (1956) and improved by

Burgner (1958; footnote 9). In this study the
standard unit of gear was a conical tow net 10
feet (3.1 ro.) in diameter and 25 feet (8.3 m.)
long. This net was pulled behind a pair of boats
at night and fished with the center of the opening
at two depths - 1.6 and 5 m. Modincations of
the standard tow net were (1) a square opening
of 9 feet (2.7 m.) and a length of about 25 feet
(8.3 m.), used in the Wood and Kvichak systems;
and (2) a square opening of 6 feet (1.8 m.) and
a length of about 19 feet (5.8 m.), used in the
Chignik system. The rate of catch is expressed
in terms of the standard round opening 3.1-m.
net pulled 1,500 feet (457 m.) in about 6
minutes.

Because we expected the abundance and
growth of juvenile sockeye salmon and associ­
ated fishes would vary within lakes. we divided
each lake into several sampling areas. The areas
were not generally of uniform size, even within
a lake. When we wish to discuss the average
abundance or size of fish in a lake we must con­
sider the relative contribution of each sampling
area to the total population. We do this by a
process of weighting in which we consider the
portion of the total lake area in each sampling
area and the relative abundance and size of the
fish in the sampling area.1< This process is re­
peated to compile an average for a system of
more than one lake.

The mean catches of age 0 and age I and older
sockeye salmon in tow nets (surface and deep
tows combined) in the Wood, Kvichak. Naknek,
Chignik. and Karluk systems, August 16 to Sep­
tember 15, are given in tables 17 and 18. Dif­
ferences in abundance between systems within
years were large (for example, 1961) as were

,. The Collowing Cormulas yield the weighted average catch per tow
and the weighted average length of fish,

n a j

Cw = '" (-)e i

i=1 A

n.-
L w = i';;;'l

-'---'----­
n,.

i';;;' I

whe,'e Cw = weighted catch per tow Cor entire lake

C'I =;= B\'erage catch per tow fOl" sampling area i

A = SUI"race area of entire lake

8 1 =. surface area of sampling area i

L w = weighted average length oC fish in the lake

I, = average length oC fish in sampling area j
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TABLE 17.-Weighted mean cak'hes of age 0 sockeye salmon
per standard tow (surface and deep tows combined), August
16 to September 15, by lake and year, in lakes of the Wood,
Kvichak, Naknek, Chignik, and Karluk systems, 1958-62

Sur- Fish per tow

face
System and lake area 1958 1959 1960 1961 1962

Knr.'l Num- Num- Num- Num- Num-
ber ber ber ber bt.:T

Wood system
Lake Aleknagik _______ 83 31.5 25.5 183.2 215.6 9" 0')

Lake Nerka___________ 201 26.7 12.2 80.4 98.0 31.0
Lake Beverle)' ___ . _____ 90 3.7 61.3 56.4 94.2 2.8
Lake Kulik___________ 45 43 63.1 274.4 92.2 27.0
Little Togiak Lake _____ 6 60.0 240.5 153.5 223.7 396

Kvichak system
Iliamna Lake _______ .. _ 2,622 - - ------ .. _--------.--._. 50
Lake Clark ___________ 267 --- .----- -- - ----- -- -- - --- 63

Naknek system (aU lakes
combined) ____________ 790 - - - ------ - - - - --_.. - 9.5 11.6

Chignik system
Chignik Lake _________ 22 - - --_. - _. -. ----- - ---- ---~

28.9
1180.0 136.0

Black Lake ___________ 39 - ------. - - --- --- --------- 35.7
1290.0 156.0

Karluk system
Karluk Lake __________ 40 - -- --- - - ---_. -- - - - 10.5 4.3

between numbers of parent spawners per unit
lake area and the production of age 0 sockeye
salmon as measured by the geometric mean catch
per standard tow (mid-August to mid-Septem­
ber) in each of the five Wood system lakes is
presented for 1958-62 in figure 4. The relation
between catch per tow of age 0 sockeye salmon
and density of parent spawners seems to differ
among lakes: hence, the data must be examined
separately for each lake. A curve describing the
relation between abundance of juveniles in the
lake and density of parent spawners might be
exaected to start at zero, reach a maximum, and
level off or decline as a result of increased mor­
tality due to overcrowding of adults or eggs and
larvae in the spawning areas or of yoimg in the
rearing areas. The relatively low catch of juve­
niles per tow in Little Togiak Lake and Lake

FIGURE 4.-Relation between abundance of age 0 sockeye
salmon and numbers of parent spawners per unit lake
area in each of the major lakes of the Wood system,
1958-62. The abundance of age 0 fish is the geometl'ic
mean of the abundance in tow net catches (mid­
August to mid-September) weighted by depth and
sampling area. The figure beside each point indi­
cates the year of sampling.

50

I Surface tows only.

TABLE 18.-Weighted mecm catches of age I and older sockeye
salnwn per standard tow (surface and deep tows l'ombinedl,
AUglLSt 16 to September 15, by lake and year, in lake,~ of the
Wood, Kvichak, Naknek, Chignik, and Karlllk sy~tems.

1958-62

Sur- Fish per tow

face
System and lake area 1958 1959 1960 1961 1962

Km.' Num- Num- Num- Num- j\Jum-

ber her ber ber ber
Wood system

Lake Aleknagik _______ 83 1.9 0.4 0.3 17.2 3.8
Lake Nerka___________ 201 1.2 .2 1.3 7.0 2.6
Lake Beverley_________ 90 .2 .2 11.2 7.1 2.1
Lake Kulik. __________ 45 .8 .4 4.3 31.4 6.9
Li ttle Togiak Lake _____ 6 2.3 2.5 31 25.4 18.7

Kvichak system
Iliamna Lake. ________ 2,622 ----- - - - -. --- --- --- -- -- -- 20.2
Lake Clark ___________ 267 - - -_. - -------- - - - -- - - - - -- .0

Naknek system (all lakes
combined) ____________ 790 - - -- -- - --- . - -_.. - - - 2.0 5.5

Chignik system
Chignik Lake _________ 22 -- -- ----------~-- - ------- 118.2

186.4 1125.9
Black Lakp ___ . _______ 39 - - - -----_. - -- . - --- .0 0

I .0
Karluk system

Karluk Lake __________ 40 ------ - -------- --- .9 12

I Surfnee tows (m Iy.

differences within systems between years (1961
and 1962 for all lakes of the Wood system). Some
of these differences are examined in the follow­
ing analyses for individual systems.

Wood system.-Preliminary use of the tow
net to sample young sockeye salmon was started
in lakes of the Wood system in 1957, and full­
scale sampling began there in 1958. The relation
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TABLE 1H.-Mean Jork lengt.hs\ oj age 0 sockeye salmon 011

September 12 in three single-basill lakes oj the Wood systelll,
1958-6f

the progeny of large spawning populations grow
slowly. Although the trend of the relation is
obvious, the true shape of the line is probably
obscured by five factors: (l) minor differences
in growth potential (factors such as food avail­
ability and temperature) between lakes, (2)
competition with variable numbers of yearling
sockeye salmon from the previous year, (3)
variability in the abundance of competitor spe­
ci~s, (4) annual differences in climate that could
affect the time of emergence, the length of grow­
ing season, and food supply, and (5) inaccura­
cies in estimates of numbers of spawners.

Differences are frequently observed in size of
juvenile sockeye salmon between various parts
of nursery lakes. These differences may be due to
many factors including (1) real differences in
growth rates, (2) differences in length of time
the young have been in the lake, (3) differences
in size of fry at hatching, and (4) differential
rates of dispersion of faster and slower growing
individuals. We have, therefore, used the term
"apparent growth rate" in discussions of differ­
ences in size of juvenile sockeye salmon.

The apparent growth of young sockeye salmon
in each of the three single-basin lakes in the
Wood system is greatest in the east third and
least in the west third of each lake (table 19).
This relation holds for years of high and low
population densities. Although the difference in
apparent growth suggests basic differences in
the growth potential of lake areas, progeny are
smaller in the end of the lake that is closer to the
major spawning grounds; and the differences in
size within each lake may be the combined result
of the longer lake residence of the early emerg­
ing fry and a more rapid dispersion of the larger
fish.

•

...

• LAKE ALEKNAGIK
• LAKE NERKA
... LAKE BEVERLEY
• LAKE KULIK

•

Nerka at parent population densities approach­
ing 7,000 spawners per square kilometer of
nursery area (fig. 4) suggests decreased spawn­
ing efficiency or increased mortality of young at
high population densities. There is some evidence
of both.

The variation in the relations of abundance of
juveniles to number of parent spawners per unit
lake area in lakes of the Wood system is probably
due to a combination of several factors: (1) er­
rors in estimating numbers of spawners, (2)
changes in survival from egg to juveniles avail­
able to the tow nets, and (3) random error in
tow net sampling. Catches with the tow net
indicate the same general abundance of juvenile
salmon as do echo soundings recorded at the time
of towing.

Evidence that the capacity of the nursery area
may control the growth of fish in the Wood sys­
tem is provided by data on growth of age 0 sock­
eye salmon in each of the four main Wood system
lakes in 1958-62. The mean length of age 0 juve­
niles on September 1 is plotted against numbers
of parent spawners per unit lake area for each
lake (fig. 5). The inverse relation indicates that

~ 65.-----------------.
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::iE.

::r: •~ 60 l~ ••
IL. ..... •
o ..........................
lJJ •• ~
~ 55 : .................

IL. • ""'"'"o • ..............
~ 50 ""'"'"
~ L=60.090-0.0017X .......................
lJJ
....J
~ 45
.cr:
o
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~ O~_........--::::-=-:~_-L.--:-::l=-::~-L.--::-:~:---J
lJJ 2,000 4,000 6,000
::E PARENT SPAWNERS PER SQUARE KILOMETER

OF SURFACE (NUMBER)

FIGURE 5.-Relation between mean fork length of age 0
sockeye salmon captUl'ed in tow nets. 1958-62, and
abundance of parent spawners in lakes of the Wood
system. The weighted mean fork length of the age 0
fish in each sample was adjusted to September 1 by
applying a mean growth of 0.33 mm. per day. com­
puted from growth data. The fish were measured after
at least 24 hours in 10 pel'cent Formalin."

Lake Aleknagik Lake Beverlcy Lake Kulik

Year West Middle East Wcst Middle East West Middle East
third third third third third third third third third

Mm. Mm. Mm. Mm. Mm. Mm. Mm. Mm. 111m.
1958. ______ 59.0 59.0 63.4 59.0 60.0 58.8 69.8 60.0
1959. ______ 57.5 627 60.8 00.5 57.:i 6t.2 61.5 60.6 58.8
1960. ___ . __ 53.3 53.7 543 42.0 44.5 46.4 508 51.7 52.3
1961. ______ 52.2 57.5 57.5 51.1 52.2 59.2 51.7 52.8 65.1
1962. ______ 47.8 54.2 55.2 58.6 58.9 67.3 57.6 59.5 60.1
M~an____ 54.0 57.4 58.2 52.2 546 59.8 56.0 56.9 57.3

" Trade names referred to in this publication do not imply endorse­
ment of commercial products.

, After at least 24 hours in 10 pel'cent Formalin.

• Lengths were adjusted to September I by applying a mean growth
of 0.33 mm. per day computed from growtli data.
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FIGURE 6.-Spatial distribution of juvenile sockeye salmon as indicated by the average catch
per tow in Iliamna Lake, 1962. Catches in A (upper) are of age 0 fish caught between
August 1 and September 15; in B (middle) are of age I fish caught between June 15 and
July 31; and in C (lower) are of age I fish caught between August 1 and September 15.
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TABLE 20.-Agll class composition and mean fork length of
juvenile sockeye salmon on September 1 in various areas of
the Kvichak syste1n, 1961-62. The fish were captured with an
Isaacs-Kidd ml:dwater trawl in 1961 and in a 6-foot-square
opening tow net in 1962. Original1neasurements were made
of live fish and these data converted to preserved fish eqitivalents

Per- Per- Per- Per-
cent Mm. cimt Jl-Im. cent Mm. cent Mm.

Iliamna Lake
Igiugig _______________________ • ________ 0 100 98.6
Shoulderblade______ • __________ ._. ______ 0 100 96.3
Grassy _____ ~ _________________ • ________ 81 56.6 19 90.5
Middle Talarik ____________ . ___ ' ________ 24 56.1 76 91.5
Chekok. __ . _______ • ___________ • ________ 0 100 93.1
Df'nnis ___ ~ __________ __ ~ ______ ~ ________ 20 57.8 80 80.2
Upp';; Talarik___ 100 59.7 0

~ --- 18 54.7 82 85.3
Ten-Mile Island _______________ • ____ • ___ 15 50.6 85 77 .9
Middle Island __ . _______ . ______ • ________ 8 53.6 92 81.9
Gibraltar ________________ .. ____________ 26 52.7 74 88.4
Kakhonak Bay________________ • ________ 3 97 89.1
Intricate Bay __________ . ____________ . __ 22 53.6 78 83.8
Tommy Point___ 100 54.3 0 25 507 75 79.2
Iliamna ________ 100 53.9 0 56 50.2 44 79.5
Triangle Island._ 100 52.4 0 30 529 70 77.0
Knutson Bay ___ 100 46.2 0 66 52.5 34 76.7
Pedro Bay______ 100 51.7 0 78 48.8 22 76.7
Pile Bay________ 100 50.2 0 75 48.4 25 74.6

Lake Clark
Lower lake _______________ .• ___ • ________ 100 51.3 0
Middle lake________ . __________ • _____ . __ 100 46.3 0

of these fish (now age II smolts) must have been
completed because most of them migrated in the
first few days after the ice in the lake broke up.

Naknek systetn.-The interlake migration of
sockeye salmon in the Naknek system during
their first summer influences the relation be­
tween the abundance of young salmon in each
lake at the end of the summer and the number of
adults in the parent escapement to each lake.
Data collected with tow nets in 1962 have been
used to estimate a systemwide average catch
per tow by day, weighted by area of each lake,
for July 11 to August 29. Sampling was not daily.
Missing data for an area wel;e derived by averag­
ing the figures of the most recent preceding and
the first following sampling in that area. These
weighted figures were combined for all areas
each date to find the hypothetical catch per tow
for the entire system and were smoothed by a
moving average of three. The data (fig. 7) show
a gradual increase in abundance of age 0 fish
while recruitment from the spawning grounds
exceeds mortality, a general leveling of the curve
from July 20 to August 10, and a decline in rate
of catch per tow after August 10. The curve

Kvichak system.-Our most complete measure
of the distribution and abundance of juvenile
sockeye salmon in the Kvichak system is from
tow net samples from Iliamna Lake in 1962 (fig.'
6). The contour lines of density in the figure
were determined by interpolation of the data on
rate of catch between stations sampled and are
not precise, but they illustrate the general distri­
bution of the two age classes. The distribution
and abundance changed during the summer and
was different for age 0 and age I sockeye (fig. 6).

Most of the age 0 fish were in the eastern two­
thirds of the lake from August 1 to September
15 -fig. 6A (the major spawning areas are in
the eastern half of the lake) .

Comparison of the distribution and abundance
of age I sockeye salmon in early and late summer
indicates a westerly movement, away from the
principal spawning areas (fig. 6B and 6C). Age I
juveniles had two centers of maximum concen­
tration near the end of August-one in the west
third and one in the middle third of the lake.
These progeny of the 1960 escapement, there­
fore, occupied an area of the lake during their
second summer (1962) that is probably not
heavily used when most of the juveniles migrate
to sea as age I smolts in early summer.

We found gradients in proportion of young-of­
the-year and yearling sockeye salmon in the tow
net catches in 1962 and in the average length of
each age group from the outlet of the system to
distant points in the system in catches made with
an Isaacs-Kidd midwater trawl in 1961 and tow
nets in 1962 (table 20). Yearling sockeye salmon
were essentially absent from catches in 1961, but
in 1962 they made up about 90 percent of the
catches in the third of the lake closest to the out­
let, about 85 percent in the middle third, and 45
percent in the most distant third. None were
taken in Lake Clark. The average lengths of both
age classes were greater nearer the outlet and
less at the more distant points both years.

A strong gradient was found at the end of
August 1962 in the mean length of age I sockeye
salmon from three areas of Iliamna Lake. The
average lengths in the east, middle, and west
thirds of the lake were 81.5,88.1, and 99.6 mm.,
respectively. Since spawning is most limited in
the west end of the lake, the gradient is thought
to be due to the more rapid or earlier migration
of the larger and possibly older fish. By the fol­
lowing spring (1963) the westward movement

1961 1962
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FIGURE 7.-Weighted daily mean catch of juvenile sockeye salmon pel' tow in Naknek system. all lakes com­
bined, 1962. The mean catch for the system has been weighted by the size of each sampling area. and
the daily estimates have been smoothed by a moving average of three-(A + 2B + C) ...:.. 4.

would be somewhat higher if data from North
Arm, which is not involved in the interlake
movement, were omitted. The weighted mean
catch of age I juveniles for the system was
greatest in the earliest tows, July 11 to 20, and
declined gradually during the summer.

Within lakes of the Naknek system we found
a wide range in numbers of adult spawners per
unit area of lake and also in the abundance of
their progeny. Coville Lake had an escapement
of about 6,600 adults per square kilometer in
1961; Brooks Lake had ~67: and North Arm had
55. In July 1962 (before the presmolt interlake
migrations) the average number of age 0 sock­
eye salmon in tow net catches was 150 in Coville
Lake, 2 in Brooks Lake, and 0.5 in North Arm.
The abundance of spawning adults (table 15)
and of age 0 juveniles in these three lakes nearly
cover the range found in southwestern Alaska.

Studies of juvenile salmon in the Naknek sys­
tem have run too few years to determine the rela­
tion between the abundance of age (I sockeye
salmon and the size of the parent popu lation. The
escapement to the Naknek system in !fJ60was
828,000 spawners, and the average catch of age°sockeye per tow in 1961 (in late August) was
about 9.5. The escapement in 1961 was about

350.000, and the average catch per tow in 196~

was about 11.6.
The age composition and mean fork lengths of

juvenile sockeye salmon on September 1 are pre­
sented for the Naknek and Karluk systems in
table 21 by lake or sampling area. The average
lengths of ag~ °sockeye salmon in the Naknek
system were greater in 1962 than in 1961. al­
though the numbers of age 0 and age I fish in
the system were essentially the same, as indi­
cated by tow net catches in 1961 and 1962 and
the smolt emigration in 1962 and 1963. The aver­
age catches per tow were 9.5 and 11.6 age 0 fish
on August 20, and the smolt migrations were 8
million age I and 8 million age II in 1962 and 6
million age I and 8 million age II in 1963.

The year-to-year variation in basic produc­
tivity of the lakes of the Naknek system may
cause marked differences in gro\lvth of juvenile
sockeye salmon independent of their abundance.
Ag was shown earlier in this report, basic pro­
ductivity was comparatively low in 1961 and
high in 1962. The resulting apparent growth of
juvenile sockeye salmon reflected these differ­
ences.

The variation among mean lengths of age 0
sockeye salmon in the several basins of the Nak-
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TABLE ~1.-.4ge composition and calculated I mean fork
lengths 2 on September 1 of age 0 and age I sockeye salmon
captured in tow nels in lakes of the Naknek and Karluk
sys/ems, we.ighted bu surface area and catch per tow, 1961-62

TABLE 22.--Calculated mean fork length of age 0 .~ockeye

.~almoll- from the upper end of Naknek .•y.~tflll- to outlet on
Sfplernber 1, 1962

Age 0 fish Age I fish Sampling area Fork length

I CUl'\'e8 describing the average length were calculated COl" each lake
eaeh summer; only those data involving 10 or mOI"e fish were used.

2 After Ilt least 48 houl's. J)l'esel"\'ation in 10 percent Formalin.

Naknek syst"m
Coville Lake

196L________________ 100.0 54 0
1962_________________ 100.0 60 0

Grosvenor Lake
1961.________________ 100.0 46 0
1962_________________ 100.0 52 0

Naknek Lake
North Arm
1961. • _

1962_________________ 62.5 56 37.5 98
I1iuk Arm

1961.._______________ 84.1 57 15.9 78
1962 ._________ 69.2 61 30.8 91

South Bay
1961.________________ 64.3 47 35.7 86
1962_________________ 260 63 74.0 85

West End
1961. .____________ 75.1 65 24.9 810

1962_________________ 91.8 69 82
Brooks Lake

1961.________________ 963 51 3.7
1962 97.1 60 2.9

Karluk system
Karluk Lake

1961. .. _______________ 88.7 40 113 83
1962_________________ 81.9 49 18.1 76

'.

nek system (table 22) seems to reflect the results
of a combination of at least three factors: (1)
movement of the large fish first in the interlake
migrations, (2) midseason recruitment of re­
cently emerged fry (especially evident in Gros­
venor Lake), and (3) differences in productivity
of waters. The average size of juveniles taken in
tow nets in Coville Lake increased from the up­
per to the lower end and increased again in
juveniles taken in fyke nets as they migrated
from Coville Lake to Grosvenor Lake. The juve­
niles captured in fyke nets in Grosvenor River
were larger than those taken in tow nets in the
lake. In the next basin downsystem, Iliuk Arm,
smaller fish were more abundant at the inlet
(upper third) even though the larger juveniles
that migrated from Grosvenor Lake enter this
end. The average size was the same in the upper
third of South Bay and the adjacent area of Iliuk
Arm. but increased toward the outlet of the lake.

Chignik :~yste1/!..-The number of parent
spawners per unit lake area in the Chignik sys­
tem was greater in 1960 than in 1961, and, cor-

Mean
fork

Frequency length

Mm.

respondingly, age 0 progeny were'more abundant
in 1961 than in 1962. The mean lengths of the
age 0 progeny on September 1 were less in the
year of greater abundance (table 23). The rela­
tions are similar to those in the Wood system.
In the Chignik lakes, however, the apparent
growth of progeny at similar densities of spawn­
ers' and progeny' is better than in the lakes of
the Wood s~7stem; this difference may be due to
a combination of richer nursery areas and fewer
competitors in the Chignik lakes.

KU1'luk system.-The escapement of sockeye
salmon in Karluk Lake was greater in 1960 than
in 1961, and. correspondingly, age 0 progeny
were more abundant in 1961 than in 1962. In
1960 about 349,000 adults entered the system
and the average catch per tow of age 0 fish in
1961 was 8.9 from August 16 to September 15.
The escapement in 1961 was about 297,000, and
the average catch per tow in 1962 was 4.3.

The average length of age 0 sockeye salmOl.
in Karluk Lake was greater in 1962 than in 1961
(table 21). The juveniles were larger in the year
of lesser abundance (1962), so it might be as­
sumed that the size of age 0 fish is density­
dependent. But because of the long period of
recruitment of recently emerged fry into the lake
-caused by the extended spawning period (4-5
months) -the mean size of young-of-the-year
at the end of the summer is based on fish that
may differ in age by many weeks. Differences in
the abundance of early- and late-spawning stocks
might result, therefore, in apparent but non-

Coville Lake
Upper haIL - -__ ____ __ _ __ 56
Lower hall. __ - .. _________________________ 60

Coville River __ __ __ ___ 61

Grosvenor Lake_ - - - - - - - _- _____________________________ 52
Grosvenor River . ____ __ __ __ 63

Naknek Lake
I1iuk Arm

Upper third - _________________________________ 57
Middle third. .. ______________________ 63
Lower third___ __ __ __ _ ___ 61

South Bay
Upper third________ __ ___ __ _ __ 6\
Middle third_ _______ _____________________________ 66
Lower third _. • _

West End ' __ - - - .. _______ 69

I Does not include samples fl'om the small basin in the northwest
COl'ner of Naknek Lake.

Mm.Percent

Mean
fork

Frequency length

111.....Percent

System, lakr, and year
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TABLE 23.-Parent escapement of sockeye salmon, as numbers
per square kilometer of lake, average catch of age 0 progeny
per standard tOUl, and average length of age 0 progeny in Black
and Chignik Lakes, 1960-61

T ABLE ~4.-Wel:ghted mean catch of slicklebacks per slandard
tOUl (surface and deep tows combined), August 16 to Septem­
ber 15 in lakes of Ihe Wood, KlJichak, and Chignik systems.
1958-6!

Lake and year
oC spawning

Age 0 progeny

Parent spawners
per square Average catch Average Cork
kilometer per tow length

Species. system. and lake
Fish per tow

1958 1959 1960 1961 1962

Nu.mber Nu.mber Numb.r Numb.r Numb.r

existent differences in growth rates between
seasons.

For Karluk Lake, both the average catches of
juvenile sockeye salmon in tow nets (tables 17
and 18) and the average lengths for each age
group (adjusted to September 1) were among
the lowest recorded in this study (tables 19, 20,
21) .

Ninespine sticklebacks
Chignik system

Chignik Lake • - - _- - - - - - - - - - - - - - - - - - -
16.6

Black Lake - -- - - --- ---
17.2

27.8
.0

7.2
17.0
32.~

128.9

188.0
30.2
3.0

14.1
65.6

3.8
15.0

170.8
1162.4

62.4
24.0
22.0
13.2
51.0

85.2
26.4
53.7
14.8
25.2

310.2
53.4
51.2
21.9

106.3

Threespine sticklebacks
Wood system

Lake Aleknagik_______ 81.4
Lake Nerka___________ 51.5
Lake Beverley 133.0
Lake Kulik 285.6
Little Togiak Lake ._ 113.4

Kviehak system
Iliamna Lake • - - - - - _- - - - - - - - - - - - - - - - - - - - -. --
Lake Clark. • __ - • . - - .--- --- - -- - -- - - -- - ---

Chignik system
Chignik Lake • - -. - - _- - - - - - - - - - - - - - - - - - - - - - --

14.1
Black Lake_ •• • - __ - -- - - ---- - - - -- ---

1196.4

46.9
47.2

58.9
69.0

Mm.

90
56

180
36

Numb...Numb...
Black Lake

1960_________________ 6,128
1961- ._____ 3.359

Chignik Lake
1960_________________ 16,773
1961-________________ 12,545

Associated Species
I Surface tows only.

Several species of fish are captured frequently
with juvenile sockeye salmon in the tow nets.
The species and abundance vary from system to
system. The most common in order of general
abundance are threespine stickleback, ninespine
stickleback, pond smelt, and pygmy whitefish.

The threespine stickleback is the most abun­
dant species associated with young sockeye salm­
on in the Wood, Kvichak, Naknek, Chignik, and
Karluk systems (table 24). Both species tend to
concentrate near shore in the spring and spread
toward the pelagic area of the lake as the season
advances. Similarities in the food habits of these
two species have been well established (Rogers,
1961) .

Wood system.-The average abundance of
threespine sticklebacks in tow net catches in the
Wood system varied in 1958-62 (table 24) almost
as much as, but seemingly independently of, that
of juvenile sockeye salmon. In some years the
biomass of the sticklebacks, as indicated by
abundance in tow net catches, has approached or
exceeded that of the juvenile salmon.

The average rate of growth of threespine
sticklebacks varies from year to year and usu­
ally in the same direction as that of the juvenile
sockeye salmon (fig. 8). The slowest growth of
threespine sticklebacks (and of juvenile sock­
eye) generally is in years of .greatest abundance
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FIGURE 8.-Relation between mean length of age I three­
spine sticklebacks and mean length of age 0 sockeye
salmon taken in tow nets each year, 1958-62, in each
of four lakes of the Wood system. The mean lengths
of both species have been weighted and adjusted to
September 1.
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FIGU!lE 9.-Abundance and distribution of threespine stickleback~ in Iliamna Lake, 1962, as
indicated by average catches in tow nets. Catches in A (upper) made June 15 to July
31; in B (lower) August 1 to September 15.

of juvenile salmon. The smaller size of threespine
sticklebacks and the juvenile sockeye salmon in
the western ends of the lakes of the Wood system
suggests that the same factors influence the
growth of both species.

Kvichak system.-The abundance and distri­
bution of threespine sticklebacks in Iliamna
Lake in tow net catches in 1962 before and after
August 1 are shown in figure 9. The abundance
contours of figure 9 are intended only to indicate
the general situation in the pelagic areas.

Threespine sticklebacks were most abundant
in the pelagic areas before August 1 in the upper
bays of Iliamna Lake and in an area west of but
adjacent to the Kakhonak-Intricate Bay complex
(fig. 9A). After August 1, threespine stickle­
backs were abundant over a much larger area

(fig. 9B). The increased abundance in a larger
area must be caused by a seasonal movement of
sticklebacks from the littoral zone. Comparisons
of the seasonal distribution of threespine stickle­
backs and of age 0 and age I sockeye salmon
suggest that competition could be greater be­
tween sticklebacks and age 0 salmon than
between sticklebacks and age I salmon.

No threespine sticklebacks were caught in the
limited tow net sampling in Lake Clark in 1962
or 1963.

Naknek system.-The species and abundance
of fish caught in the Naknek system in tow nets
with juvenile sockeye salmon varied among the
lakes (table 25). Threespine sticklebacks were
caught in tow nets in all of the lakes and were
more abundant than all of the other species,
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TABLE 25.--Weighted 1Iwan car.ch per standard tow (sltrface
and deep toU's combined) of species associa/ed with juvenile
sockeye salmon, August 16-91, in lakes of the Naknek and
Karluk slls/ems, 1961-6fe

except pond smelt in Coville Lake. Although
ninespine sticklebacks were distributed the same
as threespine sticklebacks, they were generally
less abundant. Pond smelt were taken in tow nets
in all basins of the Naknek system except Brooks
Lake but were abundant only in Coville Lake.
Pygmy whitefish, which are basically benthic,
were rarely taken in the tow net catches but were
highly abundant in trawl catches from Brooks
Lake. Areas of the Naknek system that yielded
the largest catches of juvenile sockeye salmon

Jo'ish per tow

Species, system, and lakl~

Threespine sticklebacks
Naknek system

Coville LakP . . _
Grosvenor Lake __ • . ..

Naknek Lake
North Arm • _
lIiuk Arm __ • _.• _ . _
South Bay • __ . __ . . __ .
West End '. __ . _

Brooks Lake_. . __ • . _

Karluk system
Karluk Lake. . _

Ninespine sticklebacks
Naknek system

Coville Lake . . _
Grosvenor Lake • . _

Naknek Lake
North Arm .• _
Iliuk Arm •
South Bay • . _
West End . . __ .

Brooks Lake •

Karluk system
Karluk Lake. _. . .

Pond smelt
Naknek system

Coville Lake _
Grosvenor Lake •

Naknek Lake
Nortb Arm . . _
Iliuk Arm_. . . _
South Bay. __ . • _
West End • • _

Brooks Lake . _

Karluk system
Karluk Lake. _

Pygmy whitefisb
Naknek system

Coville Lake . .
Grosvenor Lake _. . _

Naknek Lake
North Arm •.. . . _
Iliuk Arm .. • _
South Bay . . . _
West End • _. _

Hrooks Lake . . _

Karluk system
Karluk Lake _

I Less than 0.05.

1961

8.0
2

.1
3.4
9.3

647.8
1.0

63.9

8.8
.1

.0

.2

.9
65.0

. I

.0

91.0
.2

.0

.0

.1

.1

.0

.0

.0

o
.0
5

.0
3

.0

1962

85.5
.0

36
6.1

12.0
54'.8

.1

115.1

34.4
.0

.2

.8
15.0
29.3

.2

.0

49.5
.0

.1

.4

.1
6

.0

.0

.2

.0

.1

.1
.0
.0
.2

.0

or the fastest growing juveniles or both also
yielded the largest catches of associated species.

Chignik sllstem.-In the Chignik system,
threespine sticklebacks were about 30 times as
abundant in tow net catches in Black Lake as in
Chignik Lake (table 24). The sticklebacks may
be unable to compete successfully with the large
populations of young sockeye salmon that often
occur in Chignik Lake. Ninespine sticklebacks
were slightly more abundant than threespine
sticklebacks in Chignik Lake but were less abun­
dant in Black Lake (table 24). Pond smelt were
not as abundant as sticklebacks but occurred
frequently in tow net catches in both lakes. Other
species were seldom taken.

Ka.rluk syste-m.-The threespine sticklebac.k
was the only species other than juvenile sockeye
salmon captured in tow nets at Karluk Lake
(table 25), and stickleba~ks were much more
abundant than juvenile salmon in all sampling
with all gear.

PREDATION ON JUVENILE SOCKEYE SALMON

Predation on juvenile sockeye salmon in fresh
water occurs during their emergence, migration
from the spawning areas, and residence in and
migration from the nursery lakes. Predation by
birds and fish is often very obvious and dramatic
in southwestern Alaska.

A few studies and many general observations
have been made of the relative intensity of pre­
dation by various animals in several systems.
Most of the predators to be mentioned are pres­
ent in all the sockeye salmon systems in south­
western Alaska.

In the Mainland Systems the Arctic ehar is the
most significant predator on sockeye salmon, but
many others do occur.

In the Igushik, Snake, Wood, and Kvichak
systems the Arctic char is the fish that eats the
most sockeye salmon juveniles-as migrating
fry, as residents in the lakes, and as migrating
smolts. In the Nuyakuk system, lake trout are
more abundant than Arctic char and consume
more young sockeye salmon. Other fish predators
observed to eat young sockeye salmon in these
lake systems are juvenile coho salmon, northern
pike, grayling, and rainbow trout. During the
smolt migrations, Arctic Terns (Sterna pa:/'CI.­
(!i.sa.ea) and Bonaparte's Gulls (La'I'uB philadel­
phia.) prey on sockeye salmon in the rivers con­
necting lakes and in the trunk river.
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Several species prey on juvenile sockeye salm­
on at different stages in the Naknek system.
Dolly Varden are abundant and in several areas
feed actively on sockeye salmon fry during their
emergence and migration. Juvenile coho salmon,
present throughout the system. have been ob­
served feeding on sockeye salmon fry in Brooks
Lake. Presmolt sockeye salmon migrate out of
Coville Lake in late summer day and night: at
that time predation by lake trout, Arctic Terns,
and Bonaparte's Gulls is very obvious.

Dolly Varden and rainbow trout prey on mi­
grating smolts in the Naknek River. Other pos­
sible fish predators in the Naknek system are
Arctic char, northern pike, Arctic grayling
(ThH"/Jw.llu8 a,rcticus) , and sculpins (COttU8
spp.) ..

Dolly Varden and juvenile coho salmon both
prey on juvenile sockeye salmon in the Chignik
system (Roos. 1%0), but the predation by coho
salmon seems to be the more significant (Roos,
1959) .

The Karluk s~Tstemhas large numbers of Dolly
Varden and Arctic char (DeLacy and Morton,
1943), which may be serious predators of juve­
nile sockeye salmon.

The effectivel~essof predators in keeping com­
petitors of sockeye salmon in check is unknown
but may be important. In the Wood system, for
example. threespine sticklebacks are an im­
pOl"tant item in the diet of Arctic char.

The destruction of a constant number of juve­
nile sockeye salmon by predators each year
would help sustain and perhaps reinforce the
cyclic nature of some runs to the Bristol Bay
systems. A constant annual demand would have
a greater effect in years of low abundance of
juvenile sod,eye salmon. Such an effect is sug­
gested for the sockeye salmon of Shuswap Lake
of the Fraser system (Ward and Larkin, 1964).

REPRODUCTIVE RELATIONS OF
POPULATIONS IN FRESH
AND SALT WATER

The relations between numbers of smolts pro­
duced and numbers of adults in the parent
escapements (described by the reproductive
curve) are highly variable, even within a system,
because they are determined by the interaction
of many physical and biological factors. In this
section we consider the relations between num­
bers of adults in the parent escapement and their

progeny in terms of numbers, size, and age of
smolts migrating to sea. and numbers of adults
returning from the sea (catch and escapement).

RELATION BETWEEN NUMBERS OF SMOLTS AND
NUMBERS OF ADULTS IN PARENT ESCAPEMENT

The major purpose of studies of the numbers
of smolts produced by various nunibers of
spawners is to define the relation and interpret
it to make estimates of optimum escapement (in
terms of numbers of smolts) either directly or
with the aid of ancillary information.

Smolt migrations were sampled with fyke nets
i'n the trunk rivers. The abundance is expressed
in index points for the Wood and Kvichak Rivers
and in numbers of fish for the Naknek. Ugashik,
and Karluk Rivers. The methods of counting the
escapement of adults were described earlier in
this report.

The index method of estimating production of
smolts requires the use of standard fishing gear,
site, and effort. The numbers'of smolts captured
are then given value in relation to the catches of
a base year which has an arbitrary value of 100
index points. This method is used in the Kvichak
system (Kerns, 1961) and the Wood system
(Burgner, Hl62). It yields data comparable be­
tween years within a system but not between
systems.

The estimates of numbers of smolts produced
by a system were based on a regular system of
sampling. Many fishing sites were set up across
the width of the river. and fyke nets were fished
for a fixed period of time once a day in each site
in random order. The sequence of fishing sites
and times of day was a modified Latin-square
design (Cochran and Cox. 1957). Catches were
classified according to site, time of day, and date
-factors considered to have the greatest influ­
ence on variability of the individual catches.
Estimates of the total numbers of smolts in the
annual migrations were obtained by expanding
the mean catch per standard fishing period ac­
cording to the number of potential fishing sites
in the width of the river and the number of fish­
ing periods in the season. We used this. method
to estimate the numbers of smolts migrating in
the Naknek and Ugashik systems.

The age composition of the smolts in each mi­
gration was estimated from length-frequency
measurements or scale samples taken during the
season and weighted by magnitude of fyke net
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FIGURE H.-Relation between smolt production (indexed
by catches made in fyke nets in Wood River) and
number of sockeye salmon in parent escapement, 1949­
61, Wood system. The figure beside each point is the
year of the parent escapement.

The relation between numbers of smolts pro­
duced and numbers of adults in the parent es­
capement in the Wood system (fig. 11) is nearly
linear in years when production per spawner
was low (years other than 1951-54). Since the
cause of the high rate of smolt production from
1951-54 is unknown, all points on figure 11 must
be given equal weight, and, therefore, optimum
escapement in terms of smolt production cannot
be determined from these data.

I Fork length of Ih'e anesthetized fish.

~ Based on several sanlples taken during the main migration season
but not weighted by catch.

, Age composition and mean length approximated in 1958 because of
difficulty in detel'mining age of smo]t8.

, Smolt data furnished by Alaska Department of Fish and Game for
1961-63.

'lABLE 26.-Number oj sockeye salmon in escapemenls and
abundance, age composilio!I, and »lean length of smollR pro-
duced, by year of s]Jawning, Wood system, 1949-61

rSize of escapements for years 1949-52 based on stream surveys only]

Smolts
pro-

Year 01 Adults Smolts duced Ag~ ~omposi- Mean length I

spawning in escape- produccd per 1,000 tion of smolts of smolts

ment spawners Age I Age II Age I Age II

IlIdcx I lid...
Tho"sallds pOi'nis points PaCfllt Per('~nt Mill. lW'71I.

1949_. ___ 101 10 o 10 , 91
1950_. ___ 452 115 .25 87 13 ' 87 , 103
1951. ____ 458 299 .65 94 6 ' 86 107
1952. ____ 227 425 1.87 99 1 87 102
1953. ____ 516 290 .56 75 25 85 95
1954 _____ 571 286 .50 89 11 82 93
1955. ____ 1,383 215 .16 62 38 77 102
1956_____ 773 154 .20 97 3 82 105
1957_____ 289 59 .20 97 3 88 114
1958'____ 960 255 .27 86 14 88 102
1959 ' ____ 2,209 508 .23 95 5 82 98
1960 , ____ 1,016 167 .16 92 8 80 102
1961 , ____ 461 82 .18 92 8 83 104

19611958 1959 1960

ESCAPEMENT YEAR

1957

FIGURE 10.-Comparison of relative size of sockeye salm­
on escapement, abundance of progeny in lakes (based
on tow net catches), and smolts in Wood River (based
on fyke net catches), Wood system, parent escapement
years of 1957-61.

The Wood system showed two general levels
of production of smolts (index points) per 1,000
adults in the escapement, the high level (1951 to
1954) was 0.50 to 1.87 index points (base of
1.00), and the low level (all other years from
1949 to 1961) was 0.10 to 0.27 (table 26). The
cause of the considerable difference between the
two levels is not known-it might be due to un­
usually good conditions for survival in the lakes
or to a consistent error in indexing smolt abun­
dance from 1951 to 1954.

The index estimates of smolt abundance in the
Wood system for later years, 1957-61, can be
checked against estimates of abundance at two
other stages of fresh-water residence-the rela­
tive size of escapements and the abundance of
progeny in the lakes (based on tow net samples
in late August). The three estimates of abun­
dance had the same general changes from 1957
through 1961 (fig. 10).

catches for the day (or days) on which the
samples were taken. Smolts were measured in
the fresh state soon after capture.
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[Size of escapements for 1952-54 based 011 stream surveys]

TABLE '27.-Nmnber of sockeye salmon tit escapements and
abundance, age composition, and mean length of smolls pro­
duced, by year of spawning, Kvichak system, 1952-60 I

I Ahundance and lenR'th dal.a for age II smolts from the 1958
escapement and age 1 smolts from the 1'59 escapement supplied by
Alaska Department of Fish and Game.

, Fork length of live anesthetized fish.

:: Based on 24-hour catches.

, Marriott (1965).

bIder b,der
Thousal/ds points J poi,dB I Perrent Pe.rcent Mm. Mm.

1952_____ 5,970 109
1953 _____ 321 1.95 6.1 28 72 89 116
1954 _____ 241 1.15 4.8 78 22 92 120
1955_____ 251 2.65 10.6 23 77' 96 114
1956_____ 9.443 181.32 19.2 54 46 84 99
1957_____ 2,843 19.14 6.7 13 87 80 108
1958_____ 535 2.15 4.0 86 14 91 118
1959_____ 680 2.96 4.4 27 73 93 110
1960_____ 14.630 '157.38 10.8 22 78 82 98

FIGURE 12.-Number of sockeye salmon in parent es­
capement and relative numbers of smolts produced per
spawner, by year of escapement, in the Kvichak sys­
tem, 1953-60.

16
• PARENTI ESCAPEMENT,

in 14 D SMOlTS PRODUCED PER ·SPAWNE.R
z
0
::::i 12 l:t:
...J W

:E z

t-
10 20~

Q.~

Z (/)l:t:
W W
:E 8 I6l:t:[[I
W w:E
Q. Q.::J
<l oz
u 6 12 w w(/)

w u>
::J-

~ 4 8
0!;i
O...J

:I: l:t: w
(/) Q.l:t:
u:: 2

~ - Jl ~.
4 (/) -

!:i
0

0 - 0
:E

1953 1954 1955 1956 1957 1958 1959
(/)

1960

YEAR OF ESCAPEMENT

Smolts
pro­

duced
Smolts per Age composi- Mean length 2

produced 1 million t::..io::..n::..o::..f::..sm=ol=ts:.---=.:of~s:::m=o=lts=--­
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ment

Kvichak System

Data on smolts produced (index points) and
the numbers of adults in the parent escapement
in the Kvichak system are presented in table 27
for 1953-60.

The production of smolts per spawner in the
Kvichak system does not follow the classic repro­
duction curves described by Schaefer (1954),
Beverton and Holt (1957), and Ricker (1958).
Reproduction curves are based on the assump­
tion that the return per spawner is inversely re­
lated to the numbers of spawners, but in the
Kvichak system the maximum production of
smolts per spawner was produced by the rela­
tively large escapement of 9.4 million in 1956
(table 27, fig. 12). The escapement of 14.6 mil­
lion adults in 1960 apparently produced smolts
at a lower rate per spawner"; than that of 1956
but still greater than in most years of low
escapement.

We assume that two reproduction curves are
applicable in the Kvichak system--one for large
escapements or "peak" years (over 5 million

,. The extraordinarily large return of sockeye salmon to the Kvichak
system in 1965 from the 1963 smolt run was unexpected. The smolt
production from the 1960 escapement must have been greater than
that indicated by the fyke net catches (shown as index points in table
27 and figure 12) because the return was disproportionately large.
and ocean survival wa~ not unusual1y high for sockeye salmon from
other systems during this period. Intermittently occurring ice floes in
the Kvichak River between May 15 and June 1, 1963. made it difficult
to fish the fyke nets properly (footnote 4, table 27).

fish) and one for small escapements or "low"
years (5 million fish or fewer). Two derived
points are available for calculating the relation
between smolt production and large escape­
ments, namely the most recent peak years of the
cycle, 1956 and 1960. Axiomatically, the repro­
duction curve includes the origin. A compound
exponential curve of a type suggested by Ricker
(1958) fitted to these three points necessarily
produces a flat dome. These data indicate that
the optimum escapement is less than the 1956
escapement, i.e., less than 9.4 million spawners
(footnote 16).

We conclude that our estimate of the number
of smolts produced by the 1960 escapement was
too low, and, consequently, our estimate of the
optimum escapement for peak years is also too
low and will be raised as more data become
available.

Naknek System

Estimates were made of the number of smolts
produced in the Naknek system from each es­
capement in 1954-61 (table 28). Within these
years the escapements ranged from 0.28 to 2.23
million.

The number of smolts produced increased as
the escapement increased, up to an escapement
of about 1 million (fig. 13). Beyond this point
the number of smolts tended to level off (at about
14 million smolts) or decline.
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TABLE 28.-Number of sockeye salmon in each escapement and
number of smolls produced, by year of spawning, Naknek
system, 1954-61

Smolts
Year of Fish in

spawning escapement Age I Age II Age III Total

ThouSllnd. Million. Million. Mil/ions Millions
1954 _______ • _____ 804 5.06 1.28 6.34
1966_____________

279 1. 76 .36 2.12
1966 _____________ 1,778 9.70 2.48 0.02 12.15
1967 _____________ 685 10.03 3.12 13.15
1968_____________

278 3.55 1.25 Trace 4.80
1969_____________ 2,282 4.37 8.46 .13 12.96
1960_____________ 828 8.00 8.72 Trace 16.72
1961- ____________ 851 6.05 4.97 11.02

REPLACEMENT LINE ALLOWING
FOR OCEAN MORTALITY OF
83.5 PERCENT

0.5 1.0 1.5 2.0 2.5 3.0

FISH IN PARENT ESCAPEMENT (MILLIONS)

FIGURE 13.-Relations between numbers of smolts pro­
duced and number of sockeye salmon in parent es­
capement in the Naknek system for the escapements
in 1954-61. The number beside each point indicates
the escapement year. The dashed line indicates the
optimum escapement for each curve. R=number of
smolts in millions, and E=number in escapement in
millions. Curve A fitted to all points; CUl've B fitted
to 1956-61 points (see text).

Ricker-type reproduction curves have been
fitted to the smolt-escapement data from the
Naknek systems for the escapements of 1954-61
(fig. 13). Curve A was fitted to all points and
curve B to the escapements of 1956-61. Smolt
production from the 1954 and 1955 escapements
may have been underestimated by a substantial
amount (because of problems in establishing the
procedures for sampling smolts). Curve B is as­
sumed, therefore, to describe the smolt-escape­
ment relation better.

For the Naknek system, estimates of total
ocean mortality for sockeye salmon from 3 years
of smolt migration ranged from 77.6 to 95.2 per­
cent and averaged 83.5 percent. No attempt was
made to correct these estimates for the take of
salmon by the high seas fishery.
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The replacement line in figure 13 is straight­
it is based on the assumption that the average
total mortality (83.5 percent) applies to all
levels of smoIt migrations; i.e., ocean mortality
is largely independent of numbers of smolts. If
ocean mortality tended to increase with increas­
ing numbers of smolts in the seaward migra­
tions, the replacement line would not be straight
but would curve upward. Conversely, ·if ocean
mortality tended to decrease with increasing
numbers of smolts, the slope of the replacement
line would decrease toward the right. Not enough
information is available to determine the nature
of ocean mortality, and the safest assumption
seems to be that its effects are mostly independ­
ent of numbers of smoIts entering the ocean.

As indicated in figure 13, maximum yield to
t.he inshore fishery may be realized with escape­
ments ranging from 600,000 to 1 million spawn­
ers. If the high-seas catches of Naknek River
sockeye salmon were taken into account (i.e., if
they were included among the survivors), the
total ocean mortality would be lower, the slope of
the replacement line correspondingly less, and
the apparent optimum escapement range some­
what higher. Thus, we encounter a paradox. If
reproduction curves of the kind shown were used
to maximize the inshore catch, the total catch
(inshore plus high seas) would be less than is
biologically possible. .

Additional observations are required to define
more precisely the form of the smolt-escapement
relation and ocean mortality rate.

Ugashik System

Estimates of the numbers of smolts produced
in the Ugashik system are available each escape­
ment year, 1956-60 (table 29). These estimates
have been used to construct a figure showing the
smoIt-escapement relation for the system (fig.
14). Escapements of fewer than one-half million
fish in 4 of the 5 years caused a crowding of
points at the lower end of the scale; interpreta­
tion of the form of the smolt-escapement relation
is, accordingly, difficult. Smolt production ap­
pears nevertheless to increase as the size of the
escapement increases. The greatest number of
smolts (31.6 million) was produced by the
greatest number of adults-2.3 million spawners
in 1960. Because we laek observations on escape­
ments of intermediate size, the best that can be
determined is that target escapements for the
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TABLE 29.-Nlnnber of sockeye salmon in e.ach escapement al&d
number of smolls produced, by year of spawning, Ugashik
systeTn, 1956-60

Smolts
Year of Fish in

spawning escapement Ago I Age II Ag~ III Total

Thousands MilI;o". MiII;o". Millin". MilIio".
1956 ______ 425 11.43 0.37 0.06 11.86
1957 ______ 215 2.52 2.16 Tracf~ 4.68
1958 ______ 280 3.28 3.03 6.31
1959 ______ 219 .78 3.22 Tracl..' 4.00
1960 ______ 2,294 13.47 18.12 (1) 31. 59

1 Age III .molts will migrate seaward in the spring of 1964.
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FIGURE 14.-Relation between numbers of smolts pro­
duced and number of sockeye salmon in parent escape­
ment in the Ugashik system for the escapements of
1956-60. The number beside each point indicates the
escapement year. A broken line is used to connect
the values for 1956 and 1960 because the escapements
were so different that the probable shape of the curve
between them is not apparent.

Ugashik system should probably be greater than
one-half million.

Karluk System

er's (1962) compilation and analysis of return­
per-smolt data from six sockeye salmon systems
outside Bristol Bay confirmed this general rela­
tion. Burgner (1962) determined that a group
of age I smolts that migrated from Wood River
in 1955 at an average length of about 72 mm.
suffered about twice the ocean mortality of a
group of age I smolts 90 mm. long that migrated
in the same year. This influence of size on sur­
vival agrees well with the data shown in Ricker's
figure 1 (1962). We, therefore, consider the rela­
tion of length of smolts to numbers of adults in
the parent escapement and discuss the effects of
size of smoIts on their survival in the ocean.

Wood System

The relation between the mean length of age I
smolts and numbers of adults in the parent es­
capements in the Wood system is presented in
figure 15. where a regression line has been fitted.
The equation for the regression of length of age I
smolts on number of spawners in the parent
escapement is

L1 = 87.86 - 4.4X

where L 1 is the average fork length in milli­
meters of age I smolts, and X is the parent
escapement in millions of spawners. The corre­
lation is significant at the 98-percent level. Thus,
the mean length of age I smolts (the dominant
age group) is inversely related to the number of
parent spawners.

On the basis of this 'equation, age I smolts from
an escapement of 2 million spawners would be
expected to have an average length of about 79
mm. and those from 500,000 spawners, about
86 mm.
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FISH IN PARENT ESCAPEMENl: (MILLIONS)

Estimates have been made of the numbers of
sockeye salmon smolts produced by the Karluk
River system for 3 years (1961-63). About
1.5 million smolts were produced each year,
although parent escapements varied from
210,000 to 435,000. Within this range of es­
capements, the relation between numbers of
smolts produced and numbers of parents is not
definable.

~49 LI =81.86-4.4X

RELATION BETWEEN LENGTH OF SMOLTS AND
NUMBERS OF ADULTS IN PARENT ESCAPEMENT

Small smolts would be expected to have greater
ocean mortality than large smolts. Indeed, Rick-

FIGURE 15.-Relation between gl'owth of progeny (as
indicated by mean length of age I smolts) and number
of adults in the parent escapement. 1949-60, Wood
system. The number beside each point indicates the
escapement year.
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small numbers-most sockeye salmon smolts of
the Wood River are age I (table 26).
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MEAN lENGTH OF AGE I SMOlTS (MM,)

FIGURE 16.-Relation between mean lengths of age II and
age I sockeye salmon smolts in the same year of sea­
ward migration, 1953-61, Wood system. The number
beside each point indicates the year of smolt migra­
tion.

The individual points in the relation between
the length of smolts and numbers of adults in the
escapement do not fit the regression closely, and,
in addition. exact data on natural mortality in
the ocean are lacking for the Wood system.
Hence, the illustration from the Wood River
smolt migration of 1955 given above can only
suggest the effect of the size of smolts on ocean
survival. It is probable, however, that ocean mor­
tality related to size attained by age I sockeye
salmon in fresh water is an important factor in
the determination of the numbers of adults in
the returns to the Wood system.

The average length of age II smolts was better
correlated with the mean length of age I smolts
of the following year class than with the number
of fish in the parent escapement (fig. 16). This
relation suggests the presence of competition for
food between age classes of juvenile sockeye
salmon.

A lack of significant competition for food
among individuals of an age class after their
first year in the lake is due to their comparatively
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FIGURE 17.-Relation between mean lengths of age I and
II sockeye salmon smolts by age class and numbers of
adults in the parent escapements, Kvichak system.

K\'ichak System

Lr = 90.64 - 0.7X
and for age II smolts

L u = 115.51 - lAX
where L is the length of smolts in millimeters
and X is the number of fish (millions) in the
parent escapement (fig. 17). The correlation
coefficient for age I smolts was r = -0.73 and
for age II smolts, l' = -0.93.

The slope of the regression line of smolt size
on escapement for age II smolts of the Kvichak
sygtem is almost twice that of the age I; the
growth retardation caused by competition for
food among the progeny of each escapement
seems to continue during their second year in
fresh water. The contrast to the Wood system in
this regard may be the result of the proportion­
ately greater holdover of young to age II smolts
in the Kvichak system.

The regression of length of age I smolts on
numbers of adults in the parent escapement for
the Wood system has a slope six times that de­
rived for age I smolts in the Kvichak system.

The data on mean lengths of age I and age II
smolts produced by each escapement to the Kvi­
chak system in 1952-60 (table 27) were used to
calculate a straight-line regression of smolt
length on numbers of adults in the parent escape­
ment for these years. The relation for age I
smolts is

/
/

'5'b/
/0'59

/. '53
'58/ 0

'61(1) 7°'55

'62 /0/
/ 056

'57. /

I

110

~

::i!: 105
VI

~
o
::i!:
VI

I=l 100
w
t:>
<l
u..
o 95
:I:
l-
t:>
Z
W
...J

~ 90
w
:2

444 U.S. FISH AND WILDLIFE SERVICE



I10r"---------------_

I'O~--------------......,

OL..------::-L::----l..,,-----L~--I..------l
0.5 1.0 1.5 2.0 2.5

FISH IN PARENT ESCAPEMENT (MILLIONS)

'60
o

059

'60o

'56
o

~58
o

'61 ~57

:::E
~ 105
en
~
o
~

~ 100
w
e>
<[

L&-

o 95
:I:
l-
e>z
w
....I

~ 90
w
~

0L..------:~--...l.---....1....--....J...--.....J
0.5 1.0 1.5 2.0 2.5

FISH IN PARENT ESCAPEMENT (MILLIONS)

FIGURE lS.-Relation between mean lengths of age I
sockeye salmon smolts and number of adults in parent
escapements, Naknek system, 1956-61. The number be­
side each point indicates the parent escapement year.
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Naknek and Ugashik Systems

This difference may be caused by the relative
sizes of the rearing areas of the two systems,
because the slopes of the regressions of smolt
size on numbers of parent spawners per square
kilometer of nursery area are similar for the
two systems.

A regression of ocean survival on smolt size
with a positive slope of about 0.25 can be cal­
culated from data compiled by Ricker (1962).
Thus, although it appears that in the Kvichak
system an escapement of about 10 million spawn­
ers will produce the greatest number of smolts
(age groups I and II combined)," the survival
of these smolts after they leave the lake will be
reduced because the average size of fish in each
age group is less than the size of the fewer smolts
produced by a smaller escapement. Clearly, the
optimum escapement for peak years in the Kvi­
chak system must be determined by maximizing
the return as it is influenced by numbers and
quality of smolts produced. The optimum escape­
ment must be less, therefore, than that which
produces the largest number of smolts.

Another factor also indicates a need for a
lower escapement. The regression line in figure
17 has one aberrant point, namely, the length of
age I smolts from the 1957 escapement (2,843,­
000) which followed the large escapement of
1956 (9,443,000). Although the escapement in
1957 was comparatively small, the mean length
of age I smolts from the 1957 escapement was
less than that of age I smolts from the large 1956
escapement. This discrepancy is interpreted to
mean that as young-of-the-year, the age I smolts
of the 1957 escapement competed for food with
the abundant yearling fish from the 1956 escape­
ment which migrated as age II smolts. Optimum
escapement cannot be determined, therefore, by
considering one year alone-possible effects of
competition between progeny of successive es­
capements must be carefully considered.

Little indication exists for the Naknek and
Ugashik systems that the average size of age I
smolts is correlated with the number of adults in
the"parent escapement (figs. 18 and 19). The age
Ifsmolts show a similar lack of correlation (data
not shown). Scales from smolts indicate that the
variations in size of age I fish at the time of sea-

" This estimate is based on data collected through 1963 (see footnote
16).

FIGURE 19.-Relation between mean lengths of age I
sockeye salmon smolts and number of adults in par­
ent escapements, Ugashik system, 1956-61. The num­
ber beside each point indicates the parent escapement
year.

ward migration are caused to a great extent by
variations in growing conditions in the lakes just
before the smolts leave.

Mortality of sockeye salmon in the ocean is
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spawning populations than from the smaller be­
cause of the inverse relation between number of
parents and growth of progeny during their ini­
tial year of lake residence. This tendency is sug­
gested by the data (fig. 20), but the progeny of
the large escapement year, 1959, are an out­
standing exception to the theory that slowly

1960
Age I._______ 3.553 99 2.64 92.2
Age II ----,3:...:..1:.,:1...:..8__----'1...:..09'--_--=2...:...5:..;.6__----"67:..;..2=____

1959
Ag. L 10.035 97 2.88 96.8

Ag.II. ----'2:...:..4...:..3...:..1__----'1...:..06'----_---=:2...:...9:...:.9__----"89:...:.....:..0_

I The 1960 totals inelude age ill amolts; none were recorded in other
years.

1961
Age L_______ .776 90 2.7U 98.5
Age II. ---=3:..:,..02:.,:...:..6__---=:1.::12'----_--=2.;;:.1:..;.4 8.;;:5...:...3'----_

1961
Ag. I._______ 4.367 103 2.52 85.6
AgeII ----:I:..;..2:.:4...:..6__----'1...:..13'----_--=2.;;:.2:..:.5__----"50:..;..~I_

System, year of
fleaward migration,

and f resh-wat.r
age

1959
Age I..~_____ 2.520 90 2.78 95.4
Age 11 ...:...8...:..6_7 1...:..20__---=:2...:...3...:..4 75_._5_

1960
Age L_______ 3.286 90 2.61 95.6
Age II ----,2:..:,..1...:..6...:..8__---=:1...:..08'--_---=:2.;;:.2...:..1 8...:..1...:...4'----_

TABLE 30.-Ocean mortality of sockeye salmon by fresh-water
age, Naknek and Ugashik systems

Ugashik syStem
1958

Age I. 11.438 93 2.17 69.7
Age II. .2_2_2 1_12 2_.0_4 49_._7_

Naknek sySt.m
1958

Age I. .___ 9.698 91 2.74 82.8

Age II ...:...3_6_2__----"1...:..14'----_---=:2.;;:.2...:..5__----:28:...:..7....:..-

Wo'od System

We might anticipate in this system a higher
percentage ot' age iI smolts from the larger

RELATION BETWEEN FRESH-WATER AGE OF
SMOLTS AND NUMBER OF ADULTS IN
PARENT ESCAPEMENT

The tendency for slow-growing sockeye salm­
on juveniles to remain an additional year in
fresh water before they migrate seaward has
been documented (Foerster, 1937; Barnaby,
1944; Krogius and Krokhin, 1956; Koo, 1962).
Data presented by' Foerster (1944) suggest that
in some studies, however, the tendency is re­
versed, and slow-growing sockeye salmon go to
sea at age I. Also, an increase of a year or more
in length of residence in fresh water accom­
panied an increase in growth rate that resulted
from reduction of populations (Krogius, 1961).
Little is known regarding the factors that cause
juvenile sockeye salmon to migrate to sea.

influenced by oceanic conditions, the high seas
fishery, and the amount of time the salmon spend
in the ocean-factors that may mask the effects
of the size of smolts on mortality. Estimates of
ocean mortality of Bristol Bay sockeye salmon
are available for only the Naknek and Ugashik
systems (table 30). Age I smolts in the seaward
migration from the Naknek system in 1958 were
smaller (91 mm.) than smolts of the same age in
1959 (97 mm.) and 1960 (;)9 mm.). Yet the 1958
group suffered the lowest total ocean mortality
(from smolt to return-table 30). Age I smolts
of the same year class also had the lowest total
ocean mortality for the Ugashik system. The age
I smolts in the 1958 Ugashik migration were
larger, however, than those of 1959 and 1960.
Any effect that smolt size in 1958 might have had
on ocean mortality may have been masked by
effects of environmental conditions especially
conducive to good survival. Valid comparisons
can be made only if groups of smolts of different
sizes encounter conditions that are similar. Ob­
viously, this situation is rare.

The data in table 30 afford an opportunity for
comparison of ocean mortality for age I and age
II 'Smolts. Age II smolts without exception suf­
fered a lower total mortality. How much of this
difference can be attributed to their larger size
rather than time of entry into the estuary cannot
be determined, for age II smolts generally enter
the sea at least 1 or 2 weeks before age I smolts.
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Kvichak System

FIGURE 20.-Relation between proportion of total smolt
production migrating at age II and number of sock­
eye salmon in parent escapement, Wood system, 1951­
59. The number beside each point indicates the par­
ent escapement year.

growing juveniles go to sea as age II smolts­
these progeny grew slowly, but most went to sea
at age I. The tow net indices of abundance of
this year class as yearlings residing in the lake
indicated a considerably higher percentage hold­
over than was indicated in the index sampling of
smolts : some question exists, therefore, as to the
accuracy of the index of abundance of age II
smolts in the Wood River.
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FIGURE 21.-Relation between proportion of progeny mi­
grating as age II smolts and number of sockeye salm­
011 in parent escapement, ~vichak system, 1953-liO,
Naknek system, 1954-60, and Ugashik system, 1958­
60. Figul'e beside each point indicates year of parent
escapement.
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Naknek and Ugashik Systems

Data for the Naknek and Ugashik systems do
not indicate that the percentage of sockeye salm­
on progeny migrating seaward as age II smolts
is correlated with the number of fish in the
parent escapement (fig. 21). The escapements
in the Naknek system in 1954-58 ranged from
0.278 to 1.77 million, but the portion of age II
smolts remained nearly constant between 16 and
25 percent.

The amount of growth added in the spring
before the juveniles migrate as smolts is influ­
enced by climate (Burgner, 1962). In years of
favorable growing conditions early in"the sea­
son, a higher percentage of yearlings may attain
some size threshold for migration and leave as
age I smolts.Thus, the influence of climate may
tend to mask the relation between percentage
holdover of progeny in the lakes and the number
of parent spawners.

The major sockeye salmon systems on the east
side of Bristol Bay tend to have concurrent fluc-
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The lowest recent escapements of sockeye
salmon in the Kvichak system (1954 and 1958)
produced mostly age I smolts, whereas the inter­
mediate escapements (1953, 1955, 1957, 1959)
produced mostly age II smolts. More of the prog­
eny of the largest escapements (1952, 1956,
1960) tended to hold over to age II smolts as the
escapement levels increased. The escapement of
about 6 million fish in 1952 produced mostly age
I smolts (or at least only fish of this age returned
in large numbers). The only information we
have on the smolt migration in the Kvichak
River in 1954 (age I smolts from the 1952 es­
capement and age II from 1951) is that local
residents in Levelock observed it to be "heavy."
The 1956 escapement of 9.4 million produe;ed 46
percent age II smolts, and the 1960 escapement
of 14.6 million produced at least 78 percent age
II smolts (fig. 21, table 27).
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TABLE 31.-Number of sockeye salmon in. parent escapemenUJ
and resulting returns, NushMak dl:strict, 1946-57

The return-escapement data from the Nusha­
gak district were used to calculate the recruit­
spawner relation (reproductive curves) of
Schaefer (1954), Beverton and Holt (1957), and
Ricker (1958). When the weighted sums of
squared deviations of the observed data from
each of the predicted curves were calculated, the
deviations were least from the curve derived
from Ricker's formula:

R=aEe-uE

where R = number of sockeye salmon in the re-

tuations in the percentages of smolts migrating
at age II, although the escapement levels vary
somewhat independently. The proportions of age
II smolts were at or below average for the
escapement years 1954, 1956, and 1958 in the
Naknek and Kvichak systems and for 1956 and
1958 in the Ugashik system (no data are avail­
able for Ugashik in 1954 and 1955). The per~

centages were above average in the three sys­
tems for the escapement years 1959 and 1960
(fig. 21). These concurrent fluctuations suggest
the influence of general climatic factors.
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turn, E = number in the parent escapement, and
a and b are constants. For the Nushagak district
return-escapement data, a = 3.951 and b =
0.6269. The calculated curve and original data
for the Nushagak system are presented in figure
22. The estimated maximum yield is at the point
where a line parallel to the replacement line is
tangent to the curve-for the Nushagak district
this point corresponds to an escapement of about
900,000 fish.

Addition of another parameter (n) to Ricker's
formula as follows "

FIGURE 22.-H.elation between number of sockeye salmon
in return (catch plus escapement) and number in par­
ent escapement, Nushagak fishing district, 1946-57.
The number beside each point indicates the parent
escapement year.

R = aEe-hEn

R = 4.191Ee-O.699EO.'31

2 3 4 5 6

FISH IN PARENT ESCAPEMENT (MILLIONS)

The modification also gives an estimated opti­
mum escapement of about 900,000. This curve is
essentially the same as the standardized curve
produced by the unmodified Ricker formula.

Ricker's formula can also be used to study the
relation of return to potential egg deposition.

gives greater flexibility in fitting the data. This
modified version of Ricker's curve permits more
exact fitting of a reproduction curve to observed
data.

For the Nushagak data the relation was
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RELATION BETWEEN RETURN AND ESCAPEMENT
FOR THE NUSHAGAK FISHING DISTRICT

The relation between the numbers of adults
returning (catch plus escapement) and the
numbers in the parent escapement is of gen­
eral interest, though frequently the intermediate
statistic-numbers of smolts produced-is now
available. The longest series of return-escape­
ment data available is for the Nushagak fishing
district (lgushik, Snake, Wood, and Nuyakuk
Rivers combined) for the "escapements of 1946­
57 and the resulting returns (table 31).

Year of spawning

1946 _
1947 _
1948 _
1949 _
1960__ • •• _
1961. • • _
1952•• • _
1963 _
1954 • _
1956 _
1956_. _
1957 _
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The numbers of 2- and 3-ocean female sockeye
salmon in the escapements to the Nushagak dis­
trict are known for 1946-57, and the potential egg
deposition by each age group has been estimated
(table 32). With potential egg deposition in bil­
lions as the independent variable (E), the formu­
la which describes the relation between return
and potential egg deposition is

R = 1.7456Ee-o.2e99E

The curves describing this relation permit the
estimation of the optimum number of eggs on the
spawning grounds. To convert number of eggs to
number of spawners, an average fecundity of
4,000 eggs per female and a sex ratio of 1:1 are
assumed. This calculation also yields an esti­
mated optimum escapement of about 900,000
.fish.

Since 1956 the high seas fishery has taken a
substantial portion of the Bristol Bay. sockeye
salmon run each year. We approximated the higtJ,
seas catch of fish from the Nushagak fishing dis.:.
trict by prorating a portion of the estimated high
seas catch of each ocean age group of Bristol Bay
sockeye salmon according to the ratio of Nusha­
gak district returns to the total Bristol Bay
returns. The optimum escapement was then com­
puted with these corrected returns; it was again
found to be between 0.9 and 1.0 million fish.

TABLE 32.-Number of2-ocean and 9-ocean females in sockeye
salmon escapements and estimated potential egg deposition,
Nus1zagak district, 1946-57

Two-ocean fe-males I Three-occan females I
PotentialYear

egg
Fish Eggs Fish Eggs deposition

Thousands Mil/ions Thousands Millions Millions
1946____ • ______ 2,638 9,600 429 1,840 11,440
1947___________ 850 3,093 704 3,020 6,113
1948___________ 109 397 958 4,110 4,507
1949___________ 32 116 50 215 331
1950___________ 163 593 158 678 1,271
1951. _____ • ___ .. 110 400 187 802 1 .~O2
1952___________ 123 448 116 498 946
1953___________ 126 459 338 1,450 1,909
1954___________ 321 1,168 60 257 1,425
1955___________ 836 3,042 228 978 4,020
1956________ ••._. 358 1,303 248 1,064 2,367
1957___________ 115 418 164 704 1.122

1 The average fec_diUes of 2- and 3-ocean females are 3,639 and
4,290 eggs on the assllm ption of mean lengths of 490 and 560 mm.,
respectively (Mathisen, 19.62).

The four reproductive curves, all similar, indi­
cate that an esc.apement of about 0.9 million
sockeye salmon to the Nushagak district will
yield the highest surplus of return over parent

escapement. Escapements ranging from 0.6 to
1.2 million would theoretically produce about the
same. surplus because the curve is nearly flat in
this area (fig. 22).

A drastic decline in the returns to the Nusha­
gak district occurred in 1946-54. In fact, the
returns did not equal the parent escapements in
1946-48. The retuJ,"ns from the relatively large
escapements of these 3 years may have been
abnormally low. If data from additional years
indicate that it is more common for relatively
la~ge escapements to produce large returns, the
calculated optimum escapement will be higher
than 0.9 million.

The escapements of sockeye salmon to the
Wood system have averaged about 70 percent of
the total for the Nushagak district in recent
"years: this fact suggests an optimum escape­
ment for the Wood system of about 630,000 sock­
eye (70 percent of 900,000). The only other
period when escapements were counted for the
Wood'system was in 1908-19, when adults were
counted at a weir on Wood River by the U.S.
B\.-lreau of Fisheries (no estimates of' escape­
ments were made for the other systems of the
Nushagak district during these years). Although
the average catch in the Nushagak district ap­
proached 5 million fish in 1908-19, escapements
to the Wood system averaged only 750.000 sock­
eye salmon (Bower, 1920). The escapements to
the Wood system from 1908 to 1919, therefore,
averaged only.slightly higher than our calculated
optimum based on recent data. After 1919, the
average catch in the Nushagak district dropped
and remained at about 3 million until 1946-we
have no satisfactory explanation for the higher
production in 1908-19.

INTERPRETATION OF FINDINGS AND
APPLICATION TO MANAGEMENT

In this final section we consider those charac­
teristics of the sockeye salmon populations, the
spawning grounds, and the nursery lakes that
bear on carrying capacity and optimum escape­
ment and, finally, give our best estimate of the
optimum escapement for each system. The Main­
land Systems tributary to Nushagak Bay-Igu­
shik, Snake, Wood, and Nuyakuk-are discussed
together. The Kvichak system of the Mainland
group and the Peninsula Systems are discussed
individually. The Alagnak and Egegik systems
are not discussed.
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I~ushik, Snake, Wood, and Nuyakuk Systems

The Igushik, Snake, Wood, and Nuyaktik sys­
tems are all tributary to Nushagak Bay, the
source of most of the fish taken in the Nushagak
fishing district. These systems have a combined
area of 867 km." distributed as follows: Igushik
system, two lakes and 74 km."; ·Snake system,
one lake and 89 km.2

; Wood system, five main
lakes and 425 km."; and Nuyakuk system, three
lakes and 279 km." The Nushagak fishery oper­
ates on a mixture of stocks from the four sys­
tems, and the catch for the district is assigned to
each system on the basis of age composition and
escapement levels. Therefore, the several systems
of the district are evaluated in part as a unit.

In the early 1900's the annual commercial
catch of sockeye salmon in the Nushagak district
averaged about 5 million fish. It declined to an
annual average of about 3 million in 1920-45
and suffered another marked decline in the next
10 years. Since 1955 the annual catch has been
generally increasing but has not yet reached the
pre-1945 levels.

The recent annual escapements to systems of
Nushagak Bay have been distributed about as
follows: Wood system, 70 percent; Igushik sys­
tem, 23 percent; Nuyakuk system, 5 percent;
and the Snake and several minor systems, 2 per­
cent. The Nuyakuk and Snake systems histori­
cally may have produced at much higher levels.

Because of the selective action of the commer­
cial fishery (larger fish are more susceptible to
capture, and the time and route of migration
and, therefore, exposure to the fishery may vary
among the stocks), fishing mortality has not
been uniform among the stocks in the Nushagak
district. In 1948-60 the percentages of the large
3-ocean adults returning to the Wood, Igushik,
and Nuyakuk systems were about 30, .60, and 70
percent, respectively (from data compiled by
Burgner, footnote 7).

Studies of migration routes and timing of
adult sockeye salmon in Nushagak Bay have
shown that runs to the Wood and Igushik sys­
tems are partially segregated in the fishing areas
(unpublished data of the Bureau of Commer­
cial Fisheries Biological Laboratory, Auke Bay,
Alaska). There is evidence that in the past, runs
to the Igushik system may have been subject to
lower fishing intensity than those from the Wood
system. Were the intensity of fishing the same
on the two runs, a higher percentage of the fish
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going to the Igushik system would be captured
because of the predominance of the 3-ocean fish.

Since sockeye salmon in the escapement to the
Nuyakuk system are primarily 3-ocean fish, and
this ·run of larger fish is presumably fished as
intensively as the run of smaller fish in the Wood
system, the run to the Nuyakuk system probably
suffers a consistently heavier fishing mortality
than the run to the Wood system. Over the years
this heavier mortality could have caused a de­
c1jne in the relative contribution of the Nuyakuk
system to the Nushagak fishery.

Certain spawning areas within the Wood sys­
tem consistently contain more 3-ocean than 2­
ocean fish. Thus, fishing mortality may vary be­
tween groups within a system as well as between
systems.

Estimates of the capacities of the potential
spawning areas in each system in the Nushagak
district indicate that the potential area greatly
exceeds that used at the current levels of escape­
ment.

The factors that limit production of juvenile
sockeye salmon in systems tributary to Nusha­
gak Bay appear to lie in the rearing areas of the
lakes rather than in the spawning areas. Our
studies of the limnology uf the lakes of these
Mainland Systems indicate that they are gen­
erally poorer in minerals than lakes of the Penin­
sula Systems and have a higher calcium-to­
sodium ratio. The watersheds in Nushagak Bay
have mostly sedimentary rocks, which contribute
smaller amounts of minerals to the lake waters
than do the igneous rocks common in the water­
sheds on the peninsula-an area of recent vol­
canism. Lakes of 'the Igushik and Wood systems
nevertheless ranked fairly high in primary pro­
ductivity. Lakes in the Nuyakuk system had the
highest mineral content of lakes tested in the
Nushagak district, but rates of carbon fixation
were low. Lakes of the Nushagak Bay area have
less of an oceanic climate than the other lakes
studied-ice covers the lakes longer, and thermal
stratification during the summer is more pro­
nounced.

Although the four main lakes in the Wood
system have similar limnological characteristics
and similar numbers of sockeye salmon per
square kilometer of lake in the escapements, they
contrast sharply in the proportion of kinds of
spawning grounds. The similarities in numbers
per unit of lake area in the average escapements
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indicate that the population level is controlled by
the capacity of the nursery areas in each lake.

The production of juvenile sockeye salmon in
the lakes of the Wood system increases linearly
as the escapement increases, up to a density of
5,000 spawners per square kilometer of lake.
Above this density the relation is rio longer lin­
ear, and the production of juveniles per spawner
declines when escapements exceed 6,000 per
square kilometer. To have 5,000 spawners per
square kilometer in all lakes of the system would
require an escapement of 2,125,000 fish. At this
density, however, the growth of juvenile salmon
is considerably reduced. The mean length of age
o fish in September is inversely related to the
size of the parent escapement in each of the lakes
of the Wood system. The mean length of age I
smolts leaving the system also is inversely re­
lated to numbers in the parent escapement.

The combined effect of large populations of
juveniles is to increase total mortality (fresh­
water and ocean) by causing many juveniles to
remain an extra year in fresh water and to be
of smaller average size for their age when they
reach the ocean. This increase in mortality tends
to make the population self limiting.

Threespine sticklebacks and Arctic char are
the species of fish thought to have the most im­
portant effects on juvenile sockeye salmon in the
Igushik, Snake, and Wood systems. In the Wood
system, threespine sticklebacks and juvenile
salmon use the same food supply, and, therefore,
the growth of sticklebacks and age I salmon is
reduced when large numbers of age 0 salmon are
present. In all three systems Arctic char is the
chief predator on small fish and probably eats
substantial numbers of sticklebacks and juvenile
salmon. The role of sticklebacks as a competitor
for food and as a buffer between Arctic char and
sockeye salmon and the effect of the Arctic char
in keeping stickleback populations in check are
not understood.

The recent average escapement of sockeye
salmon per unit area of lake has been higher in
the Igushik than in" the Wood system. Juveniles
from the larger escapements in the Igushik sys­
tem have not grown as well (the smolts have not
been as long) as those from the smaller escape­
ments, so that here also the food supply ap­
parently limits growth. Preliminary limnological
studies .show no marked difference in richness
between the waters of the Igushik and Wood

Lakes, and the greater concentration of spawn­
ers in the Igushik system appears to be caused by
differences in the intensity of fishing on the two
stocks. .

Although primary productivity is low in the
Nuyakuk system, escapement densities are prob­
ably too low to produce enough juvenile salmon
to tax the food supply. Spawning areas appear
to be far in excess of the present need." Relatively
heavy fishing pressure probably has contributed
to the present low level of the runs. Lake trout
are more plentiful than Arctic char in the Nuya-.
kuk system: the lake trout may be the primary
predator on young salmon and sticklebacks.

The return-escapement relations of sockeye
salmon in the Nushagak district in 1946-62 indi­
cate that the optimum escapement is about 1 mil­
lion fish, but that escapements between 600,000
and 1.2 million will produce near-optimum
results.

If spawners were properly distributed, pro­
duction in the Nushagak fishery could probably
be increased by increasing -the escapements. In
an escapement of 1 million, for instance, if 70
percent of the fish went to the Wood system the
lakes of the system would have an average
density of 1,650 spawners per square kilometer.
If distribution of spawners among the lakes were
even, this density could be profitably exceeded.
In years of uneven distribution of spawners, es­
capements should be held at a lower level to avoid
overstocking of some rearing areas. Further, the
mesh size of the gill nets used in the fishery
could be regulated so as to obtain escapements of
the two primary ocean-age groups in proportions
that would more fully use all of the lakes of the
Wood system and would give more protection to
the populations of the Nuyakuk system. All the
consequences of changes in the size of the mesh
must be carefully studied,· however, before this
change is initiated.

Kvichak System

The Kvichak, the largest sockeye salmon sys­
tem in Alaska, consists principally of two lakes,
Iliamna and Clark, which total 2,889 km.2 The
sizes of the runs in this system are cyclic. The
range of the escapement in 1955-63 was 250,000
to 14.6 million. In 1931-61 the annual catch of
the Naknek-Kvichak fishery averaged about 7.5
million fish. During the years of very large re­
turns the Bristol Bay catch is dominated by
salmon returning to the Kvichak system.
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Within the Kvichak system there are many
spawning groups of sockeye salmon. Adult fish of
the different spawning groups are not segregated
by time of passage into Iliamna Lake. The re­
turnees generally h~ve spent 1 or 2 years in fresh
water and 2 or 3 years in the ocean; four prin­
cipal age groups result. The age composition of
the adults differs among the spawning grounds.
In 1962, streams, with one major exception, con­
tained significantly higher proportions of 2­
ocean spawners than did beaches. It is not known
if the relative proportion of 2- and 3-ocean fish
is genetic. Fresh-water age, however. is prob­
ably determined more by the environment than
by genetic factors.

Sockeye salmon generally spawn within the
Kvichak system from early August to mid­
October-a time span that probably reflects the
adaptation of the various spawning populations
to the different types of environments. Fry also
emerge over an extended period. An indirect
measure of the relative time of emergence is the
size of juveniles during their first summer. The
greatest range in time of emergence in the Kvi­
chak system is in Lake Clark, where age 0 sock­
eye salmon in August range from 32 to more
than 60mm.

Although estimates of the amount of potential
spawning area in the Kvichak system are incom­
plete, the available data indicate that the carry­
ing capacity for this system is about 20.5 million
spawners. Even the largest recorded escapement
-14.6 million spawners in 1960-did not ap­
proach this figure (footnote 10). Between 1955
and 1963, the escapements in terms of number
of adults per square kilometer of lake ranged
from 84 in 1955 to 11,890 in 1960. The escape­
ments to Lake Clark have not been well docu­
mented but are thought to be somewhat less than
10 percent of the total for the Kvichak system.

The greatest abundance of age 0 sockeye
salmon in Iliamna Lake is in the vicinity of the
heaviest spawning-in the east half of the lake.
As the age and size of young fish inc~'ease they
spread over the whole lake, and the largest fish
are found in the western part.

Our knowledge of predators and potential food
competitors in the Kvichak system is scanty. We
do know that the distribution of threespine
sticklebacks, the main potential competitor with
juvenile sockeye salmon for food. is similar to
that of age 0 salmon. Large populations of lake
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trout, Dolly Varden, Arctic char, and rainbow
trout are also present. We suspect that competi­
tion for food and predation are important fac­
tors in the production of juvenile sockeye salmon
in Iliamna Lake. The effect of predation would be
much heavier in years of low abundance of juve­
niles and, thus, would tend to maintain the cyclic
pattern of the Kvichak run.

Lakes of the Kvichak system are generally
similar limnologically to lakes of the other
Mainland Systems. The values for pH and con­
centrations of total dissolved solids and total
alkalinity are inte"rmediate among all systems.
The rates of carbon fixation in Iliamna Lake
were near the lower end of the range for main­
land lakes. but in Lake Clark the rates were
much reduced. probably because of the opacity
of the water. The Kvichak system ranks in the
same general position in numbers of spawners
per lake area and in rate of carbon fixation per
square meter, i.e., in the low range of the inter­
mediate values.

Limnological studies in the Kvichak system
span too short a time to permit comparisons
between years. Future studies will determine
whether dissolved minerals differ between off
and peak years of the cycle.; such differences
could cause cyclic manifestations or, conversely,
be caused by them.

Observations span too few years to indicate
the relation between production of fry and par­
ent escapement.

The relation between production of smolts and
parent escapement varies, depending on whether
we consider peak years or low years. The prog­
eny of the 2 peak years studied, 1956 and 1960,
had production indices of smolts of 181 and 150,
respectively, although the escapement was al­
most 50 percent greater in 1%0 than 1956. In
both years. 2-ocean fish were dominant in the
escapement-98 percent in 1956 and 99 percent
in 1960. The maximum number of snmlts is
apparently produced at escapements below the
1960 level of 14.6 million (based on data col­
lected through 1963). A reproduction curve
based on the data of the 2 peak years 1956 and
1960 indicates that a range of escapements of
5 to 12 million will not drastically change the
number of smolts produced.

A target escapement for peak years must be
based on several factors in addition to the num­
ber of smolts produced. The data clearly show a
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negative linear relation between th~ average
length of smolts produced and the escapement
level-that is, growth is retarded through intra­
specific competition for food when the popula­
tion of juvenile salmon is too great. It is known
that ocean survival is generally positively corre­
lated with size of smolts at migration, although.
data do' not exist to calculate the differences in
survival rates for the Kvichak system.

Whether the progeny of large escapements
migrate at age I or age II in the Kvichak system
is probably determined by the size they attain
during their first year in fresh water. The per­
centage of young salmon that 'migrate as age II
increases as the population of young salmon in
the nursery areas increases, although the per­
centage holdover to age II can be modified by the
environment. Any extension of the average
length of the fresh-water life in the Kvichak
system will also extend the length of the repro­
ductive cycle.

In assessing the optimum escapement for the
Kvichak system, we must consider production in
an entire cycle and not for just one outstanding
year such as 1956. Before 1942, the returns of
the peak years contained progeny of at least two
(and usually three) escapements.

If we accept the thesis that the carrying ca­
pacity of the nursery areas limits the production
of sockeye salmon in the Kvichak system, a ra­
tional approach to regulation would be to utilize
the nursery areas to the fullest every year. This
approach would require the presence of age I
juveniles (fish that will migrate as age II
smolts) in addition to the young-of-the-year,
because only age I and older fish use the larger
downlake portion of the nursery area. Histori­
cally, fish that went to the ocean as age II smolts
made up almost 60 percent of the catches in the
Naknek-Kvichak district (fish from the Kvichak
system constituted the greater share of the catch
in peak years).

If we also assume that the historical sequence
of large and small escapements of the Kvichak
cycle is the one which will yield the greatest re­
turn over many years, the following conclusion
is unavoidable. The Kvichak system must be
managed so as to provide at least two, and prefer­
ably three, successive large escapements pre­
ceded and followed by smaller escapements. The
relative abundance of fish in the successive years
of large escapements may be manipulated in such

a manner as to provide about the same potential
egg deposition each year. Because of the present
conditions of the stocks, it may take two or more
cycles to reestablish this pattern. Only after the
historical pattern has been restored will it be
possible to define an optimum escapement for the
peak years, which may well be higher than that
'desirable during the present transition period.

Collection of vital statistics must be improved
substantially to define the optimum escapement
of sockeye salmon for the Kvichak system. To
clarify the known vagaries of cycles of abun­
dance and reproductive capacity, not only must
better methods be devised to assess the escape­
ment, the standing crop of young salmon in the
lakes, and the smolt migration but many other
factors must be evaluated.

N sknek System

The Naknek system consists of a series of in­
terconnected lakes totaling 790 km.2 Drainage to
Bristol Bay is via the Naknek River into the
Naknek-Kvichak fishing district. Adult sockeye
salmon returning to the Naknek system mingle
in the fishing area in Bristol Bay with others
bound for the Kvichak and Aiagnak systems.
Catches were reported for the Naknek-Kvichak
district as a whole until recent years, when por­
tions of the catch were assigned to the respective
river systems of the district on the basis of age
composition and escapement. Since 1957 the run
to the Naknek River has averaged 1.6 million
flsh-the commercial catch averaged 760,000
and the escapement 840,000.

The escapement of sockeye salmon to the Nak­
nek system is composed mainly of 2- and 3-ocean
fish, the relative strength of the groups varies
widely from year to year. Fresh-water and ocean
ages and numerical strength of the various
spawning units within the system fluctuate some­
what independently of each other. The various
spawning units seem to pass through the trunk
river at about the same time.

Estimates of the total capacity of the potential
spawning areas of the system are in excess of the
average escapement for the past 10 years. Only
limited data are available on the escapement of
sockeye salmon per unit lake area for each lake,
but great variations are known to exist among
the lakes of the system. In 1961 Coville Lake re­
ceived 6,600 spawners per square kilometer of
lake. This density of spawners produced a catch
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of 150 age O'fish per tow in 1962. North Arm had
a spawner density of 55 per square kilometer of
lake in 1961 and a catch of age 0 fish of 0.5 per
tow in 1962. Migration of presmolt juveniles,
however, results in the accumulation of young
in the rearing areas of Naknek Lake regardless
of the distribution of spawners. The studies have
run too few years to determine the relation be­
tween the abundance of age 0 fish and various
levels of the parent POpuihLion.

The abundance and growth of juvenile sock­
eye salmon· and other species and the primary
productivity of the lakes varied between years
and among the lakes. Differences in primary pro­
ductivity between years were accompanied by
marked'differences in growth of juvenile sockeye
salmon, independent of their abundance; The
abundanc~of juveniles·was greater in 1962 than
in 1961, but the rate of growth was greater in
1962. The primary productivity, on the other
hand, was greater in 1962 than in 1961 because
of differences in climate. The species and abun­
dance of fish associated with the juvenile sockeye
salmon vary among the lakes and among areas
within the lakes. Threespine sticklebacks were
universally present, and their abundance was
matched only by pond smelt in Lake Coville and
pygmy whitefish in Brooks Lake. The areas of
the Naknek system that yielded the largest
catches of juvenile sockeye salmon or the fastest
growing juveniles also yielded the largest
catches of associated species. The role of the as­
sociated species as competitors or predators, or
as buffers between predators 'and juvenile sock­
eye salmon, is unknown. Several potentially im­
portant predator fish are present in the Naknek
system, but their significance is not known.

Lakes of the Naknek system have limnological
characteristics that·fall between those that are
characteristic of lakes of the Mainland Systems
and also the other lakes of the Peninsula Sys­
tems. Lakes of the Naknek system are richer
than the mainland lakes in total dissolved solids,
total alkalinity, sodium, silica, iron, and man­
ganese and generally richer in many·of th.e other
items measured. The large quantities of igneous
materials in the watershed and wind-borne ma­
terials from the ocean apparently contribute
substantially to this richness. These lakes are
influenced by the oceanic climate; their ice·
covers break up relatively early in the spring.
Thermal stratification is seldom pronounced;
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and strong wind action mixes surface waters
with deeper waters from time to time during
the summer. Rates of carbon fixation by photo­
synthesis are relatively high, and the standing
crops of phytoplankton are similar to those of
other peninsula lakes. Because of differences in
drainage and basin types, lakes in the Naknek
system nearly encompass the range of types of
sockeye salmon nursery lakes along the Alaska
Peninsula, although Chignik and Black Lakes
rank higher than any Naknek lakes in photosyn­
thetic rates and chlorophyll values.

Data on the relation of smolt production to
escapement in the Naknek syste~ in 1954-60
show an increase in numbers of smolts produced
with increased escapement up to about 1 million
fish. Accurate determination of optimum es­
capement from reproduction curves based on
smolt-escapement relations is dependent on
knowledge of mortality rates in the ocean. For
the Naknek system. estimates of total ocean
mortality for sockeye salmon from 3 years of
smolt migration ranged from 77.6 percent to
95.2 percent and averaged 83.5 percent (no cor-

. rection for a high seas fishery).
If total ocean mortalities range around 83.5

percent, maximum yields may be realized with
escapements of 0.6 to 1.0 million. The presently
known spawning areas have a capacity of about
1.3 million spawners. Escapement levels do not
appear to have any effect on the size of age I
smolts or the percentage of the progeny that
migrates seaward as age II smolts. The Naknek
lakes are richer in basic nutrients and'generally
have higher rates of phytoplankton production
than the mainland lakes. Major differences in
c.limate between years probably influence the
growth of young sockeye salmon more strongly
than do differences in their density. At present
we do not know whether the upper limit on the
production of smolts is imposed by the capacities
of the spawning areas, the capacities of the
nursery areas, or a combination of several fac­
tors that mayor may not include these two.

Ugashik System

The Ugashik system on the Alaska Peninsula
is the southernmost of the major river systems
that drain into Bristol Bay. The system .consists
of two lakes, Upper and Lower Ugashik, which
total 385 km." Our studies in the Ugashik sys­
tem included limnological observations, con-
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tinuation of studies of smolts, c.atch, and escape­
ment. and analysis of data previously collected.

Commercial fishing began in the Ugashik dis­
trict in 1889 when several small salteries were
established. Unlike the other districts of Bristol
Bay, the. Ugashik fishery developed rapidly and
experienced a decline in the catch several years
before peak production was achieved in the Ege­
gik and Naknek-Kvichak districts.

The Ugashik also differs from the other Bris­
tol Bay systems in that it has had several periods
of peak production of sockeye salmon. The first
was early-from 1899 to 1903-when the an­
nual catch averaged 1,114,400 fish. A period of
gradual decline followed. and in 1911 the catch
reached its lowest point-about 113,000 fish. Be­
tween 1904 and 1916 the annual catch averaged
368.400; from 1917 to 1923, it rose to about
882,000. The 1924-42 period was characterized
by generally low catches. A regulatory closure
of the fishery occurred in 1935. Fishing effort in
the district was greatly curtailed in 1940 and
1941 because of the war. Annual catches in 1942­
48 averaged nearly 1 million fish. Since 1949,
with a few exceptions (1953, 1954, and 1960)
the annual catch has averaged less than 500,000.

Escapement counts were obtained for the
Ugashik system in 1925-32 and 1949-63. Escape­
ments during the earlier period ranged from
149,000 in 1929 to 1,380,000' in 1931 and aver­
aged about 533,000 fish; escapements in the later
period varied from 77,000 to 2,294,000 and aver­
aged about 574,000.

The Ugashik system, in common with other
Peninsula Systems, is currently supporting es­
capement densities that average about 1,300
sockeye salmon per square kilometer of lake.
This density is about one-sixth of that observed
in the Chignik and Karluk systems and about
one-half of that of the Wood system. Most of
the sockeye salmon of the Ugashik system spawn
in tributary streams that drain the foothills of
the Aleutian Range.

Limliological observations, though not as ex­
tensive as those made in other systems, indicate
that the Ugashik lakes rank low in total dis­
solved solids,' phytoplankton abundance, and

.primary productivity.
Estimates of the numbers, ages, and sizes of

smolts have been obtained annually since 1~58.

We cannot see a relation between the size of
smolts and parent escapement nor between the

proportions of each year's progeny that migrate
seaward at age II and escapement. It is possible
that relationships are masked by year-to-year
variations in environmental cOliditions.

Although the size of smolts' in the Ugashik
system apparently is not related to escapement,
the number of smolts produced is. The greatest
recorded escapement (2.3 million fish in 1960)
produced the greatest recorded smolt migration
(31.40 million). Low escapements of 215,000 in
1957 and 219,000 in 1959 resulted in 4.33 million
and 4.08 million smolts, respectively. The es­
capement of 425,000 fish in 1956 produced about
12 million smolts. Because no escapements have
been of intermediate size, it is not possible to de­
fine precisely the smolt-escapement relation over
the entire range. Allthat can be determined now
is that smolt production increases markedly with
increasing escapement up to about one-half mil­
lion. The results from the large 1960 escapement
show only that increases in numbers of smolts
can be realized from escapements greater than
one-half million.

The best that can be inferred from the sug­
gested form of the smolt-escapement relation is
that the target escapement should be at least
500,000.

Chignik System

The history of the fishery on sockeye salmon
runs of the Chignik system is similar to' that of
the Nushagak district in that the catch remained
high until the 1920's, then dropped to a lower
level from which it has never recovered.

The two lakes in the Chignik system-Black
and Chignik-have' dissimilar physical charac­
teristics. Black Lake (mean depth, 3 rn.) is the
shallowest of the lakes we studied..Chignik Lake
h~s less area than Black Lake but has six times
,the volume. The total area.of the two lakes is
'61 km."

Chignik Lake supports an unusually large es­
capement of sockeye salmon per unit lake area.
The average escapement of 14,000 pel' 'square
kilometer of lake for 1955-62 is the highest for
the lakes studied. Black Lake had an average
escapement of about 4,600 per square kilometer
over: the s~~~ period.

Chignik. and mack Lakes had the highest
primary productivity and chlorophyll a concen­
trations of the lakes studied. The richness of
the lakes is undoubtedly the main reason that the
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Chignik system has been able to produce large
numbers of sockeye salmon per unit lake area.

Although spawning in the Chignik system is
primarily in streams, about one-third of the
spawning in Chignik Lake is on the beaches.
Most of the stream spawning is in the longer
streams. No estimates have been made of poten­
tial spawning area, but the level of sockeye salm­
on production by the Chignik system does not
appear to be controlled by the capacity of the
spawning grounds.

The runs to Black and Chignik Lakes are
segregated in time of passage through the fish­
ery. This segregation is significant because it
permits control of the escapement to each lake
by regulation of the fishery.

The aduits returning to the Chignik system
are predominantly 3-ocean fish.

The average time juvenile sockeye salmon re­
main in fresh water is different in the two lakes;
the smolts from Black Lake are mostly age I,
and those from Chignik Lake are mostly age II.

Age 0 sockeye salmon are reared in three
major areas in the Chignik system-Black Lake,
Chignik Lake, and Chignik Lagoon. Most of the
juvenile sockeye salmon that originate in Black
Lake remain there to the smolt stage, although
some age 0 fish migrate into Chignik Lake. The
brackish water of Chignik Lagoon is the rearing
area for a significant part of the Chignik Lake
progeny.

The growth of juvenile sockeye salmon is in­
versely related to the density of the parent popu­
lation within each of the two lakes. Accurate
indexing of the abundance of migrating smolts
has not been achieved in the Chignik system, but
studies of the size and age composition of the
smolts and of abundance and growth of juveniles
in the lakes are in agreement. Both studies indi­
cate an increase in abundance, a reduction in
growth rate, and an increase in average length
of fresh-water residence for progeny of larger
escapements. Also, the density of spawners is
generally lower, and the juveniles grow faster
in Black Lake than in Chignik Lake.

The juvenile sockeye salmon produced by the
Chignik system are larger than those of the
Wood system at comparable parent population
densities-an indication that growing conditions
are more favorable in the Chignik system.

Several species of fish other than sockeye salm­
on are also present in the system. Threespine
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and ninespine sticklebacks and pond smelt are
present and are potential competitors of sockeye
salmon for food; they also may act as buffer
species between sockeye salmon and predators.
The potential competitors are much more abun­
dant in Black than in Chignik Lake; .possibly
they are held in check in Chignik Lake by the
great abundance of young sockeye salmon.
Young coho salmon and Dolly Varden, also
present, are the system's principal predators on
juvenile sockeye salmon. Arctic char and lake
trout are not present.

The abundance of associated species and the
growth of juvenile sockeye salmon indicate that
recent escapements in the Chignik system as a
whole have been adequate, but apportionment of
the escapement to the two lakes must be con­
sidered. Low escapements to Black Lake and the
resultant underutilization of its nursery areas
by juvenile sockeye salmon may be one reason
for the large populations of potential competi­
tors in this lake. In contrast, the relatively high
escapements to Chignik Lake have resulted in
a shortage of food that has undoubtedly led to
the reduced growth and survival of juvenile
sockeye salmon and perhaps kept the populations
of potential competitors low. The optimum es­
capement to Black Lake, therefore, is greater
than the present level of escapement; to Chignik
Lake it is considerably less than the larger es­
capements of recent years.

Suggested target escapements for each lake
are based on the relative success of recent es­
capements and the effective rearing areas of the
lakes. Although the total area of Black Lake is
39 km.2 , the effective rearing area is only about
30 km.~ because of extensive shoals not utilized
by juvenile salmon. We recommend that escape­
ments to Black Lake should be increased from
the recent average of 4,600 per square kilometer
of effective rearing area to 6,000 to 8,000, or a
total of 180,000 to 240,000 fish. 18 The effective
rearing area of Chignik Lake as determined
from tow net catches includes the entire surface
area of 22 km.2 The suggested escapement to
Chignik Lake is 8,000 to 10,000 per square kilo­
meter or a total of 180,000 to 220,000 fish. This
escapement is a reduction from the average in

.. Recent studies of distribution and growth of speeies which com­
pete with juvenile sockeye salmon for food and space in the Chignik
system suggest that the populations of competitol'll would be reduced
by larger populations of juveni1e salmon. Therefore, the attainment of
the recommended escapements might make it possible to Incre..e
escapements considerably above 240,000.
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recent years of 14,000 adults per square kilo­
meter.

Karluk SYltem

The Karluk River sockeye salmon run has been
historically among the more valuable in Alaska.
Commercial fishing began at Karluk in 1882.
Several million fish were harvested annually in
the early years of the fishery (1885-95), but a
long-term decline began after the turn of the
century. This declining trend continued in spite
of attempts to maintain escapement levels j in re­
cent years, the total run seldom has exceeded 1
million fish.

The timing of the run of adult sockeye salmon
to the Karluk system is similar to that of the
Chignik system in that it extends 4 to 5 months.
The Karluk run has late spring and fall peaks.
Beach spawning is insignificant in most years,
and most of the spawners are dispersed over the
lateral and terminal tributaries and the outlet,
Karluk River. Occasionally, however, as much as
25 percent of the escapement may use beach
areas. Certain terminal streams and beach areas
are used by both spring and fall spawners. The
lateral tributaries, however, are used almost
exciusively by spring spawners.

'l'he individual spawning areas in the Karluk
system are occupied continuously for about 5
weeks to 5 months by a succession of spawners,
with the result that many more spawners are
accommodated than could be if they all spawned
in 2 or 3 weeks. This occupation by successive
waves of spawners introduces questions as to the
effect of superimposition of redd sites on the
success of spawning. We do not know the
answers.

The Karluk Lake watershed is composed of
sedimentary rock and is so situated as to be
strongly influenced by the oceanic climate. The
lake waters originate from snowmelt and sur­
face runoff. Two small lakes, Thumb and O'Mal­
ley, drain into separate arms of Karluk Lake.

The concentrations of most of the chemical
constituents in Karluk Lake are similar to those
of lakes of the Alaska Peninsula, particularly the
high concentration of sodium and the low levels
of nitrate nitrogen and total alkalinity. Of all the
lakes studied, however, Karluk Lake is second
only to those of the Chignik system in produc­
tivity as measured by rate of carbon fixation and
content of chlorophyll a. The very high produc-

tivity is paralleled by the rank of the Karluk
system as first in density of spawners per unit
lake area.

The growth of juvenile sockeye salmon was
correlated positively with changes in lake pro­
ductivity and negatively with the. abundance of
juveniles in 1961 and 1962. Because of varying
numerical strength of young from a protracted
period of fry emergence and migration, growth
data are difficult to interpret.

The only abundant potential competitor with
juvenile sockeye salmon for food in Karluk Lake
is the threespine stickleback. Arctic char and
Dolly Varden are the most abundant predators.

The estimate of numbers of smolts produced
in Karluk Lake each year in 1961-63 was about
1.5 million. Numbers of smolts and numbers of
adults in the parent escapements were not re­
lated j the parent escapements ranged from
210,000 to 485,000 fish.

Data on fluctuations in abundance of sockeye
salmon in Karluk Lake have been analyzed in
some detail by Barnaby (1944) and Rounsefell
(1958). Portions of these data that deal specifi­
cally with the return-escapement relation have
been reported in a bulletin of the International
North Pacific Fisheries Commission (1962),
where it is concluded that in the past, escape­
ments of about 750,000 fish have produced the
largest surplus of return over escapement. The
expanded research in 1961 and 1962 did not
yield new information that would alter this con­
clusion. Recent work serves, however, to empha­
size that .restoration of the Karluk runs to
former high levels will require considerably
more than mere manipulation of numbers of.
spawners in the escapement. Evidence suggests
that the average reproductive capacity of the
sockeye salmon in the Karluk system was re­
duced while the run was in decline. Current re­
search at Karluk is directed toward determina­
tion of the cause of this reduction.
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