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ABSTRACT

Four population models representing different tem-
poral distributions of natural mortality during the
ocean life of Karluk sockeye salmon (Onchorhynchus
nerka) are developed and discussed. The first model
simulates a constant monthly instantaneous mortality
- rate throughout ocean life of sockeye. In the second
model, the monthly instantaneous mortality rate is
greatest during the first month of ocean residence and
decreases arithmetically in each succeeding month,
In the third model, the monthly instantaneous mor-
tality rate decreases geometrically during the first 6
months of ocean life and remains constant thereafter.
The fourth model simulates a ‘‘catastrophic’’, age-
specific first-month instantaneous mortality rate and
a constant, age-independent mortality rate in the sec-
ond and succeeding months of ocean life.

Data collected on the releases and returns of marked
Karluk sockeye in the late 1920’s and early 1930°’s are’
used to estimate ocean mortality rates of the different
fresh-water age groups of fish. The rates vary with the
population model used, year of ocean life and fresh-
water age. Mortality of the smaller, 3-fresh-water
smolts is greater than for the larger, 4-fresh-water fish
during at least a part of ocean residence.

Maturity schedules are estimated for 3- and 4-fresh-
water smolts in each population model. Depending on
the distribution of ocean mortality, from 53 to 62 per-
cent of the 3-fresh-water fish and 74 to 80 percent of

Information on the distribution and magnitude
of ocean mortality of salmon and their maturity
schedules is useful for comparing marine growth
and mortality rates to determine the changes in
bulk (net increase or decrease in weight) of a year
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the 4-fresh-water sockeye achieve maturity by the end
of their second year at sea.

The estimated instantaneous ocean mortality rates
are compared with available estimates of Karluk sock-
eye ocean growth rates (weighted by the proportions of
fish that mature as 1-, 2-, 3- and 4-ocean sockeye) on a
monthly and annual basis to determine the net increase
or decrease in weight during ocean residence. Except
during the last year of ocean life of the relatively small
fraction of Karluk sockeye that spend 4 years at sea,
and then only for the first of 4 mortality distributions
considered, ocean growth exceeds natural mortality.

The ranges of the estimated increases in bulk of
Karluk sockeye during the first, second, and third years
of ocean life, respectively, are 609 to 1,035 percent, 54
to 144 percent, and 26 to 84 percent. During the fourth
year of ocean life, the bulk of Karluk sockeye is esti-
mated to decrease by 8 to 10 percent under the first
population model, and increase by 11 to 38 percent
under the other 3 models.

The estimated percentage changes in bulk show that,
except for the relatively scarce 4-ocean fish under the
first population model, any capture of Karluk sockeye
before the end of their ocean life causes a loss of poten-
tial yield, provided there exists an inshore fishery
capable of catching the fish not needed for reproduction
of the stock.

class during ocean residence. Knowledge of
changes in bulk, in turn, is useful for comparing
salmon yields obtained by a pelagic fishery with
the potential yields available to an inshore fishery.

Among the data available for studying the
natural mortality of salmon during their ocean
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life are those reported by Barnaby (1944), who
gives the details of a number of experiments in-
volving the marking of sockeye smolts at Karluk
River during the late 1920’s and early 1930’s and
the enumeration of returns of marked fish to that
river system after 14 years of ocean residence.
These experiments provide an impressive array
of population data that are particularly useful
for estimating ocean mortality of salmon, because
they were obtained before the development of a
large-scale pelagic salmon fishery west of longitude
175° W. in the North Pacific Ocean and likely are
free of the confounding effects of high seas fishing.

Ricker (1962) utilized certain data from the
Karluk marking experiments in his excellent
analysis of the ocean growth and mortality of
sockeye salmon during their last 2 years at sea.
Parker (1962) also used the Karluk data in his
unique study of the ocean mortality of Pacific
salmon. Much of Barnaby’s experimental popu-
lation data are used here in an ocean mortality
analysis that differs from the analyses and results
presented by Ricker and Parker, respectively, in
that (a) a somewhat different mathematical
model is used to estimate ocean mortality for the
case where the mortality rate is assumed to be
constant throughout ocean residence, and (b) esti-
mates of ocean mortality are made for three situa-
tions where the rate is considered to vary during
ocean residence.

The portion of Barnaby’s experimental popula-
tion data used in this paper consists of the releases
and returns of smoits that were marked by the
removal of the adipose and one or both of the
ventral fins.. This analysis will be primarily
concerned with the two fresh-water age groups
of Karluk sockeye that, according to Rounsefell
(1958, table 17), account for over 95 percent of
the annual run to that system. These are the
3- and 4-fresh-water smolts, or fish that migrate
to sea in their third and fourth years of life
respectively.?

For each of the four temporal distributions of
ocean mortality considered in this study, I will
estimate the percentages of 3- and 4-fresh-water
smolts that mature after 1, 2, 3, and 4 years of
ocean residence.

The estimates of ocean mortality presented here

! Ricker (1962) refers t,o—',hese two groups as 2- and 3-fresh-water sockeye
respectively; Parker (1962) refers to them as 2- and 3-annull smolts; Rounse-
fell (1058) refers to them as 3- and 4-year-old seaward migrants.
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are compared with available growth rate data to
determine changes in bulk of Karluk sockeye
during ocean life. A number of such determina-
tions are given in the last section of the paper.
On the basis of these determinations, some infer-
ences are drawn regarding the effects of high-seas
fishing on the potential yield in weight of Karluk
sockeye.

DURATION OF OCEAN RESIDENCE OF

KARLUK SOCKEYE

Barnaby (1944) states that the major part of
the seaward migration of Karluk sockeye takes
place during the last week of May and the first
2 weeks of June each year. He also notes that the
older smolts, that is, 4- and 5-fresh-water fish,
migrate to sea earlier within the 3-week period of
seaward migration than the younger smolts, that
is, the 2- and 3-fresh-water fish. On the basis of
these observations, I will assume for purposes of
this study that 5-fresh-water smolts begin ocean
life on June 1, 4-fresh-water smolts on June 5,
3-fresh-water smolts on June 10, and 2-fresh-water
smolts on June 15.

From Rounsefell (1958, appendix table A-4)
we can estimate the nearest dates ending in 5 or 0
on which 50 percent of the sockeye of different
fresh-water and ocean ages return to the Karluk
River. These estimates are given in table 1.

Using the dates of return given in table 1 as end
points of ocean residence, the estimated duration
of acean life for each of 15 age groups of Karluk
River sockeye is as shown in table 2.

For purposes of this study, it is assumed that
the maximum ocean residence of 2- and 3-fresh-
water smolts is 47.83 months, the maximum ocean
residence of 4-fresh-water smolts is 48.17 months,
and the maximum ocean residence of 5-fresh-
water smolts is 36.50 months.

TasLE 1.—Estimated dates on which 50 percent of the sockeye
of different fresh-water and ocean ages return to Karluk
River :

Ocean age group !
Fresh-water age group

1 2 3 4

2 - - July 15 { June 30 | June 15| June 10
- S ---| Aug. 15 | July 20| June 10 | June 5
4 Sept. 6| Aug. 25 [ June 10 | June 10
5__ - Sept. 10 | Aug. 30 | June 15 |._.._..-_

1 Ocean age is designated here as the nearest number of full years the fish
spend in the ocean. A fish that spends, say, 26 monthsin the ocean isreferred
to as a 2-ocean fish,
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TaBLE 2.—Estimated duration of ocean residence, in months,
of 15 age groups of Karluk River sockeye

Ocean age group
Fresh-water age group
1 2 3 4
2 13.00 24. 50 36.00 47.83
3 14.17 25.33 36.00 47.83
4 ___ 15.00 26.67 36.17 48.17
5...- 15.33 27.00 36.50 |-

RELEASES AND RETURNS OF MARKED
KARLUK SOCKEYE SMOLTS

Barnaby (1944, tables 33-35, 37, 39, 41, and
43) reports the numbers of smolts of each fresh-
water age group that were marked by the removal
of the adipose and one or both of the ventral fins
in seven different marking experiments between
1929 and 1933 at the Karluk River. He also
shows the estimated returns of marked fish by
ocean age for each experiment. Except for the
correction of a few minor errors in the estimated
returns and an added estimate of a return of 17 4-
ocean fish from the 3-fresh-water smolts marked
in the second experiment in 1930, Barnaby’s data
on releases and returns are shown in table 3.

EFFECT OF MARKING ON OCEAN
SURVIVAL

The extent to which the removal of adipose-
ventral fins affected the percentage returns of
marked Karluk smolts cannot be determined from
the Karluk sockeye data, since the entire smolt
run was not counted in any year of marking and
comparative survival rates of marked and un-
marked smolts are not available. That the
removal of adipose and ventral fins probably
caused a differential mortality among marked
Karluk smolts is indicated by results of experi-
ments in other systems in which sockeye smolts
were marked by the removal of adipose-ventral
fin combinations. Ricker (1962), using data
from Cultus Lake sockeye marking studies
(Foerster, 1934, 1936, 1937), estimated that on a
day-to-day basis, marked sockeye were about 27
percent more vulnerable to the causes of death
in operation than unmarked fish. This means
that the instantaneous ocean mortality rate of
marked sockeye was about 1.27 times the in-
stantaneous natural mortality rate encountered
by unmarked sockeye during their ocean life.

For purposes of this study, I will use the factor
1.27 in estimating the instantaneous ocean mortal-

T ABLE 3.—Estimated releases and returns of Karluk River sockey; smolts marked by the removal of the adipose and one or both
ventral fins. :

[Barnaby, 1944, tables 33-35, 37, 39, 41, and 43]

Experiment| Fresh-

Group
number water

Year of release number

Estimated
age group (N}

Estimated returns Estimated
total

percentage

1-ocean 2-ocean 3-0cean returns
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ity rates of unmarked Karluk sockeye from the
release and return data given in table 3.

POPULATION MODEL 1

In this population model, the assumption is
carried that the instantaneous ocean mortality
rate of Karluk sockeye is constant throughout
their ocean life. Notation is as follows:

N.,=The number of marked smolts of a given fresh-
water age.

M=The monthly instantaneous mortality rate of
unmarked sockeye during their ocean life.

1.27—A factor to adjust for the effects of marking on
ocean survival.
t1+k;="The number of full months (t;) plus the additional
fraction of a month (k,) elapsing between the time
of seaward migration and the return of mature
1-ocean fish to the Karluk River.

N;=The number of 1l-ocean sockeye surviving at the
end of t;+k; months of ocean residence.

pi=The proportion of the surviving l-ocean sockeye
that mature and return to the Karluk River at
the end of t,+k; months.

R|=The number of 1-ocean sockeye that return to the
Karluk River at the end of t;+k; months of ocean
residence.

1-p;=The proportion of the surviving l-ocean sockeye
that do not mature at the end of t;+k; months of
ocean residence.

N’;=The number of the surviving, immature 1-ocean
sockeye at the end of ¢ -k, months at sea.

2+ ka="The number of full months (#;) plus the additional

fraction of a month (k) elapsing between the time
of seaward migration and the return of mature
2-ocean fish to the Karluk River.

N,=The number of 2-ocean sockeye surviving at the
end of {4k, months of ocean residence.

p2=The proportion of the surviving 2-ocean sockeye
that mature and return to the Karluk River at the
end of {3+ k; months.

R.=The number of 2-ocean sockeye that return to the
Karluk River at the end of &%, months of ocean
residence.

1—p,=The proportion of the surviving 2-ocean sockeye
that do not mature at the end of ¢+ &k, months of
ocean residence.

N’;=The number of surviving, immature 2-ocean sock-
eye at the end of £+ %, months at sea.

i3+ k;=The number of full months (f;) plus an additional
fraction of a month (k;) elapsing between the time
of seaward migration and the return of mature
3-ocean sockeye to the Karluk River.

N;=The number of 3-ocean sockeye surviving at the
end of 43+ k; months of ocean residence.

ps="The proportion of the surviving 3-ocean sockeye
that mature and return to the Karluk River at the
end of £+ %&; months. (In the case of the 5-fresh-
water smolts, &+ ks is equal to 36.50 months, and
Ps is assumed to be equal to one.)
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R;=The number of 3-ocean sockeye that mature and
return to the Karluk River at the end of #3+k;
months of ocean residence.

1—p;=The proportion of the surviving 3-ocean sockeye
that do not mature at the end of ¢34 %; months of
ocean residence.
N’3;=The number of surviving, immature 3-ocean sock-
eye at the end of £3-4 k; months of ocean residence.
{4+ kis="The number of full months ({) plus the additional
fraction of a month (k,) elapsing between the time
of seaward migration and the return of mature
4-ocean sockeye to the Karluk River.

N,=The number of 4-ocean sockeye surviving at the
end of ¢4 &, months of ocean residence.

p+=The proportion of the surviving 4-ocean sockeye
that mature and return to the Karluk River at the
end of ¢k, months of ocean residence. (In this
study, it is assumed that the maximum ocean
residence of 2-, 3- and 4-fresh-water smolts is
Y4+ ks months. Hence p, is assumed to be equal to
one for these fresh-water age groups.)

R,;=The number of 4-ocean sockeye that mature and
return to the Karluk River at the end of #-+k,
months of ocean residence.

Identities among the foregoing quantities are
as follows:

Ny = Nge=1-71M etk )
By,=p,N,=p,Noe~1- 1Mtk 0))
Ny =(Q1—p)N,=N,—p,N;=N,—R, (3)

N,= N 1 11 Ggtka) ~CtyHip))
= Nje~! MUz ke~ (41+ep)]

— Ryt MUz~ iy Hep)

= Nge~1-31M gtk _ P o=1.2M [{t3+kg)— (t1-+ep)] 4)
Rz=pzN2

=p2Noe—l 27M (tgtks)

_szle—l 2IM [ (tg+kg) — (13 +ky)] (5)

N'2=(1—Pz)N2=N2—P2N2=Nz—Rz (6)
Ny=Nlg~1 1M ttgtkg) = (ig-+kp)]
=N28—l 2TM [ (t3-+kg) — (3-+k2)] Rge_l 2TM [ (43+kg) — (82+k2)]
= N1 1M ttkg) _ B, =1 2M Utg+kg) = (1+Ey)]

_ Rze“ 2TM 1 (t3+k3) — (s3+k2)] (7)

R3=p3Ny=p;Noe~1 214 otk
—_ psRle_l 2TM [ (831-k3) — (41 1%1)]

— PaRoe I MMt —ttka)l  (R)
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§=(1—P3)N3=N3—p3N3=N3_R3 (9)
N,=R,= Né e~ 1. 21M [(ty+ky) = (t3+ks)]
= Ny~ 1 0TM kg — gtk —_ R g=1.2TM [tk ~ (tyHkp)]
= Nyg 1 TTMWHE) _ P o= 2TM [ty = (t1+kp)]
— Rye 1 2TM [tk = (tptkg))

— Ry 1 TM UL tE)—Gath] - (10)

Equation (10), which is analogous to equation
(11) of Parker (1962), can be used to estimate the
monthly instantaneous ocean mortality rates
for 2-, 3-, and 4-fresh-water smolts by entering
observed or assumed quantities for N, R, R,
Rs, Rg, tl+_k1, t2+k2, t;'l_"l_ca, and t4+k4 in the
equation, and inserting trial values for M until
one which results in a balanced expression is
obtained. In a similar manner, equation (8) can
be used to estimate M for 5-fresh-water smolts,
since p; is assumed to be equal to one for this
fresh-water age group.

Estimates of Monthly Instantaneous Mortality Rates

Of the 25 groups of marked sockeye smuolts
(table 3), there were 11 in which the numbers
of fish released were small. These were the four
groups of 2-fresh-water smolts and seven groups
of 5-fresh-water smolts. The returns from each
of these groups were also small in mumber, and
they occurred in only 1 or 2 years following sea-
ward migration. Because of the small numbers
of fish involved, the instantaneous mortality rates
are not estimated for the individual groups of 2-
and 5-fresh-water smolts. Instead, the data for
the four groups of marked 2-fresh-water smolts
are combined, as are the data for the seven groups
of marked 5-fresh-water smolts, for estimating
the instantaneous ocean mortality rates for these
two fresh-water age groups.

An estimate of the monthly instantaneous
mortality rate can be obtained for each of the
remaining 14 groups of marked sockeye, consisting
of seven groups of 3-fresh-water smolts and seven
groups of 4-fresh-water smolts.

Substitution of the appropriate - and k-values
in equations (10) and (8) yields the following
expressions for estimating the monthly instan-
taneous ocean mortality rates for the four fresh-
water age groups:

KARLUK RIVER SOCKEYE SALMON
735-722 0—64——35

2-fresh-water smolts:

R‘ . M)G_w'""— Rle—u.ﬂﬂ_ Rze—ﬁ.ﬂll_ Rag—ll,mﬂ
3-fresh-water smolts:

Ry= Nog~ .UM __ R o—42.5M _ R,c—28.83M _ Ryc—15,02M
4-fresh-water smolts:

Ri=Nyet1.18M _ R g~ 42.13M __ R.p—21.0M . Ry 15.4M
5-fresh-water smolts:

Rs= Nye16.36M _ R o~ 26.90M __ R ,c—13.06M

The estimates of monthly instantaneous ocean
mortality rates, as derived from the appropriate

" equations and release and return data, are given

in table 4. The marked group numbers associated
with the estimates are shown in parentheses.

TaBLE 4.—Estimated instantaneous ocean morlality rates
of Karluk River sockeye, population model 1

[Effects of marking adjusted by factor of 1.27]

Mean M
Fresh- for 3-and 4-| Standard
water age Monthly instantaneous ocean fresh-water | deviation
group mortality rate (M) smolts | of mean Af
b I 00';19: (Groups 4, 8, 12, and 22 com- |-_.ooo oo |acomeoaaas
ed).
F: J— 0.0520 (1); 0.0480 (5); 0.0477 (9); 0.0381 0.0446 0. 0021
(13); 0.0445 (16); 0.0365 (19); 0.0455
[ T 0.0402.(2); 0.0380 (6); 0.0366 (10); 0.0303 . 0386 . 0018
Ea); 0.0426 (17); 0.0456 (20); 0.0369
S 0.0402 (Groups 3, 7, 11, 15, 18, 21, and -
25comblne%.' PR

Relation Between Monthly Instantaneous Mortality
Rate and Age and Size of Smolts

The estimates of monthly instantaneous ocean
mortality rates shown in table 4 indicate a general
decrease with an increase in the fresh-water age
of smolts: 0.0496 for 2-fresh-water smolts; an
average of 0.0446 for 3-fresh-water smolts; an
average of 0.0386 for 4-fresh-water smolts; and
0.0402 for 5-fresh-water smolts. Since the esti-
mates for the 2- and 5-fresh-water smolts are
based on relatively small numbers of fish, they
should, in a comparison of ocean mortality rate
with age at time of outmigration, be considered
as rough approximations. Each of the estimated
average mortality rates for the 3- and 4-fresh-
water smolts on the other hand are based on seven
groups of marked sockeye. Each group contained
large numbers of marked fish. Six of seven
paired groups, that is, two groups of smolts
marked in the same way in the same year, showed
a higher ocean mortality rate for 3-fresh-water
smolts than for 4-fresh-water smolts. The stand-
ard deviations of the means show that the differ-
ence between the mean mortality rates for 3- and
4-fresh-water smolts is significant at about the
85 percent confidence level.
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From Barnaby (1944, table 27), we can esti-
mate the average body length of fish in each of
the four fresh-water age groups of smolts in the
seaward migration through the week ending
June 14 for the years 1929 to 1933 combined.
The average lengths for the 2-, 3-, 4-, and 5-
fresh-water smolts were 108, 131, 143, and 146
millimeters, respectively. Plotting the estimated
monthly instantaneous mortality rates for the
four fresh-water age groups against average
lengths of smolts at time of seaward migration,
as in figure 1, we see a general decrease in ocean
mortality as size of smolts increases.

Mortality Rates of 3- and 4-Fresh-Water Smolts by
Ocean Age and Ocean Year

The mortality rates for the different ocean age
groups and ocean years of life of 3- and 4-fresh-
water smolts, the two fresh-water age groups which
account for practically the entire run of Karluk
sockeye, can be estimated from the average
monthly instantaneous ocean mortality rates
(table 4) and estimates of the duration of ocean
residence of different ocean age groups (table 2).

For sockeye of a given fresh-water age that
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Figure 1.—Estimates of monthly instantaneous ocean
mortality rates for Karluk sockeye of different lengths
at time of seaward migration. (Data from table 4,
and Barnaby, 1944, table 27).
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mature at ocean age 2, the total ocean mortality
rate is estimated from the expression:

Ap= 1— e_M(‘z'*'kx)

where ¢, is the number of full months of ocean
residence and k, is the fraction of an additional
month (if any) of ocean residence.

The annual ocean mortality rates during the
first, second, third, and fourth years of ocean
residence of sockeye of a given fresh-water age
are obtained from the following expression:

a,;: 1 _e—M[(l;+kI)—(lz_1+k -1l

where the quantity [(¢;+k;) —(:—1+k:-1)] repre-
sents the number of months elapsing between the
time that one ocean age group returns to the
Karluk River and the time that the next ocean
age group returns to the Karluk River. This
quantity generally is not equal to 12 months,
hence the annual ocean mortality rates usually
apply to periods of time other than 12 months.
For example, table 2 shows for 3-fresh-water
smolts that l-ocean mature sockeye spend an
average of 14.17 months at sea, 2-ocean mature
sockeye spend an additional 11.16 months at sea,
and so forth. Only in the case of 4-ocean mature
sockeye of the 4-fresh-water smolts do the fish
spend 12 months more in the ocean than sockeye
that mature in the preceding year.

Table 5 shows the total ocean mortality rates
for each ocean age group and the annual mortality
rates for each ocean year of life for 3- and 4-fresh-
water smolts.

TaBLE 5.—Estimated mortalily rales for each ocean age

group and ocean uear, 3- and ffresh-waler smolls,
Karluk River sockeye, population model 1

Instan-l

Average
month- Total | Total taneous|Annual -
Fresh- ly Durs- | instan-| ocean | Dura- | ocean | ocean

water | instan- |Ocean| tion of |taneous| mor- | tion of | mor- | mor-
age |taneous| age | ocean | mor- | tality | ocean | tality | tality

group | ocean resf- | tality | ral year rate rate
mor- dence | rate (az) during | (a’s)
talit year
rate,

Years [Months Percent|Months Percent
1| 14.17 | 0.6320 46.8 | 14.17 | 0.6320 46.8
3 0. 0446, 2] 25.33 | 1.1297 67.7 11. 16 4977 39.2

""" B - 3| 36.00 | 1.6056 79.9 | 10.67 | .4750 37.
4| 47.83 | 2.1332 88.2 | 11.83 | .5276 41.0
1] 15.00 | .5790 44.0 | 15.00 | .5790 4.0
4 0386 2| 26.67 | 1.0205 64.3 ) 11.67 | .4505 36.3
""" ' == 3| 36.17 | 1.8062 75.2 9.50 | .3667 30.7
4] 48.17 | 1.8504 84.4 | 12.00 | .4632 37.1

The estimated total ocean mortality rates for
3-fresh-water smolts range from 46.8 percent for
those sockeye that mature as 1-ocean fish to 88.2
percent for those that mature as 4-ocean fish.
Corresponding estimates for 4-fresh-water smolts
are 44.0 and 84.4 percent, respectively.
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The annual mortality rates generally decreased
with the progression of ocean years. This is
due, of course, to a general decrease in the number
of months elapsing between the times that one
ocean age group matured and the next older ocean
age group matured. If the durations of ocean
residence were 12, 24, 36, and 48 months for the
four ocean age groups, the annual ocean mortality
rates would be approximately 41.4 percent for
3-fresh-water smolts and 37.1 percent for 4-fresh-
water smolts..

Maturity Schedules of 3- and 4-Fresh-Water Smolts

The maturity schedules of the 3-and 4-fresh-
water smolts, that is, the proportions of a given
population of seaward migrants that mature
after 1, 2, 3, and 4 years of ocean residence, can
be roughly estimated from the ratios, R,/ZR,
R./=R, R:/ZR, and R,/=R, which can be obtained
from table 3. Such ratios, however, do not
account for the mortality that occurs among im-
mature sockeye from one year to the next during
their ocean life. As a result, the ratios, R/>R, and
R;/ZR, are generally overestimates of the pro-
portions of a given smolt migration that mature
as 1- and 2-ocean fish. Conversely, R;/=R and
R,/ZR are generally underestimates of the pro-
portions of a given smolt migration that mature
as 3- and 4-ocean fish.

The factors, p,, ps, s, and p,, In equations (2),
(5), (8), and (10) represent the proportions of
surviving 1-, 2-, 3-, and 4-ocean sockeye that
mature at the end of the first, second, third, and
fourth years of ocean residence. The equivalents
of p,, 2, and p; are as follows:

=R,/ Nye~1- 7M1k (11)
Pa=Ryf{ Noe~1- Mzt _ R o120 sg+kp —UtyHip] )
(12)

p3=33/{ Noe—-l. 27M(l3+kg)__Rle—1. 27M [(tg+kg) — (81+kp))

— Rje1- 27 tg+kg) — (1 +y] } (13)

The factor, p,, is assumed to be equal to one.
Except for p,, these factors do not reflect the
maturity schedules of a given smolt migration,
because they do not account for the proportions
of fish that matured in the preceding year or years.

Denoting the proportions of a given smolt
migration that mature as 1-, 2-, 3-, and 4-ocean
sockeye by ', p’s, »’s, and p’y, where p’,+p":+

KARLUK RIVER SOCKEYE SALMON

P'a+1"4=1; we see that P1=P'1; p2=p"/(1 —"P'l); :
Di=p’s/(1—p"1—p%); and p,=p’/(1—p’'1—p's—

?’3). Transposing we obtain the following expres-
sions for p’;, p’s, p’s, and p’4:
P1=m (14)
P'a=ps(1—p"1) (15)
?'s=ps(1—p"1—p"2) (16)
P'=1—p"1—p's—p"s (17)

Substitution of the appropriate values for
(ti+k1), (+ke), and (t;+%;) in equations (11),
(12), and (13) provides the following expressions
for p,, p., and p;:

3-fresh-water smolts:

P1=R|/{ Noe—18.00M
p2=Ry/| Noe 82174 _ R, g—14.17M
ps=Ry/{ Noe—5-12M R g~27.12M _ o183 55M |

4-fresh-water smolts:

P1=Ry/{ Nye~10.0M}

pr=R;/| Noe 8881 _ B, o~14.024

ps=Ro/{ Noe~t6 M __ R o~16.80M __ Fo, o—12.06M |

Using data from tables 3 and 4 to estimate p,,
P2, and p; for each group of marked 3- and 4-fresh-
water smolts, and inserting these estimates in
equations (14) to (17), we can obtain the average
percentages of 3- and 4-fresh-water smolts that
mature as 1-, 2-, 3-, and 4-ocean fish. These are
shown in table 6.

TABLE 6.—Estimated average percentages of 3- and 4-fresh-
waler Karluk River sockeye smolls that mature at different
ocean ages, population model 1

[Each average is based on seven groups of marked fish; effects of marking
adjusted by factor of 1.27]

Percent maturing at ocean age:

Fresh-water age group 1 2 3 4
") (p's} ('s) ")
B e cm————e 1,35 51.41 45.77 1.47
L 3.34 71.04 24.61 101

Approximately one-half of the 3-fresh-water
smolts mature by the end of 2 years in the ocean,
with most of the remainder maturing after 3 years
in the ocean. Nearly 75 percent of the 4-fresh-
water smolts mature by the end of the second
year of ocean residence.

Total Ocean Mortality Rate For a Given Outmigration

The total ocean mortality rate for a given
outmigration of sockeye smolts depends upon the
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magnitude of the mortality rates for the different
ocean age groups and the proportions of seaward
migrants that mature after 1, 2, 3, and 4 years of
ocean residence. The rate is represented by the
expression:

a=1—p"1(1—a)—p’;(1—as)
—p'y(1—as)—p'(1—ay) (18)

where @,, @s, a5, and a, are as shown in column 6
of table 5, and p’,, p’s, P's, and p’, are as shown in
table 6. For 3-fresh-water smolts, the average
total ocean mortality rate is 73.3 percent, and for
4-fresh-water smolts, the average total ocean
mortality rate is 66.5 percent.

POPULATION MODEL 2

Data presented by Ricker (1962), as well as the
data shown in figure 1 of this paper, strongly
suggest that the ocean mortality of sockeye salmon
is greater while the fish are small"than it is when
they become larger. Accordingly, it seems that
a population model that accounts for a decreasing
monthly instantaneous natural mortality rate with
increasing size of fish, or cumulative time spent in
the ocean, probably represents the actual survival
conditions of sockeye salmon during their ocean
life far better than a population model in which a
constant natural mortality rate is assumed. In
this section, we will consider a population model
in which the monthly instantaneous natural
mortality rate is a function of the number of
months spent in the ocean by 3- and 4-fresh-water
smolts.

The qua.ntities No, Rl, Rz, Rs, R4, Py D2 Psy P4y
t1+k1, t2+k2, t3+ka, and t4+k4 are as defined in
Population Model 1. The factor 1.27 is used to
adjust for the effects of marking. During the first
month of a maximum of #,-+k, months of ocean
residence, the instantaneous ocean mortality rate

127M1{ [2— (63— 1) d]+kgl1 - (t;,)d]}

Ra=PaZVo€ —PaRle

— Pste

—~L27M{— (2 (¢, =1 d]+ks[1— ¢ )d]}
R.=N,e 1{ 1 4 4

—Rl
_Rze
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-1 27M,{(1 k) 1— a4 A2 " L PPPR Y PR T a,)d]} Bee —127M|{(1—k3)[1 ORY TR b
—1Iige

is represented by M,. The instantaneous mor-
tality rate during the second month of ocean
residence is represented by M, and is assumed to be
equal to (1—d)M,, where d is equal to 1/(t,+%,).
The instantaneous mortality rate during the third
month of ocean residence is represented by M,
and is assumed to be equal to (1—2d)M,. In each
succeeding month of ocean life, the instantaneous
mortality rate is assumed to decrease by the
quantity dM,. The sequence of monthly in-
stantaneous mortality rates is an arithmetic
progression.

During month ¢, of ocean life, the instantaneous
mortality rate, M, , is equal to [M;— (t,— 1)dM,]
or M\[1— (t.—1)d]. The instantaneous mortality
rate for the fraction %, of month (¢,-1) is kM,
[1—(;)d]. The rate for the remaining fraction
(1—Fk;) of the month is (1—k;)M,[1— ({,)d]. The
sum of the monthly instantaneous mortality rates
from the first month of ocean life through month
i is (t/2)(M+M,). Upon substitution for
M,, and factoring, this sum is equivalent to M,
(tz/2)[2— (t;—1)d]. The sum of the monthly
instantaneous ocean mortality rates from, say,
month (4,42) through month ¢ is given by
[(G—8—1)/2][M,4s+M,). Upon substitution
for M,4+: and M, and factoring, this sum i8
equal to M, [¢t,—t,—1)/2][2— (¢, +t)d]l. Thus,
the returns of sockeye of different ocean ages are
as shown by the following equations:

_pNe—-lan{ [2—tty =) d)+kq(1— (tl)d]} (19)
=HNiVo

127M,{ (2—(ts —1)d]+kyl1— (I-.)d]}
R2=P2Noe

-1 27M,{(1—k,)[1 (t,)d]+ [2—(t,+t-.)d]+k2[1 (t,)d]}

—pRie
(20)

! eyt gl — (t,)d]}

—l.li{(l—k,)ll—(tg)st g PERVRPRY PPN (c;)a]} (21)

=2 oyt a1 - (t.)dl}

= s Hp ki~ (h)d]} (22)
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Equation (22) can be used to solve for M, for
the 3- and 4-fresh-water smolts by the trial method
used in Population Model 1. Values for #, %,
to, ks, ts, ks, s, and k, can be obtained from table
2, and the values for Ny, R,, R,, R, and R, from
table 3. For 3-fresh-water smolts, d is equal to
1/47.83 or 0.020907; for 4-fresh-water smolts, d
is equal to 1/48.17 or 0.020760. Substitution of
the appropriate t-, k-, and d-values in equation
(22) yields the following expressions for estimating
M|:

3-fresh-water smolts:
Ry= Nye 31.00M1 — B o—16.0M1 __ R, —7.02M1 _ P.o—2.0181

4-fresh-water smolts:
Ry= Npe™31.28M1 _ R o~ 14.90M1 __ P o—0.38M | B, g—2.06M1

Estimates of Monthly Instantaneous Mortality Rates

Each of the seven groups of marked 3-fresh-
water smolts provides an estimate of the first-
month instantaneous ocean mortality rate of
Karluk sockeye that migrate to sea in their third
year of life. Seven groups of marked 4-fresh-
water smolts provide estimates of the first-month
instantaneous ocean mortality rate of Karluk
sockeye that migrate to sea in their fourth year of
life. These estimates, their averages, and the
standard deviations of the means are shown in
table 7. The marked group numbers associated
with the estimates are shown in parentheses.

Using the averages in table 7 as the instantane-
ous mortality rates of 3- and 4-fresh-water smolts
during their first month of ocean residence, we
can estimate the mortality rates in any ocean
month, m, as follows:

Myp=M,[1— (m-1)d] (23)

TaBLE 7.—Estimales of first-month instantaneous ocean
morlality rates for 3- and 4-fresh-waler smolts, Karluk
River sockeye, population model 2

[Effects of marking adjusted by factor of 1.27]

Fresh- 8tandard
water age | First-month instantaneous ocean Average | deviation
group mortality rate, M; of mean
. S 0.0720 (1); 0.0805 (6); 0.0700 (9); 0.0575 0. 0649 0. 0025
(13);0.0848 (18); 0.0545 (19);0.0660 (23).
[ S 0.560 (2); 0.0529 (6); 0.0504 (10); 0.0424 . 0549 . 0030
83 0.0619 (17); 0.0873 (20); 0.0534

Table 8 gives the instantaneous mortality rates
for each month of ocean residence for the two
fresh-water age groups.

Mortality Rates of 3- and 4-Fresh-Water Smolts by
Ocean Age and Ocean Year

From the estimated monthly instantaneous
ocean mortality rates given in table 8, we obtain
estimates of the mortality rates for each ocean
age group and ocean year as shown in table 9.

The estimated total ocean mortality rates for
3-fresh-water smolts range from 54.7 percent for
those fish that mature as l-ocean sockeye to
79.5 percent for those fish that mature as 4-ocean
sockeye. Corresponding estimates for the 4-
fresh-water smolts are 50.5 and 74.1 percent
respectively.

Under this population model, the annual ocean
mortality rates for 3-fresh-water smolts decrease
from 54.7 percent during the first year (14.17
months) of ocean residence to 9.8 percent during
the fourth year (11.83 months) of ocean residence.
For 4-fresh-water smolts, the annual mortality
rate decreases from 50.5 percent during the
first year of ocean residence to 8.5 percent during

TABLE 8.—Estimated monthly instantaneous ocean mortality rates for 3- and j-fresh-water smolts, Karluk River sockeye,
population model 2

Instantaneous

Instantaneous
mortality rate,

mortality rate,

Month at fresh-water age group Month at fresh-water age group
sea (m) sea (m)

3 4 3 4

0. 0649 0. 0549 0. 0486

. 0635 .0538 .0473

. 0622 . 0526 . 0459

. 0608 . 0515 . 0445

. 0695 . 0503 . 0432

. 0581 . 0492 . 0418

. 0568 . 0481 . 0405

. 0554 . 0469 . 0391

. 0540 . 0458 . 0378

. 0527 . 0446 . 0364

. 0513 . 0435 . 0350

. 0500 . 0424 . 0337

Instantaneous Instantaneous
mortality rate, mortality rate,
Month at | fresh-water age group Month at | fresh-water age group
sea (m) sea (m)

3 4 3 4

0. 0160 0. 0139

. 0147 . 0127

. 0133 . 0116

. 0120 . 0104

.0108 .0003

. 0093 . 0082

. 0079 . 0070

. 0066 . 0059

. 0062 . 0048

. 0038 .0036

. 0025 . 0025

. 0011 .0013

. 0002
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TaBLE 9.—Estimated ocean mortalily rales for each ocean
age group and ocean year, 3- and j-fresh-waler smolls,
Karluk River sockeye, population model 2

[Effects of marking adjusted by factor of 1.27)

Total Instan-
Fresh Duration| instan- | Total |Duration| taneous { Annual
water | Ocean {ofocean | taneous | ocean 1 ofocean mortality| ocean
age age |residence|mortality|mortality] year rate |mortalit
group rate |rate (ax) during |rate (¢'x
year
Years | Months Percent | Months Percent
1 14,17 | 0.7029 54.7 14,17 | 0.7929 54.7
3 2 25.33 | 1.2256 70.6 11.16 . 4328 35.1
"""" 3 36.00 | 1.4815 77.3 10.67 . 2560 2.6
4 47.83 | 1.5843 70.5 11.83 .1028 9.8
1 15. 00 . 7038 50.5 15.00 . 7038 50.5
4 2 26.67 | 1.0739 85.8 11.67 . 3701 30.9
"""" 3 36.17 | 1, 716 9. 50 . 18687 17.0
4 48,17 | 1.3494 74.1 12.00 . 0888 8.5
the fourth year of ocean residence. Most of the

ocean mortality takes place during the first 14
or 15 months of ocean residence according to the
estimates given in table 9.

MATURITY SCHEDULES

The maturity schedules for 3- and 4-fresh-water
smolts under Population Model 2 are estimated by
the procedure described under Population Model 1.
Factorization and transposition of terms in equa-
tions (19) to (21) and substitution of appropriate
values for the terms and sums of the arithmetic
progressions in the exponents of these equations
provide the following expressions for the propor-
tions of surviving 1-, 2-, and 3-ocean sockeye that
mature at the end of the first, second, and third
"years of ocean life:

3-fresh-water smolts:

P1= Ry / Noe~15-8321]

= Rﬂ/l Npe—28.98M1 Rle—s .471[1]

D= R/l Noe—28.99M1 _ R o—13.48M1 _ R, o—5.01M1]
4-fresh-water smolts:

P1= R/ Nye—10.28M1]

P2=Ra/ Noe—24-84M1 _ R, g—8.56M1]

D3= Ry /[ Noe—20.16M1 — R, g—13.83M1 — R, g—4.52M1]

Using data from tables 3 and 7 in the above
expressions to obtain estimates of p,, p,, and p, for
each group of marked 3- and 4-fresh-water smolts
and inserting the resulting p-values in equations
(14) to (17), we can obtain the average per-
centages of 3- and 4-fresh-water smolts that
mature as 1-, 2-, 3-, and 4-ocean sockeye under
Population Model 2. The average percentages
are shown in table 10.

Under Population Model 2, slightly higher
proportions (approximately 4 to 7 percent) of the
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TaBLE 10.—Estimated average percentages of 3- and j-fresh-
water Karluk River sockeye smolls that maiure at different
ocean ages, population model 2

[Each average Is based on seven &roups of marked fish; effects of marking

adjusted by factor of 1,27]
Percent maturing at ocean age:
Fresh-water age group 1 2 3 4
@y | @y | @ | @
e iR RB| RR| B

3- and 4-fresh-water smolts mature by the end
of 2 years of ocean life than under Population
Model 1. The differences between the maturity
schedules under Population Models 1 and 2
result from differences in the distribution of ocean
mortality. '

Total Ocean Mortality Rate for a Given Outmigration

The ocean mortality rate for a given out-
migration of sockeye is the same under Population
Model 2 as it was under Population Model 1.
This rate is fixed, in our estimates, by the ratios
of marked fish returning to those released. Redis-
tribution of the monthly instantaneous ocean
mortality rates does not affect it.

POPULATION MODEL 3

Population Models 1 and 2 deal with what
might be considered as two extreme situations
with regard to the temporal distribution of ocean
mortality of Karluk sockeye. In one case we
considered ocean mortality to be constant through-
out the period of ocean residence. In the other
case we considered ocean mortality to decrease
continually throughout the period of ocean resi-
dence, becoming zero at the end of 4 years. In
view of the evidence which suggests that the
ocean mortality rate of sockeye is greater  while
they are small than it is when they become larger
and in view of the lack of evidence that the ocean
mortality rate continually decreases and becomes
zero after an extended period of time, it seems
worthwhile to examine what is intended to be an
intermediate situation, one that we will consider
under Population Model 3.

In this model it is assumed that the monthly
instantaneous mortality rate decreases geometri-
cally during the first 6 months of ocean residence
such that M,, the second-month mortality rate,
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is equal to 0.5M,, where M, is the first-month
mortality rate; M;, the third-month mortality
rate, is equal to 0.5M, or 0.25M,; M,, the fourth-
month mortality rate, is equal to 0.5M; or 0.125M ;
M;, the fifth-month mortality rate, is equal to
0.5M, or 0.0625M,; and M,, the sixth-month
mortality rate, is equal to 0.5M; or 0.03125M,.
It is further assumed that the instantaneous
mortality rate during the seventh and each
succeeding month of ocean residence is equal to
M, or 0.03125M,.

The sum of the monthly instantaneous mortal-
ity rates during the first 6 months of ocean resi-
dence is M1+05M1+0.25M1+ [P +0.03125M1,
or 1.96875M,. The sum of the monthly instanta-
neous mortality rates during any number of
months after the sixth month of ocean residence
is the product of the number of months involved
and 0.03125M,.

The quantities Ny, Ry, Ry, Rs, R. p1, P2 s
P tl+k1, tg+k2, t3+k3, and t|+k4 are as defined
in the previous models. The factor 1.27 is used
to adjust for the effects of marking. Thus, the
returns of sockeye of different ocean ages are as
shown by the following equations:

Rl =p1Noe-l .27M1(1.96875+ (¢;+-%1—6) (0.03125) ] (24)

Rg =p2N0e-l .27M (1.96875+ (22+k3—6) (0.03125) ]

— Plee_l 21M [ (tg+kg)— (2g-+ky) 1(0.03125) (2 5)

Ra=PsNoe_l 2TM [1.96875+ (#3-+k3—6) (0.03125) ]
_psRle—-l 27M ({t3-+ka)— (¢)+%y) 1€0.03126)

— Py Roe 1 Tt~ (rHk) J0.03128) (96

R4= Noe—l 27M [1.96875 (¢44+%4—6) (0.03125) ]
— R, e~ 1M1 LGtk — (irHe1) 10.08125)
— Ry 1-77M11Gtke) — (k) 10.08125)

—_ Rae—l.21M|[(lq+h)—(la+h)!(0.03!25) (27)

Equation (27) is used to solve for M, for the 3-
and 4-fresh-water smolts by the trial method
mentioned previously. Substitution of the ap-
propriate ¢- and k-values in equation (27) yields
the following expressions for estimating M;:

3-fresh-water smolts:
Bi=Nye416Mi— B o—1.34M1 . B, o~0.80M) Rze—0-47M,

4-fresh-water smolts:

Ry=Npe~4-11M1_ R g~1.32M1 __ R,g—~0.85M1 _ R, o—0.48M,

KARLUK RIVER SOCKEYE SALMON

TaBLE 11.—Estimates of first~-month instantaneous ocean
mortality rales for 3- and }-fresh-waler smolls, Karluk
River sockeye, populaiion model 3

[Effects of marking adjusted by factor of 1.27]

Fresh- First-month instanteneous ocean Standard
water age mortality rate, M! Average | deviation
of mean

0.5224 (1); 0.5230 (5); 0.5279 (9); 0.4410 0. 4876 0. 0167

(13). 0.4870 (16); 0.4140 (19). 0.4076

0. 4138 (2); 0.3053 (6); 0.8746 (10); 0 3181 . 4123 . 0236
(14;, 0.4660 (17); 0.5114 (20);

Estimates of Monthly Instantaneous Ocean
Mortality Rates

Each of the seven groups of marked 3-fresh-
water smolts and the seven groups of marked
4-fresh-water smolts (table 3) provides an estimate
of the first-month instantaneous ocean mortality
rate of Karluk sockeye that migrate to sea in their
third and fourth years of life. These estimates,
their averages, and the standard deviations of the
means, are shown in table 11. The marked group
numbers associated with the estimates are shown
in parentheses.

Using the averages in table 11 as the mst,a.n-
taneous mortality rates of 3- and 4-fresh-water
smolts during their first month of ocean residence,
we can obtain estimates of the mortality rates
during the second through sixth months of ocean
residence under Population Model 3 by multiply-
ing M, by 0.5, 0.25, 0.125, 0.0625, and 0.03125,
respectively. Table 12 gives the instantaneous
mortality rates for each month of ocean residence
for the two fresh-water age groups.

Mortality Rates of 3- and 4-Fresh-Water Smolts by
Ocean Age and Ocean Year

From the estimated monthly instantaneous
ocean mortality rates given in table 12, we obtain
estimates of the mortality rates for each ocean
age group and ocean year as shown in table 13.

TaBLE 12.—Estimated monthly instantaneous ocean mor-
tality rates 3- and j-fresh-waler smolis, Karluk River
sockeye, population model 3

Instantaneous
mortality rate

Month at sea

3-fresh- 4-fresh-
water fish | water fish

0. 4876 0.4123
. 2438 . 2082
L1219 .1031
. 0610 . 0515
. 0805 . 0258
. 0152 .0129
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TasLE 13.—Estimated ocean moriality rates for each ocean
age group and ocean year, 3- and 4-fresh—waler smolis,
Karluk River sockeye, populalion model 3.

[Effects of marking adjusted by factor of 1.27]

Duration| Total Instan-

Fresh of ocean | instan- | Total |Duration| taneous [ Annual
water | Ocean (residence| taneous | ocean |ofocean [mortality| ocean

age age in  |mortality|mortality| year rate [mortality
group months | rate |rate (as) during [rate (a’s)

year

Years | Months Percent | Months Percent
F: F— 1 14.17 | 1.0842 66.2 14.17 | 1.0842 66.2
2 25.33 | 1.2538 71.4 11.16 . 1696 15.6
3 36.00 | 1.4160 75.7 10.67 . 1622 15.0
4 47.83 | 1.5958 79.7 11.83 . 1798 16.
[ S—— 1 15. 00 . 9279 60. 5 15.00 . 9279 60.5
2 26.67 | 1.0784 66.0 11. 67 . 1505 14.0
3 36.17 | 1.2010 69.9 9. 50 . 1226 11.5
4 48.17 | 1.3558 74.2 12.00 .1548 14.3

The estimated total ocean mortality rates for
3-fresh-water smolts range from 66.2 percent for
those fish that mature as 1-ocean sockeye to 79.7
percent for those fish that mature as 4-ocean
sockeye. Corresponding estimates for the 4-fresh-
water smolts, under this model, are 60.5 and 74.2
percent, respectively.

The annual ocean mortality rates for 3-fresh-
water smolts decrease from 66.2 percent during
the first year of ocean residence to 16.4 percent
during the fourth year of ocean life. For 4-fresh-
water smolts, the annual ocean mortality rate
decreases from 60.5 percent during the first year
of ocean life to 11.5 percent during the third year
of ocean life and then increases to 14.3 percent
during the longer fourth year of ocean residence.

Under this model, most of the ocean mortality
takes place during the first 6 months of ocean
residence.

Maturity Schedules

Factorization and transposition of terms in
equations (24) to (26) and substitution of appro-
priate & and k- values in the exponents of these
equations provide the following expressions for
the proportions of surviving 1-, 2-, and 3-ocean
sockeye that mature at the end of the first, second,
and third years of ocean life:

3-fresh-water smolts:
= Ry/[Noe-r830)
po= Ry[[N,e=3 1M — R ¢~0.44M1]
py=Rs/[N,e3-0M, — R g—0.81M, _ Ro~0.42M,]

4-fresh-water smolts:
1= Ry/[N,e2-5021]
pa= Ry/[ N ,e~3-32M1— R ¢—0.46M)]
ps= R;/[N,e=3 108, _ R 0.8 R p—038M))
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Using data from tables 3 and 11 in the foregoing
expressions to obtain estimates of p,, p;, and p; for
each group of marked 3- and 4-fresh-water smolts
and inserting the resulting p-values in equations
(14) to (17), we can obtain the average percentages
of 3- and 4-fresh-water smolts that mature as 1-,
2-, 3-, and 4-ocean sockeye under Population
Model 3. The average percentages are shown in
table 14.

TABLE 14,—Estimaled average percentages of 3- and j-fresh-
water Karluk River sockeye smolts thal mature at different
ocean ages, population model 3

[Each average is based on seven groups of marked fish; effects of marking
adjusted by factor of 1.27]

Percent maturing at ocean age:
Fresh-water age group 1 2 3 4
(¢ [¢3D)] (p'y) @)
oo AR ORR| O Re| B

Under this population model, approximately
2 or 3 percent more of the 3- and 4-fresh-water
smolts mature by the end of the second year of
ocean life than under Population Model 2.

POPULATION MODEL 4

It might be hypothesized that the difference
between the ocean mortality rates of 3- and 4-
fresh-water sockeye smolts is caused by some
survival condition which operates differentially
on small (3-fresh-water) and large (4-fresh-water)
smolts early in the ocean lives of these fish, say,
during the first month of ocean residence and that
the mortality rate during succeeding months of
ocean life is the same for the two fresh-water
age groups. If this is the case, it would seem to
follow that the first-month ocean mortality rates
for both fresh-water age groups would be great
in comparison with the mortality rates during
the second and succeeding months of ocean life.
In this section, we will consider a population model
that simulates these survival conditions.

It is assumed that the first-month instantaneous
ocean mortality rate of 4-fresh-water smolts,
M,,, is 20 times M,,, their instantaneous mortality
rate during the second and each succeeding month
of ocean residence. The first-month instantane-
ous ocean mortality rate of 3-fresh-water smolts
is represented by M,, or cM,, where ¢ measures
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the differential mortality caused by some survival
condition. The mortality rate of 3-fresh-water
smolts during the second and each succeeding
month of ocean residence is assumed to be the
same as for 4-fresh-water smolts, that is M,, or
0.05 M,,.

The qll&ntitie-s Ny, Ry, R, B, R, D1y Dz D3y Py
btk ks, titks, and t,4-k, are as previously
defined. The factor 1.27 is used to adjust for
the effects of marking. Hence, the returns from
the 4-fresh-water smolt migrations are as shown
by the following expressions:

Ry=p,Noe™ 1281, [+ (1411 (0.09)] (28)
Ry=p,Nye~ 1181, L+ tt-1) 0.05)]
— Pa Rye~1- 1M1, 0.05) [(ag k)= ey ] (29)

Ry=p3Noe~1-#7201, [+ Ugtk3—1) (0.05)]
— pg By 1-27M1,0.08) [(agHkg)— (er-HEp ]

— Py Rag=1:27M1,0.05) [igkg)— (it ] (30)

Ry= N1 211, I+ (g g1 0.05))
— Rye™1-27M1,0.05) [(ig+kg)— (11-+kp) ]
—_ Rze—l.27M1‘(0.05)[(l4+k4)—(12+k2)] (31)

— Rye~1-2731,0.08) [ty k)~ Cig+rg) ]

The returns of 1-, 2-, 3-, and 4-ocean fish from
the 3-fresh-water smolt migrations are represented
by equations identical to (28) through (31)
respectively except that ¢, rather than 1, appears
as the first term inside the bracketed portion of
the first exponent of each equation. Thus, the
returns of 4-ocean fish from the 3-fresh-water
smolts migrations are represented as follows:

R, = Nye 1 21M1, [o+ (1 k=1 0.05)]
— Ry 171, 0.08) Kty kg = Crytkp) )
— Ry 1-91M1,0.08) [(ig+kg) - (1r+hp))

_ Rse—l -27M1, (0.05) [ (1g-+Kyg) — (13+k3) ] (32)

Equation (31) is used to solve for the first-month
instantaneous ocean mortality rate for the 4-fresh-
water smolts by the trial method used in previous
population models. Substitution of appropriate
t- and k-values from table 2 reduces equation
(31) to the following expression:

—4.26M —2.1151
R4=Noe 14—R!e 1

— R 0 Rae—o.mll1 .
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Estimates of Monthly Instantaneous QOcean
Mortality Rates

Each of seven groups of marked 4-fresh-water
smolts (table 3) provides an estimate of the first-
month instantaneous ocean mortality rate of
Karluk sockeye that migrate to sea in their fourth
year of life. These estimates, their average, and
the standard deviation of the mean are shown in
table 15. The marked group numbers associated
with the estimates are given in parentheses.

TaBLE 15.—Estimates of first-month instantaneous ocean
mortality rates for 4-fresh-water Karluk River sockeye
smolts, population model 4

[Effects of marking adjusted by factor of 1.27]

. Average, Standard
First-month instantaneous ocean mortality rate, )8 " | deviation
] Y of mean
0.4734 (2); 0.4501 (6); 0.4200 (10); 0.3608 (14); 0.5212 0.46846 0.0248
(17); 0.5656 (20); 0.4522 (24).

Based on the average first-month instantaneous
ocean mortality rate of 0.4646, the estimated
mortality rate of 4-fresh-water (and 3-fresh-water)
smolts during the second and each succeeding
month of ocean residence is 0.05 times 0.4646 or
0.0232.

Inserting the estimate of M, , and appropriate ¢
and k-values in equation (32), we obtain the fol-
lowing expression for the returns of 4-ocean fish
from the seaward migrations of 3-fresh-water
smolts:

4=Noe—0 .5906—1 a8 __ Rle—o 99___ R’e—o 68 ___ Rae_o .35

Transposing terms and taking logarithms, we
obtain the following expression for ¢:

c=In {[Ry+ Rie~"®+ Rye~0% | Rye~0%]/
Noe™! %} /-0.00

Each of seven groups of marked 3-fresh-water
smolts (table 3) provides an estimate of ¢. Each
estimate of ¢, in turn, can be multiplied by M,,
to furnish an estimate of M), the first-month
instantaneous ocean mortality rate for 3-fresh-
water sockeye smolts. Table 16 shows the esti-
mates of ¢ and M,, for each marked group, the
average first-month instantaneous ocean mortality
rate, and the standard deviation of the mean
mortality rate.
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TaBLE 16,—Estimates of firsi-month instantaneous ocean
mortality rates of 3-fresh-water Karluk River sockeye
smolts, population model 4

[Effects of marking adjusted by factor of 1.27]

First-month
Coefficient of |instantaneous
Marked group No. differential | ocean mor-
mortality, ¢ | tality rate,
13
1.67 0.7769
1.62 . 7526
1.65 . 7666
1.09 . 5084
1.41 . 6551
.85 . 4414
1.47 . 6830
VeI AZeS  amem oo mammm e ———— 1.41 0. 6544
Standard deviation of mean mortality rate. _._|-__.._........ . 0500

Based on the averages given in table 16, the
first month instantaneous ocean mortality rate of
3-fresh-water smolts is approximately 40 percent
greater than the corresponding rate for 4-fresh-
water smolts and about 28 times (1.41X20 or
0.6544/0.0232) greater than the instantaneous
mortality rate during the second and each suc-
ceeding month of ocean residence for 3- and
4-fresh-water smolts.

Mortality Rates of 3- and 4-Fresh-Water Smolts by
Ocean Age and Ocean Year

From the average first-month instantaneous
ocean mortality rates given in tables 15 and 16,
we obtain estimates of the mortality rates for
each ocean age group and ocean year as shown
in table 17.

TaBLE 17.—Esitimated ocean mortality rates for each ocean
age group and occcan year, 3- and 4-fresh-waler smolls,
Rarluk River sockeye, population model 4

[Effects of marking adjusted by factor of 1.27]

Total Instan-

Fresh Duration| instan- | Total '|Duration| taneous | Annual

water | Ocean |of ocean | taneous | ocean [ofocean (mortality| ocean
age age [residence|mortalityimortality| year rate  |mortality
group rate |rate (ax) during [rate (a’s)

year

Years | Aonths Percent | Months Percent
F: S 1 14.17 | 0.9599 6L.7 14.17 | 0.9599 61.7
2 25.33 | 1.2189 70.4 11.16 . 2589 22.8
3 36.00 | 1.4664 76.9 10. 67 . 2476 21.9
4 47.83 | 1.7408 82.5 11.83 2745 4.0
4 1 15.00 . 7804 54.6 15.00 . 7804 54.6
2 26.67 | 1.0601 65. 4 11.67 . 2707 2.7
3 36.17 | 1.2805 72.2 9.50 . 2204 19.8
4 48.17 | 1,5589 79.0 12.00 . 2784 24.3

The estimated total ocean mortality rates range
from 61.7 percent for those 3-fresh-water smolts
that mature as l-ocean fish to 82.5 percent for
those that mature as 4-ocean sockeye. Corre-
sponding estimates for the 4-fresh-water smolts
are 54.6 and 79.0 percent, respectively.
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The annual ocean mortality rates for 3-fresh-
water smolts decrease from 61.7 percent during
the first year of ocean life to about 22 to 24 per-
cent during each of the last 3 years of ocean
residence. For 4-fresh-water smolts, the annual
ocean mortality rate decreases from 54.6 percent
during the first year of ocean life to about 20 to
24 percent during each of the succeeding years.

Under this model, of course, most of the ocean
mortality takes place during the first month of
ocean residence.

Maturity Schedules

Expressions for the proportions of surviving 1-,
2-, and 3-ocean sockeye that mature at the end of
the first, second, and third years of ocean life can
be obtained from equations (28) to (30) for 4-
fresh-water smolts and from analogous equations
(not shown in the text) for 3-fresh-water smolts.
These expressions, after substitution of appro-
priate ¢- and k-values, are as follows:

3-fresh-water smolts:
= Ry/[ Nye—1-21M, te+0.6585)]
Po=Rof[ Nope121M (c+1.2165) —
p3=Rs/[ Noe 213 (c+1.7500) —

Rye—0.1087M, )

Rie1380M ), R o~0.675M, ]

4-fresh-water smolts:
p1= Ry/[ Noe—3-1500My ]
Po= Rof[ Noe~2 0008y,
p3= Ry/[ Noe—3-50330, —

R, e—0-110M ]
Rie—13H3M, _ R o—0.0023 ]

Using data from tables 3, 15, and 16 in the
above expressions to obtain estimates of p;, p., and
p; for each group of marked 3- and 4-fresh-water
smolts, and inserting the resulting p-values in
equations (14) to (17), we can obtain the average
percentages of 3- and 4-fresh-water smolts that
mature as 1-, 2-, 3-, and 4-ocean sockeye under
Population Model 4. The average percentages
are shown in table 18.

TaBLE 1S.—Estimated average percenlages of 3- and j-fresh-
waler Karluk River sockeye smolls that mature at different
ocean ages, population model 4

[Each average is based on seven groups of marked fish; effects of marking
adjusted by factor of 1.27]

Percent maturing at ocean age:

Fresh-water age group 1 2 3 4

(") (¢:4)] (6:4))] (¢:0)]

.11 57.30 39. 69 100
73.36 21.61 .69

[ 3
'
:
I
'
'
H
]
i
I
]
'
'
'
'
H
1
'
'
I
'
]
'
1
L
.
]
'
'
|
i
'
|
[

U.S. FISH AND WILDLIFE SERVICE



The maturity schedules of 3- and 4-fresh-water
smolts under this population model are very similar
to those under Population Model 2.

COMPARISON OF OCEAN MORTALITY
RATES

The estimated average monthly instantaneous
mortality rates during the different years of ocean
life of 3- and 4-fresh-water Karluk sockeye smolts
under the four population models are compared
in figures 2 and 3. Similar comparisons of the
annual ocean mortality rates are given in figures
4 and 5.

The mortality rates obtained under Population
Model 1 are lower during the first year of ocean
life than those obtained under the other three
models. The situation is reversed in the second
year. In the third and fourth years of ocean res-
idence, the mortality rates under Population
Models 2, 3, and 4 are considerably lower than
those obtained under Population Model 1. The

0.081
0.07
0.06

0.05f

0.04

Q.03

(4)

0.02f

AN (3)
oo} AN

Ld
(2)

AVERAGE MONTHLY INSTANTANEOUS OCEAN MORTALITY RATE

OCEAN YEAR

Figure 2.—Estimated average monthly instantaneous
ocean mortality rates of 3-fresh-water Karluk River
sockeye smolts under Population Models 1, 2, 3, and 4.
(Data from tables 5, 9, 13, and 17.)
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Figure 3.—Estimated average monthly instantaneous
ocean mortality rates of 4-fresh-water Karluk sockeye
smolts under Population Models 1, 2, 3, and 4. (Data
from tables 5, 9, 13, and 17.)
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Ficure 4.—Estimated average annual ocean mortality
rates of 3-fresh-water Karluk sockeye smolts under
Population Models 1, 2, 3, and 4. (Data from tables
5,9, 13, and 17.)
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Ficure 5.—KEstimated average annual ocean mortality
rales of 4-fresh-water Karluk sockeye smolts under
Population Models 1, 2, 3, and 4. (Data from tables
5, 9, 13, and 17.)

mortality rates during the first 3 years of ocean
life are of principal interest, since only a minor
fraction of the sockeye spend 4 years in the ocean.

DISCUSSION OF OCEAN MORTALITY
RATES

The accuracy of the ocean mortality rate esti-
mates presented here depends on the accuracy of
the basic data used in the four population models
and the validity of certain assumptions earried in
the different models.

The numbers of sockeye in each marked group
released were determined by counting the indi-
vidual fish from which fins were removed. Since
each marked fish was handled in the process of
fin excision, the counting errors can be considered
negligible.

The age composition of the marked smolts was
estimated for each day of marking. Judging from
Barnaby’s report (1944, p. 272 and table 26), from
65 to 200 fish were sampled each day for this pur-
pose. Seasonal total sample sizes ranged from
about 1,000 to 2,000 fish. From this it would ap-
pear that the percentage error in the estimated
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numbers of marked smolts of a given fresh-water
age in any experiment was quite small, probably
less than 2 or 3 percent.

In an attempt to minimize any bias caused, for
example, by early-running smolts of a given fresh-
water age returning as late-running adults in sub-
sequent seasons (or, as another example, late-
running smolts of a given fresh-water age return-
ing as early-running adults in subsequent seasons),
smolts were marked throughout the period of sea-
ward migration, and sampling for returning mark-
ed adults was carried out rigorously. It wasfound
that the percentage occurrence of returning mark-
ed fish of each age group was fairly constant
throughout the season (Barnaby, 1944, p. 282).
This indicates that proportionate numbers of
early-, middle-, and late-running adults of a given
fresh-water age had been marked as smolts.

Enumeration of returns of marked fish involved
sampling as large a portion as possible of each
day’s catch taken near the mouth of the Karluk
River by beach seine, a type of gear generally con-
sidered to be relatively nonselective with respect
to age or size of fish. The numbers of sockeye of
pertinent ocean ages that were examined for marks
from 1930 to 1937, together with the sampling
ratios, can be calculated from Barnaby’s tables 33,
34, 37, 39, and 43 and are as follows:

Estimated | Estimated
Year of | Ocean age groups of marked fish of fish of Mark
sampling fish oceurring in indicated | indicated | indicated | sam-
formarked| year of sampling (Year of | ocean ages | ocean ages | pling
fish smolt migratlon shown in [in total run| examined | ratio
parentheses) in year of | for marks
sampling
Number Number |Percent
1930 ... 1(1929).  _oeooocmceneeae 182, 891 0.
1931 ___._. 1 (19 2(1929) o ____..._. 1, 501, 886 210, 920 14.0
1932 _____ 1Q1 931), 2 (19@0), (1929) . .- 1,412,179 159,279 11.3
1933 .. 1 (1??22)6) (1931); 3 (1930); 1,812, 577 178, 080 9.8
4 (19:
1934 ..__ 1 (19633:8 2 (1932), 3 (1931); | 2,064,190 311,730 15.1
1985._____ 2 (1933) 3 (19323 4 (1931) ___.| 1,407,551 151, 821 10.8
1936._____. 3 (1933), (1082) - <cmemceee o , 41,257 12.5
1937 .- 4 (1938). - e L1 I F—

Except for 1930, approximately 10 to 15 percent
of each year’s total run of sockeye of the pertinent
ocean age groups was examined for marks. The
low sampling ratio in 1930 might account for the
relatively large numbers of marked l-ocean sock-
eye that were estimated to have returned from
the 1929 releases of 3- and 4-fresh-water smolts.

The number of marked fish returning to the
Karluk River were estimated on a weekly basis
from catch statistics, weir counts, age composition
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of sockeye in the catch and escapement, and the
proportions of marked fish occurring in the catch
samples examined.

Judging from the large numbers of fish examined
for marks (except in 1930), it is likely that the
statistical errors involved in applying the sample
ratios of marked-to-unmarked fish to the total
run are very small. A procedural error, however,
might have been introduced by misallocation of
sockeye catches made in waters along the north-
west coast of Kodiak Island. Misallocation of
Karluk sockeye to other river systems would
result in underestimates of the numbers of marked
fish returning to the Karluk River and overesti-
mates of ocean mortality. Misallocation of sock-
eye of other systems to the Karluk runs, on the
other hand, would result in overestimates of the
numbers of marked fish returning to the Karluk
River and underestimates of ocean mortality.

On the basis of a tagging experiment on the
western shore of Uganik Bay on Kodiak Island in
1927 (Rich and Morton, 1929), Barnaby (1944)
considered all sockeye caught along the Kodiak
Island coast between Cape Karluk (about 3 miles
west of the mouth of the Karluk River) and West
Point (about 6 miles inside the western shore of
Uganik Bay and about 75 miles northeasterly
from the mouth of the Karluk River) to have been
fish originating in the Karluk River. Rich and
Morton’s study shows that some of the sockeye
tagged in Uganik Bay were destined to areas other
than the Karluk River. This indicates that some
sockeye were misallocated to the Karluk runs by
Barnaby’s procedure. The extent to which this
probable misallocation is compensated for by the
allocation of Karluk sockeye caught outside the
Cape Karluk-West Point area to other river
systems cannot be accurately assessed. There is,
however, some information available on this
matter from unpublished catch statistics, tagging
studies conducted in the late 1940’s (Bevan, 1962),
and escapement counts.

Donald E. Power and I have made a compilation
of sockeye catch statistics for the Cape Karluk-
West Point area for the years from 1930 to 1936.
This compilation showed that approximately 70
percent of the total sockeye catch assigned to the
Karluk River from 1930 to 1936 was taken between
Cape Karluk and Cape Uyak, about 8 miles north-
east of the mouth of the Karluk River. Thus, the
bulk of the sockeye catch assigned to the Karluk

KARLUK RIVER SOCKEYE SALMON

River was taken within a relatively short distance
from the mouth of the river.

Bevan (1962) shows that only a relatively small
proportion of sockeye tagged in the area between
Cape Karluk and Cape Uyak in 1948 was recovered
in areas other than the Karluk River or near its
mouth. This indicates that the great majority of
sockeye caught in the Cape Karluk-Cape Uyak
area were Karluk fish.

During the years 1930-36, when marked sockeye
were returning to the Karluk River, approximately
60 percent of the estimated total Karluk sockeye
runs consisted of fish that passed through the
counting weir in the Karluk River. Thus, if all
of the sockeye caught between Cape Karluk and
Cape Uyak are considered to have originated in the
Karluk River, those catches plus the escapements
would account for about 88 percent (60 percent
plus 0.7 times 40 percent) of the estimated total
Karluk sockeye runs between 1930 and 1936. Of
the remaining portion of the estimated total runs,
that is, the sockeye caught between Cape Uyak
and West Point, Rich and Morton (1929) shew
that a large proportion of the fish taken inside the
mouth of Uganik Bay are Karluk sockeye. Bevan
(1962) also shows that large proportions of the
sockeye taken in the Cape Uyak-West Point area
originate in the Karluk River.

That Barnaby’s procedure for allocating catches
to the Karluk sockeye runs likely resulted in a
misallocation of Karluk fish to other river systems
is indicated by the results of tagging experiments
reported by Bevan (1962). Those experiments
showed that large proportions of sockeye tagged
outside the Cape Karluk-West Point area, namely,
off Afognak Island in 1948 and off Uganik, Rasp-
berry, and Afognak Islands in 1949, were fish that
originated in the Karluk River. Bevan reports
that from sockeye tagging at a wide variety of
locations along the northwest coast of Kodiak
Island, the Karluk system accounted for about
90 percent of the stream recoveries made on that
coast.

On the basis of the foregoing information, it is
reasonable to conclude that relatively small
proportions of the estimated total Karluk sockeye
runs from 1930 to 1936 consisted of fish originating
in other river systems and that these small
proportions were offset or more than offset by
misallocation of Karluk sockeye to other systems.

A source of mechanical error in the estimates of

567



)

marked sockeye returning to the Karluk River is
the failure to detect all of the marked fish in the
catch samples that were examined. No measure of
such error is available for the Karluk experiments.
It is an error, however, that is generally recognized
to occur in marking studies. Such an error results
in underestimates of numbers of marked fish
returning and overestimates of ocean mortality
rates.

The estimated durations of ocean residence
probably contain some error. The errors, however,
cannot be great since the smolts migrate to sea
within a matter of a few weeks, and the estimated
dates on which 50 percent of the fish in the different
age groups return to the Karluk River are based on
data for 27 years. In any event, an error of 1 or 2
months in estimating the durations of ocean
residence would not affect the estimates of
mortality very much.

The factor used to adjust for the effects of
marking on survival perhaps should be some
quantity other than 1.27. Just what, if any,
alternative factor should be used is difficult to say,
although it is highly unlikely that it should be
less than 1.0. If no adjustment is made for the
effects of marking, the instantaneous ocean
mortality rates would be 1.27 times those rates
obtained in the four population models. If the
adjustment for marking mortality is increased,
the instantaneous ocean mortality rates obtained
in the four population models would be reduced.
As Ricker (1962) points out, there is no theoretical
upper limit that the adjustment can have.

If it is assumed that mortality due to marking
takes place within a very short period of time
after the marked fish are released, an adjustment
for such mortality can be obtained from the ratio
of percentage returns of marked and unmarked
smolts. Although a considerable amount of
evidence indicates that marked sockeye smolts
suffer practically no mortality while being held for
observation (Barnaby, 1944, and Foerster, 1937),
I have estimated, for comparative purposes, the
average monthly instantaneous ocean mortality
rates of 3- and 4-fresh-water Karluk sockeye
smolts, assuming an initial marking mortality of
60 percent and a constant ocean mortality rate.
The estimate of initial loss is taken from data
presented by Foerster (1934, 1936, and 1937) and
as shown by Ricker (1962, table E, Appendix II).
The average monthly instantaneous ocean mortal-
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ity rates for the two fresh-water age groups of
Karluk sockeye are approximately 0.026 and 0.017
which are considerably lower than corresponding
estimates obtained in Population Model 1.

With regard to Population Model 1, available
evidence strongly suggests that ocean mortality of
sockeye is greater when the fish are small than it is
when they become larger. Accordingly, it seems
likely that the assumption of a constant ocean
mortality rate results in an underestimate of ocean
mortality during the early period of ocean residence

- and an overestimate during the later period of

ocean life.

Concerning Population Model 2, it is rather
unlikely that the ocean mortality rate decreases
uniformly from month to month. It is also
doubtful that the mortality of sockeye becomes
negligible during the last several months of the
fourth year of ocean residence. As for the first
point, an arithmetic progression not only is ‘a
convenient method of representing a decreasing
mortality rate but it also provides reasonably
satisfactory estimates of the average monthly
instantaneous mortality rates during the different
ocean years of life even though the mortality rate
does not decrease uniformly. As for the second
point, relatively few Karluk sockeye would benefit
from the low ocean mortality rates in the fourth
year following seaward migration, because prac-
tically all of them mature after 2 or 3 years in the
ocean.

Ocean mortality could be represented as a func-
tion of fish length or weight rather than time spent
in the ocean in Population Model 2.

As indicated previously, Population Model 3
is intended to represent an intermediate situation
with respect to the distributions of ocean mortality
assumed in Population Models 1 and 2. From
the standpoint of annual mortality rates (figs. 2 to
5), it does not depict the best intermediate situa-
tion. A lower rate of decrease in mortality during
the first 6 months of ocean residence, combined
with a constant ocean mortality rate thereafter,
would provide annual mortality rates that lie
between the estimates obtained in Population
Models 1 and 2.

I am not aware of any information at this time
upon which to judge the validity of the assump-
tioas concerning ocean mortality in Population
Model 4. For a situation such as that depicted
in this model to occur would require a short-term,
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selective, intensive removal of smolts by predators
near the mouth of the river, or a similar effect due
to such factors as water temperature or salinity
changes.

Some mention should be made of the fact that
none of the population models presented here
deals with situations such as where the mortality
rate is considered to increase throughout the ocean
life of sockeye or to be greater during the last
month or two of ocean life of maturing sockeye
than in preceding months or years.

The possibility that the mortality rate increases
throughout the ocean life of sockeye salmon can
be ruled out, I believe, on the basis of evidence
from the Karluk marking experiments and for
other sockeye populations (Ricker, 1962) that
ocean mortality is greater during the early part of
ocean residence than it is in later months and
years.

It is of course possible that ocean mortality is
greater during the last month or two of ocean life
of maturing sockeye than in preceding months or
years. Just what factor or factors might cause
this to happen is difficult to say. As far as
temporal effects of predation are concerned, smolts
are subjected to considerable predation as they
leave the river and enter the ocean. The size of
the smolts probably renders them vulnerable to a
variety of predators which cause little harm to
adult sockeye. And, as Ricker(1962) mentions,
although maturing sockeye are subject to preda-
tion by harbor seals and sea lions as they return
to fresh water, they are leaving waters where the
much more numerous fur seals occur.

Density-associated causes of mortality would
seem to be less severe among maturing sockeye
than smolt populations which are concentrated in
small areas as they migrate to sea, and no more
severe than for immature sockeye at sea.

Sockeye smolts appear to undergo at least as
severe physical and chemical changes in their
environment during their seaward migration as
maturing sockeye undergo in their return to fresh
water from the ocean.

Perhaps some physiological change associated
with maturation causes an increased mortality
among sockeye returning to fresh water. If so,
it is not reflected in the general appearance of the
fish. Sockeye taken in coastal waters are similar
to maturing sockeye caught on the high seas
insofar as body brightness and firmness of flesh
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are concerned (personal communication with R. R.
French). Nor does it result in a loss of body
weight, according to data on growth rates given
by Ricker (1962).

The foregoing considerations, of course, do not
rule out the possibility that ocean mortality of
maturing sockeye is greater during the last month
or two of ocean life than in preceding months or
years. In this connection, further investigation
of the distribution and extent of ocean mortality
of salmon is under way. For the time being,
however, it should be noted, as Ricker (1962)
notes with respect to his estimates of ocean mor-
tality, that if the mortality during the last few
months of ocean life of maturing salmon is greater
than the estimates presented here, then the mor-
tality rates during preceding months must be less
than those estimated here, since the total mortality
is fixed.

COMPARISON OF OCEAN GROWTH
AND MORTALITY

Ricker (1962, Appendix tables A, B, and C),
using data from Barnaby (1932), gives estimates
of the instantaneous growth rates for nine Karluk
sockeye fresh-water-ocean age groups during dif-
ferent years of ocean growth. These estimates,
together with extrapolated estimates for some
age groups not included in his tables, are shown in
table 19.

The average instantaneous growth rates of 3-
and 4-fresh-water sockeye during each of the 4
years of ocean growth can be estimated by weight-
ing the individual estimates of g shown in table
19 by the proportions of sockeye that mature as
1-,2-, 3-, and 4-ocean fish. Each of the four pop-
ulation models provides estimates of the weighted
average annual growth rates of the two fresh-
water age groups.

Using the maturity schedule obtained in
Population Model 1 (table 6), the weighted average
instantaneous growth rates of 3-fresh-water smolts
during the first, second, third, and fourth years
of ocean growth are estimated as follows:
21=[3.159(.0135) +2.811(.5141) +-2.894(1.4577)

+2.650(.0147)}/1=2.8513
g:=[1.262(.5141) +1.053(.4577) 4-0.964(.0147)]/0.9865

.=1.1606

g:, =(0.867(.4577)+0.794(.0147)]/0.4724 =0.8647
£,=[0.434(.0147)1/0.0147 =0.4340
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TaBLE 19.—Eslimated instanianeous growth rates of Karluk
River sockeye during four ocean growth years

[Data from Ricker (1962); see footnotes for details on estimates shown in

parentheses]
Growth rate () during
Ocean ocean growth year:
Fresh-water age group age
1 2 3 4
Years
- 1 3.159 ——
2 2.811 1.262
3 2. 894 1. 053 [V 7 A ——
4] 1(2.650)| 2 (0.964)| 3 (0.704)] +(0.434)
4 ——— 1 2.922
3 2, 655 L ) R P,
3| 8(2.548)( ©(0.927)( 7 (0.763)|.-cnn---
41 §(2.333) 9(0.849)( v (0.699)| 11 (0.382)

1 [2.811, 2.804 , 1.058 , 2.655
o - 1 I )
28507 | 3150 T2 182 T2z

. 1 2.811,2.894,1.053,2.655]
0984 =3 | 3750 281 Tz 2922 (10
2.811 | 2.804  1.053 2.655]
3.150 " 28117 1.262 ' 2,922 (0.867)

(2.804)

* 0.704) = [

1 [L262 0,867 , 0.074
‘a3 =3] ant 1.053+2.655] [©.790]

172022, 2,655 0.974]
} 2548 =5 [3.159 2811 11362 ] (2890

12,922 2.655  0.974 I
80927 =< | =+t —x
0.927) 3 L3.150  2.811 " 1.262 (1.033)

1 (0.763) =1 [[2:922, 2,655 0.974

3 L3.159 2.811+1.262] (0.867)

1 [2.811 2.804 1053  2.655
8 == ) 1 1
(2.333) 4 L3.159 "2381171.262 "2.922

2.811 , 2804 , 1053 , 2.655
3.159+2.811+1.262T2.932] [092n]

2.811 2,804  1.053  2.655
3.150 ' 2.811 ' 1.262" 2,922

oo [

Using this procedure to estimate the weighted
average growth rates of 4-fresh-water smolts during
each year of ocean growth under Population Model
1 and to obtain corresponding estimates for the two
fresh-water age groups under Population Models 2,
3, and 4, we obtain the set of weighted average
instantaneous growth rates shown in table 20.

] [2.548)]

" (0.549) =i

1 (0.609) =‘-f ] [(0.763)]

1 (0.382) =%

TaBLE 20.—Estimated weighled average instantaneous
growth rales (g) of 3- and 4-fresh-waler Karluk River
sockeye smolls during 4 years of ocean growth, under
population models 1, 2, 3, and

Year of Population model
Fresh-water age group | ocean
growth
1 2 3 4
T, 1 2.8513 2.8484 2. 8486 2, 8496
2 -1. 1606 1,1749 1.1802 1.1744
3 . 8647 . 8656 . 8654 . 8652
4 . 4340 . 4340 . 4340 . 4340
L 1 2.6343 2. 6412 2, 6462 2.6412
2 . 9607 9630 . 9636 9625
3 7605 . 7615 . 7615 . 7610
4 . 3820 . 3820 . 8820

In estimating the growth rates shown in table
20, the greatest weight is given to the growth
rates for sockeye that mature after 2 or 3 years
in the ocean. This means that in most cases the
extrapolated estimates given in table 19 do not
greatly affect the weighted averages. Also, with
regard to the estimating procedure, the weighted
growth rates are generally minimal values, since
they represent the growth between the time that
sockeye leave fresh water and the time that the
first ocean annulus is formed, or the time between
the formation of successive ocean annuli. The
relatively rapid rates of growth that take place
between the time the last ocean annulus is formed
and the time that mature sockeye return to the
Karluk River are not included in the estimates.

It is presumed here that the growth rates in
each of the years of ocean growth pertain to
periods of 12 months. Thus the duration of an
ocean-growth-year differs somewhat from the
durations of the ocean-mortality-years used in
estimating mortality rates. To obtain a set of
growth rate estimates that pertain to the time
periods for which mortality estimates have been
made, it is necessary to estimate the average
monthly instantaneous growth rates in each ocean-
growth-year and combine the resulting averages
for parts of two ocean-growth-years. For ex-
ample, the duration of the first year of ocean
residence of 3-fresh-water fish has been estimated
to be 14.17 months. The total instantaneous
growth rate of 3-fresh-water smolts. under Popu-.
lation Model 1, during the first 14.17 months of
ocean residence is estimated to be [(12) (2.8513)/
1214-[(2. 17)(1.1606)/12], or 3.0612. The average
monthly instantaneous growth rate during this
period is, in turn, estimated to be 3.0612/14.17,
or 0.2160. Also, for example, the duration of the
second year of ocean residence of 3-fresh-water
fish is considered to be 11.16 months. The total
instantaneous growth rate of these fish during
this period under Population Model 1 is esti-
mated to be [(9.83) (1.1606)/12] plus [(1.33)
(0.8647)/12], or 1.0465. The average monthly
instantaneous growih rate is estimated to be
1.0465/11.16, or 0.0938.

Table 21 shows the total and monthly instan-
taneous rates of growth and mortality for 3- and
4-fresh-water Karluk sockye during each ocean
year of life for each population model. Estimates
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TaBLE 21.—Estimated instanianeous rates of growth and mortality and changes in bulk of 3- and 4-fresh-water Karluk River
sockeye during each year of ocean life, population models 1, 2, 3, and 4

[Mortality rate data from tables 5, 9, 13, and 17; growth rate data from table 20, adjusted for duration of ocean year (see text)]

Fresh- Instantaneous rates of growth and mortality Changes in bulk !
resh-
water Ocean | Duration
Population model age year of ocean Yearly basis Monthly hasis
group year Per ocean | Per month
year
Growth | Mortality | Difference | Growth | Mortality | Difference
Months Percent Percent
) S, 3 I 4.17 3.0612 0. 6320 2 4202 0. 2180 0. 0446 0.1714 1,035.0 18.7
2 1116 1. 0466 . 4977 . 5488 . 0638 . 0446 . 0492 73.1 5.0
3 10. 67 . 7689 . 4759 . 2030 .0721 . 0446 . 0275 34.0 2.8
4 11.83 4278 . 5276 —. 0998 0362 . 0446 ~.0084 —9.5 -0.8
4 1 15.00 2.8745 . 5790 2, . 1016 . 0386 . 1530 893.0 16.5
2 11. 67 . 8897 . 4505 . 4302 . 0762 . 0386 .0376 53.6 3.8
3 9. 50 . 5972 . 3667 . 2305 . 0629 . 0386 . 0243 25.9 25
4 12,00 . 3820 .4632 —.0812 . 0318 . 0336 —. 0068 —7.8 -0.7
2 e 3 1 14.17 3. 0609 .7929 2. 2680 . 2160 . 0560 . 1600 866. 0 17.4
2 11. 16 1.0584 .4326 . 6258 . 0948 . 0388 . 0560 87.0 538
3 10.67 . 7697 . 2560 . 5137 .0721 . 0240 . 0481 67.1 4.9
4 11.83 278 . 1028 . 3250 . 0362 . 0087 . 0275 38.4 28
4 1 15. 00 2. 8820 . 7038 2.1782 1921 . 0469 . 1452 783.0 15.6
2 11. 67 .8917 .3701 . 5218 . 0764 .0317 . 0447 68.5 4.6
3 9. 50 . 5080 . 1867 4113 . 0829 . 0196 . 0433 50.9 4.4
4 12,00 . 3820 . 08838 . 2032 .0318 . 0074 . 0244 3.1 25
B 3 i 14.17 3.0620 1. 0842 L9778 2161 . 0765 . 1396 622.7 15.0
2 1118 1.0627 . 1696 . 8931 . 0952 . 0162 . 0800 144.3 8.3
3 10. 67 . 7685 . 1622 . 8073 L0721 0152 . 0560 83.5 5.8
4 11.83 . 4278 L1798 . 2480 . 0362 0152 . 0210 28.1 2.1
4 1 15.00 2. 8871 .9279 1.9592 .1925 . 0619 . 1306 600. 4 13.9
2 11. 67 . 8921 . 1505 . 7416 . 0764 - 0129 06835 109.9 6.6
3 9. 50 . 5980 .1226 4754 . 0629 0129 . 0860 60.9 51
4 12, . 3820 . 1648 2272 .0318 0129 .0189 25.5 1.9
4 3 1 4. 17 3.0620 . 9599 2.1021 . 2161 . 0877 . 1484 718.3 16.0
2 11.16 1. 0579 . 2589 . 7080 . 0048 . 0232 . 0716 122.3 7.4
3 10. 67 . 7603 . 2475 .5218 . 0721 . 0232 . 0489 68.5 5.0
4 11.83 L4278 . 2745 . 1533 . 0362 .0232 .0130 16.6 ‘L3
4 1 15.00 2, 8818 . 7804 2,094 L1921 - 0526 . 1305 710.4° 15.0
2 11.67 . 8912 . 2707 . 6205 . 0764 - 0232 . 0532 86.0 5.5
3 9. 50 . 5976 - 2204 L3772 . 0629 .0232 . 0397 45.8 4.0
4 12.00 . 3820 . 2784 . 1036 . 0318 . 0232 . 0086 10.9 .9

1 Exponential of difference between growth and mortality, less 1.

of the changes in bulk of sockye during ocean life
are also given.

Under Population Model 1, the estimated
natural mortality rates for 3- and 4-fresh-water
sockeye are less than the estimated growth rates
during each of the first 3 years of ocean life. The
bulk (poundage) of 3-fresh-water fish is estimated
to increase by 1,035, 73 and 34 percent, respec-
tively, during the first, second, and third ocean
years. The bulk of 4-fresh-water fish is estimated
to increase by 893, 54 and 26 percent, respectively,
during their first, second, and third years of ocean
residence.

The estimated natural mortality rates during

“the fourth year of ocean life for the very small
proportions of Karluk sockeye that mature as
4-ocean fish exceed the estimated growth rates.
Hence, under the first population model, the bulk
of Karluk sockeye in their fourth year at sea is
estimated to decrease by about 10 percent (3-

KARLUK RIVER SOCKEYE SALMON
785-722 0—64—6

fresh-water fish) or 8 percent (4-fresh-water fish).

In the second model, the estimated ocean
mortality rates for both fresh-water age groups
are exceeded by the estimated growth rates
throughout ocean life. During the first, second,
third, and fourth ocean years, the bulk of 3-fresh-
water sockeye is estimated to increase by 866,
87, 67, and 38 percent, respectively. Correspond-
ing estimated increases for 4-fresh-water sockeye
are 783, 69, 51, and 34 percent, respectively.

Under Population Model 3, the bulk of 3- and
4-fresh-water Karluk sockeye is estimated to
increase in each year of ocean life. Estimated
percentage increases in bulk during the first,
second, third, and fourth years of ocean life are
623, 144, 84, and 28, respectively, for 3-fresh-
water fish, and 609, 110, 61, and 26, respectively,
for 4-fresh-water fish.

In the fourth population model also, the esti-
mated natural mortality rates of 3- and 4-fresh- -
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water fish are exceeded by the estimated growth
rates in each ocean year. The bulk of 3-fresh-
water sockeye is estimated to increase by 718,
122, 69, and 17 percent, respectively, during the
first, second, third, and fourth years of ocean life.
Increases in bulk of 4-fresh-water fish are esti-
mated to be 710, 86, 46, and 11 percent, respective-
ly, for the first through the fourth ocean years.

The percentage changes in bulk in table 21
show that, except for the relatively scarce 4-ocean
fish under the first population model, any capture
of Karluk sockeye before the end of their ocean
life causes a loss of potential poundage yield,
provided there exists an inshore fishery capable of
catching the fish not needed for reproduction of
the stock. The extent of the loss depends upon
the distribution of ocean mortality and the year
of ocean life in which the salmon would be cap-
tured by a high seas fishery. Computations of
losses are not given here. It can be pointed out,
however, that any mortality caused by net injury
or inadvertent capture of Karluk sockeye during
their first year of ocean life would result in an
especially great loss of potential catch.

Attention is called to two matters relating to
the estimated changes in bulk of Karluk sockeye
during their ocean life. One, the estimates of
net increase in bulk in table 21 are generally
minimal due to the fact that the weighted average
growth rates do not include the rapid growth that
takes place during the last few months of ocean
life of maturing sockeye. Secondly, if the distri-
bution of ocean mortality is aitered to reflect an
increase in the mortality of maturing sockeye
during ‘their last month or two of ocean life, the
bulk of the nonmaturing sockeye, as well as the
loss in yield resulting from the capture of such
fish, must also increase, because the total ocean
mortality is fixed.

SUMMARY

Four population models simulating different
temporal distributions of natural mortality during
the ocean life of Karluk River sockeye salmon are
developed. Assumptions employed in each of the
models are discussed. Data collected in the late
1920’s and early 1930’s on the releases and returns
of marked fish are used to estimate ocean mortality
rates and maturity schedules of different fresh-
water age groups of Karluk sockeye. The esti-
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mates primarily concern 3- and 4-fresh-water fish,
the two fresh-water age groups that generally ac-
count for 95 percent or more of the .annual runs
to the Karluk system. The ocean mortality rate
estimates are compared with available growth
rate data to determine the changes in bulk (net
increase or decrease in weight) of Karluk sockeye
during ocean life.

In the first population model, natural mortality
is assumed to be constant throughout ocean life.
The estimates of monthly instantaneous ocean
mortality rates obtained in this model generally
decrease as the age and size of smolts increase:
0.0496 for 2-fresh-water smolts averaging 108
millimeters in length; 0.0446 for 3-fresh-water
smolts averaging 131 millimeters in length; 0.0386
for 4-fresh-water smolts averaging 143 millimeters
in length; and 0.0402 for 5-fresh-water smolts
averaging 146 millimeters in length. These
monthly instantaneous rates generate annual (12-
month) ocean mortality rates of 44.8, 41.4, 37.1,
and 38.3 percent, respectively.

Approximately 1.3, 51.4, 45.8, and 1.5 percent
of the 3-fresh-water smolts are estimated to ma-
ture as 1-, 2-, 3-, and 4-ocean sockeye respectively.
Corresponding percentages for 4-fresh-water smolts
are about 3.3, 71.0, 24.6, and 1.0 percent.

The estimated natural mortality rates during
the first 3 years of ocean life are less than the esti-
mated ocean growth rates for both the 3-, and 4-
fresh-water age groups of Karluk sockeye. Dur-
ing successive periods (called ocean years) of
about 14, 11, and 11 months of ocean life, the
bulk (poundage) of 3-fresh-water sockeye is esti-
mated to increase by 1,035, 73, and 34 percent,
respectively. During their first, second, and third
ocean years (corresponding to periods of about 15,
12, and 10 months), 4-fresh-water sockeye are
estimated to increase in bulk by 893, 54, and 26
percent, respectively.

The estimated natural mortality rates during
the fourth year of ocean life for the very small
proportions of 3- and 4-fresh-water fish that ma-
ture as 4-ocean fish exceed the estimated growth
rates. Hence, under the first population model,
the bulk of Karluk sockeye in their fourth year at
sea is estimated to decrease by about 10 percent
for 3-fresh-water fish and about 8 percent for
4-fresh-water fish.

In the second population model, the instantan-
eous natural mortality rate is assumed to be
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greatest in the first month of ocean life and then
-decreases arithmetically in each of the following
47 or 48 months until it becomes zero. The first-
month instantaneous nortality rates are estimated
1o be 0.0649 for 3-fresh-water sockeye and 0.0549
for 4-fresh-water sockeye. The instantaneous
rates are estimated to decrease each month by
about 0.0014 for 3-fresh-water fish and 0.0011 for
4-fresh-water fish.

The natural mortality rates during the first,
second, third, and fourth ocean years for 3-fresh-
water fish are 54.7, 35.1, 22.6, and 9.8 percent,
respectively. Corresponding estimates for 4-fresh-
water fish are 50.5, 30.9, 17.0, and 8.5 percent.

Under the second population model, about 1.6,
57.7, 39.8 and 0.8 percent of the 3-fresh-water
smolts are estimated to mature as 1-, 2-, 3-, and
4-ocean sockeye, respectively. Corresponding per-
centages for the 4-fresh-water smolts are about
8.9, 74.5, 21.1, and 0.5.

For both the 3- and 4- fresh-water age groups,
the estimated ocean mortality rates are exceeded
by the estimated growth rates throughout ocean
life. During the first, second, third, and fourth
ocean years, the bulk of 3-fresh-water sockeye is
qstimated to increase by 866, 87, 67, and 38
percent, respectively, while the bulk of 4-fresh-
water sockeye is estimated to increase by 783, 68,
51, and 34 percent, respectively.

In the third population model, the monthly
instantaneous natural mortality rate is assumed
to be greatest during the first month of ocean life,
decreases geometrically by a factor of 0.5 in each
of the next 5 months, and remains constant during
the sixth and each succeeding month. First-
month instantaneous mortality rates are estimated
to be 0.4876 for 3-fresh-water sockeye and 0.4123
for 4-fresh-water sockeye. The instantaneous
mortality rates in the sixth and each succeeding
month are estimated to be 0.0152 for 3-fresh-water
fish and 0.0129 for 4-fresh-water fish.

The natural mortality rates for 3-fresh-water
fish during their first ocean year (approximately
14 months) is estimated to be 66.2 percent. The
rate for succeeding 12-month periods is estimated
to be 16.7 percent. The natural mortality rate
for 4-fresh-water fish during their first ocean year
(15 months) is estimated to be 60.5 percent. The
rate for succeeding 12-month periods is estimated
to be 14.3 percent.

About 2.4, 59.8, 37.0, and 0.8 percent of the

KARLUK RIVER SOCKEYE SALMON

3-fresh-water smolts are estimated to mature as
1-, 2-, 3-, and 4-ocean sockeye, respectively, under
the third population model. Corresponding esti-
mates for the 4-fresh-water smolts are 5.2, 74.8,
19.6, and 0.5 percent.

The estimated natural mortality rates of 3- and
4-fresh-water fish are less than the estimated
growth rates during each ocean year. The bulk
of 3-fresh-water sockeye is estimated to increase
by 623, 144, 84, and 28 percent during the first,
second, third, and fourth ocean years, respectively.
Corresponding estimates of percentage increases
in bulk of 4-fresh-water fish are 609, 110, 61, and
26.

In the fourth population mode], the instan-
taneous natural mortality rate is assumed to be
greater for 3-fresh-water sockeye than for 4-fresh-
water fish during the first month of ocean life,
greater for both fresh-water age groups during the
first month than during the second and succeeding
months, and constant and the same for the two
fresh-water age groups during each month of ocean
residence following the first month. .

Starting with the assumption that the first-
month instantaneous ocean mortality rate of
4-fresh-water sockeye is 20 times the mortality
rate of this fresh-water age group in each of the
following months, the instantaneous mortality
rates of sockeye of that fresh-water age group are
estimated to be 0.4646 during the first month of
ocean life and 0.0232 during each succeeding
month. Under this model, 0.0232 is also the
estimated monthly instantaneous natural mor-
tality rate of 3-fresh-water sockeye after their
first month in the ocean. The first-month in-
stantaneous mortality rate of 3-fresh-water fish
is estimated to be 0.6544, about 40 percent
greater than the corresponding estimate for 4-
fresh-water fish and about 28 times the mortality
rate of 3-fresh-water fish during the second and
succeeding months of ocean life.

The total ocean mortality rate for 3-fresh-water
fish during their first ocean year is estimated to be
61.7 percent. The corresponding estimate for
4-fresh-water sockeye is 54.6 percent. For both
fresh-water age groups the rate for succeeding
12-month periods is estimated to be 24.3 percent.

The maturity schedules of 3- and 4-fresh-water
smolts are estimated to be about the same in the
fourth population model as in the second model.

The estimated natural mortality rates of 3- and
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4-fresh-water sockeye are exceeded by the esti-
mated growth rates in each ocean year. The
bulk of 3-fresh-water sockeye is estimated to in-
crease by 718, 122, 68, and 17 percent, respec-
tively, during the first, second, third and fourth
years of ocean life. Corresponding estimates of
increases in bulk of 4-fresh-water fish are 710, 86,
46, and 11 percent.

The estimated percentage changes in bulk show
that, except for the relatively scarce 4-ocean fish
under the first population model, any capture of
Karluk sockeye before the end of their ocean life
causes a loss of potential yield, provided there
exists a coastal fishery capable of catching the
fish not needed for reproduction of the stock.
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