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ABSTRACT

A series of computer simulations of the Pacific walrus population, using a variable Leslie model, were
conducted primarily to test the hypothesis that the population increased from about 70,000 in 1955 to about
200,000 ln 1975 and, secondarily, to evaluate the reliability of the data available on adult survival rates.
Publi: of the p: ion size, the sex ratio of aduits, age at sexuai maturity, average reproductive
rate, adult mortality, and size and sex/age composition of the annual harvests were incorporated into the model.
The results suggested that, either the estimates of size of the 1955 population were too low, or that the survival
rates of adults were significantly higher than believed. They suggested further that an increase to 200,000 in 20
yr would have been possible, if the initial population in 1955 had been made up of about 94,000 to 98,000
animals, the sex ratio of adults was 1 male:3 females, and the adult survival was 0.96, with nonlinear density
dependence. Such an increase would have been impossible with linear density d dent functi 1
initial populahon size, or lower adult survival rates. The maximum sustained yleld (MSY) of the hypothetical
of the current harvest composition at 3 males:1 female, would be between 3
and 5% and should be available when the p ion is between 59 and 91% of the carrying capacity (K),
assuming environmental stability. The maximum net productivity (MNP) of this hypothetical population was
estimated to be attained at 50 to 84% of K.

PE3IOME

Mo, Ha CYETRO-P yerpoiicTse 6bLIO NPON3IBENENO ¢ NOMOILBIO (IepeMeRHol Moae
Jlecam», rnasusiv 06pa3oM, 4T0GH NPOBEPHTL rUKOTE3y 06 yBeeHeHHN YHCAEHHOCTH THXOOKEAHCKOIO MOPXKa
npr6ammTensno ¢ 70,000 8 1955 r. a0 200,000 ronos B 1975 1, & TAKKe OUEMHTL HAAEKHOCTL HMEIOLMXCR
ARHHBIX O cAOCOGHOCTH BLHKMBANMA B3POCIAbLIX 3Bepeii. Omny6. e no BE/IMMHHB
NONMYIAUHK, TOMOBOMY COOTHOMIEHHIO B3POCTBIX, BO3PACTY MONOBOIO CO3PEBANNA, CcpeaHeMy Temny
BOCRPON3IBO/ICTBA, CMEPTHOCTH B3POC/ILIX, BOIPACTHOMY COCTABY W exeroaHol JOGLIMM HCNOIL3IOBAIMCH B
moaeas. PelynbTaTil NaK0T ocHORaHKe fPERNOARNATL, YTO BeMYHHR nonysumwy B 1955 r. Guuna caniskom
HH3KOH MM TeMN BLDKHBAHMA BIPOCALIX GLL ropasac Bhlule, 4eM ITO cCuMTAnock pawee. Kpome Ttoro,
PeIyALTATH NO3BOANIOT MPEANOIOTaTH, TO yBenHuense 10 200,000 ronos B Tevenne 20 ner Guino Gm
BOIMOKHBIM, €¢/H nionyAains & 19551, coctaBanna 94 - 98,000 ronos, nososoe cooTHOLIEHHE BIPOcanIX 1 camen:
3 CAMKH M BLDKHBRHHE BIPOCAMX - 960, ¢ HemueitHOlN NIOTHOCTBIO 3aBucHMocTH. Takoe yseanuenne Guino 6ut
HEBOIMOKHLIM ¢ AHHelHsol A10THOCTLIO p # NONYARUMK, WK
HHIKMM BLDKMBSHMEM B3POCABIX. MAKCHMAaNbHAA exeroaHas J06mMa rHNOTETHYECKOH NOnyasuxu, npu
coxp 8 100! €00T 1 camxa: 3 camua, Gyaer cocraenare 3 - 5%. Takoii yposenb 106bimu
BOIMONEH, £CM TIPH MAKCHMMAILHOH NAOTHOCTH camoperyaupyiotselica noaynausum (K = 59 - 91%] u
CcTAGHILHOCTH JKOCHCTeMbl. CUMTAEM, 4TO MAKCHMAALHOE UKCTOE NPOMIBOJACTBO ITOFO THNOTETHYECKOT O

CTH, # nbrofl Be.

HACe/IEHNA JOcTHraeTca npn 50 - 84% K.
o asTops
GuiTh pocTurnyTa npu K = 50 - 849%.

INTRODUCTION

In the late 1950’s, the size of the Pacific walrus, Odobenus
rosmarus divergens, population was considered to have been be-
tween 40,000 and 70,000 animals (Fay 1957; Kenyon 1960;%
Fedoseev 1962). Nevertheless, Kenyon (footnote 2) feit that the
actual population size in the late 1950’s may have been higher than
70,000. Estes (1976) 2 Estes and Gilbert (1978), and Estes and
Gol’tsev (1984) supported Kenyon's judgement with evidence that
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Fay and Fedoseev had underestimated the number of walruses in the
American sector of the Chukchi Sea. More recent estimates of the
Pacific walrus population have placed it at 140,000 to 200,000
(Estes and Gol'tsev 1984) and 168,000 to 250,000 individuals
(Krogman et al. 1978%). Estes and Gilbert (1978) concluded that
estimates produced from limited aerial surveys should not be con-
sidered reliable.

Perhaps the best quantitative information available concerning
the Pacific walrus population is contained in the American and
Soviet harvest data from 1959 to 1975 (Harbo 1961;® Burns 1965¢
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and unpubl. data; Krylov 1968; FE H. Fay?). These data include the
retrieved kill and estimated losses from wounding and sinking; for
the American harvest, they also include the sex ratio of adults and
the number of calves taken. Studies of the reproductive organs from
the harvested animals have produced estimates of age-specific rates
of fecundity (Fay 1960;% Burns footnote 6; Krylov 1968), but these
estimates generally have not been accepted due to suspected sam-
pling bias in the harvests and in the assumptions of the estimation
process.

To date, then, “relatively” reliable information exists on the size
and sex/age composition of the Alaskan walrus harvests from 1955
to 1975, and on the age-specific rates of reproduction. Only the total
harvests are known from the Soviet side. The estimates of popula-
tion size in 1955 to 1975 are questionable, and the estimated rates of
natural mortality appear to be unreliable. Nevertheless, these were
the best figures available and of sufficient quality for use in a
preliminary computer model of the Pacific walrus population.

The primary purpose of integrating the existing estimates of
population parameters into the format of a computer model was to
test the hypothesis that the Pacific walrus population could have
increased in size from 70,000 to 200,000 animals in the 20 yr from
1955 to 1975. Such a model can be used also to estimate unknown
parameters, when all others are fixed, and to assess the reliability of
any that are in question. In addition, the interrelationships between
the various parameters can be examined, and a better understanding
can be gained of the relative importance of each to the population.

METHODS

The population model used in this instance was a modification of
Leslie’s (1945) model, as described by DeMaster (1981); similar
models were described by Fowler and Smith (1973) and by Fowler
and Barmore (1977)° The model assumes that the influence of
density dependence on the life history parameters will be within the
range of the following two types of functions:

Pi =4 -cN, (linear)

Pi = A (—exp[-b (k—N)D (nonlinear)
where Pi = annual survival of the ith age class

= maximum annual survivorship

= number of females 4 yr old and older

= maximum number of females 4 yr old and older

= constant associated with the shape of the curve

= constant associated with the slope of the curve.
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The initial values for the projection matrix (Tables 1, 2) were
derived from the American and Soviet data. Only the female seg-
ment of the population was incorporated into the model; the sex
ratio was assumed to be constant at 1 male:3 females (Fay 1982).
The initial population vector was calculated by solving the follow-
ing equation for Ny, the number of female calves in the initial
population:

’F. H. Fay, Associate Professor, Institute of Marine Science, University of Alaska,
Fairbanks, AK 99701, pers. commun. October 1979.
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“Fowler, C. W., and W. J. Barmore. 1977. A population model of the northern
Yellowstone elk herd. /n R. M. Linn (editor), Proceedings First Conference on
Scientific Research in the National Parks, New Orleans, Louisiana, November 9-12
1976. Vol. 1, p. 427-434.
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Table 1.—Parameters used in the popula-
tion models, where m, is the age specific
reproductive rate, and p, is the age specific

survivorship.
Age my  px J Age  my Px
0 0 094 200 022 09
1 0 96 21 22 .96
2 0 .94 22 .22 .96
3 0 .96 23 22 .96
4 0 19 24 22 .96
S 0.10 .96 25 15 96
6 12 96 26 A5 96
7 17 .96 27 15 .96
8 22 96 28 15 .96
9 .22 .96 29 15 96
10 22 .96 30 15 .96
1 .22 96 31 15 96
12 22 .96 32 is 96
13 .22 .96 33 15 .96
14 22 96 34 15 .96
i5 22 .96 35 15 .96
16 22 .96 36 15 .96
17 22 .96 37 15 96
18 22 .96 38 .15 .96
19 .22 96 39 15 .96

'Survival from age 4 and older assumed to
be density dependent. All other parameters
are assumed constant.

Table 2.— Assumed parameters for estimation
of adult survival 'y for the populati
to increase from 70,000 to 200,000 in 20 yr.

Parameter 1955 1975
Female population 52,500 150,000
Total population 70,000 200,000
Sex ratio 13:3% 13:39
Fematle kill 1,675 1,675
Total kitl 6,700 6,700
Sex ratio of kill 19:38 12:38

P =Ny + .94 Ng + (.94)(.90)Ng
36
+ ((99)%(.90)Ny + X (.94)2(.90)(.96)*
x=1

where P = 52,500, the number of females in a population of 70,000
walruses. Subsequent age classes were calculated by using the
age-specific survival rates from Table 1.

The number of females 4 yr old and older (k) in the maximal
population of about 200,000 walruses (Fay 1957) was assumed to be
150,000. The constant b was arbitrarily set at 0.002, which repre-
sents a relatively rapid change in the shape of the nonlinear function
(Eberhardt and Siniff 1977). The constant ¢ was set at 0.0000007,
which was calculated directly from the nonlinear model as the slope
between the two points described by the survivorship and the popu-
lation at equilibrium, given an initial survivorship of 0.96 at a
population level of O (DeMaster 1981). In this way, the simulations
with linear and with nonlinear density dependence had the same
equilibrium population.

The population model assumed that only animals 4 yr old and
older were harvested. The harvest of a particular age class was
weighted in proportion to the frequency of occurrence of that age
class in the harvest data. Compensatory and additive harvests were
represented by the following equations (DeMaster 1981):




harvest mortality additive:
X (+1) = LIX ()—H (D)),
harvest mortality compensated for:

X (i+D) = LIX (i))—H (),

where X (i) = the population vector at time i
L = the projection matrix
H (i) = the harvest vector.

Using this model, a series of simulations was computed in which
the maximum annual survivorship (4) was increased in each simu-
lation until the population model produced the desired final size.
The total kill of females was assumed to be constant over the 20-yr
period. The average kill was derived from known harvest data.

RESULTS

The hypothetical population, given a nonlinear density depen-
dent function, increased from 70,000 to 200,000 in 20 yr only when
A, the annual survivorship, was set to equal 0.99. This value of 4
was necessary whether or not the harvest mortality was compensa-
tory. The simulated population, given a linear density dependent
function, could not increase from 70,000 to 200,000 in 20 yr, even
when A was set at 1.00.

Because the natural rate of adult survival probably could not have
been as high as 0.99 to 1.00, one must assume that some other
component of the model is incorrect. For the reasons given by Estes
and Gilbert (1978), the most questionable component is the initial
size of the population. Given the entries for the projection matrix
from Tables 1 and 2 (excluding initial population size), nonlinear
density dependence, and a harvest mortality that was additive, the
initial population of females would have had to have been 73,828
(total population 97,828) to have produced the hypothetical final
population of 200,000 in 20 yr. If the harvest mortality was assumed
not to be additive, an initial population of 70,645 females (total
population 94,194) would have been necessary for the increase to
200,000. If the form of the density dependent function was assumed
to be linear, initial populations even of these sizes could not have
reached 200,000 in 20 yr, given an adult female harvest of 1,675/yr.

In the United States, the Marine Mammal Protection Act of 1972
(MMPA) dictates that marine mammals should be managed at the
level of “optimum sustainable population” (OSP). The concept of
OSP is interpreted to mean that the population should remain
between an upper level imposed by environmental constraints
(commonly called K) and a lower level at which the population
would produce the greatest annual increment (maximum net pro-
ductivity = MNP) if the population were not being harvested. To
estimate this lower level directly from a population that is being
harvested is impossible, but it can be estimated through modeling.
Given the age specific rates of births and deaths in Table 1 and the
nonlinear density dependent function previously described, the
MNP of the simulated population would occur at 84% of K, the
equilibrium population (Table 3). For simulations with linear den-
sity dependence, the MNP would occur at 50% of K. If we assume
that the real MNP is within the range of these two forms of density
dependence, the lowest level of the population that would be accept-
able under the MMPA would be between 50 and 84% of K.

Current information on the Pacific walrus population suggests
that it has increased dramatically since 1955. Within the guidelines
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Table 3.—Comparative dynamic characters of walrus population models with

finear and density depend
Density dependence
Character Linear Nonlinear
Maximum net productivity 50% of K 84% of K

(MNP)

MSY (no compensation) 2,100 adult females 6,800 adult females

Population at MSY ¢ 59% of K 86% of K
MSY (compensation) 2,200 adult females 7,400 adult females
Population at MSY, 59% of K 91% of K

of the MMPA, the population could conceivably be managed
somewhere between K and the MNP levels. As a starting point, the
maximum sustainable yield (MSY) of a specific segment of the
population can be estimated, but only if various age and sex specific
life history parameters are known. In addition, how these parame-
ters respond to changes in density must be known. Even then, the
estimated MSY is only reliable if the environment is relatively
constant. To estimate the MSY of adult female walruses, a series of
simulations were computed, in which the harvest was continually
increased, until the population no longer could sustain it (DeMaster
1981). Using the life history parameters of Table 1 and a nonlinear
form of density dependence, the MSY of adult females (females 4 yr
and older) would be 5.1% of the total population of females, and
would occur at 91% of K (Table 3). If the density dependent function
was assumed to be linear, the MSY of adult females would be 2.3%,
and would occur at 59% of K. Obviously, we do not know the proper
form of the density dependent function, but these results suggest
that an adult female harvest of 2 to 5% could be sustained, and
presumably would result in the population reaching an equilibrium
when it was between 59 and 91% of K.

DISCUSSION

The exact details of the recovery of the Pacific walrus population
are not known, but at least a partial recovery has taken place (Burns
footnote 6; Fay footnote 8; Estes and Gilbert 1978; Estes and
Gol’tsev 1984). This recovery has occurred in spite of a continual
harvest of adults. The average growth rate necessary for a popuia-
tion to double in 20 yr is 1,035, and to triple in 20 yr is 1.056. Such
rates of growth are common for many species of marine mammals
(Eberhardt and Siniff 1977), but seem somewhat improbable in this
instance, considering the low productivity and ongoing harvest of
Pacific walruses.

The purpose of this paper was to produce a model that would
incorporate the existing data and shed some light on the reliability
of the estimate of population size in 1955 and the estimated rate of
annual mortality. The results from the various simulations suggest
that, either the natural rate of adult mortality is extremely low
relative to other pinnipeds (Eberhardt and Siniff 1977), or that the
population estimate for 1955 was too low.

The model described in this paper was based on numerous as-
sumptions for which substantive data are few and, in some cases.
questionable. In all of the simulations, I assumed that the sex ratio
of the adult population remained constant at 1 male:3 females, based
on Fay’s (1982) derivations from shipboard visual and aerial photo-
graphic surveys of the Pacific walrus population. Further informa-
tion on herd composition and how it varies throughout the year is
needed for improvement of the estimate of adult sex ratio. Simula-
tions in which the sex ratio is assumed to be 1:2 and 1:1 alse should
be computed. The effect of these would be to increase the differcace
between the estimated and required population in 1955, given the




life history values of Table 1. Increasing this difference will only
strengthen the argument that either the 1955 population estimate
was too low or that estimates of adult survival were too low. Second,
I have assumed that the ¢énvironment of the walrus remained rela-
tively constant. Although human perturbation (other than hunting)
probably has been minimal over the past 20 yr, natural perturbations
may have occurred and not been recognized.

In all of the simulations where a harvest took place, I assumed
that the sex ratio of the harvest was 3 males:! female, and that a
constant number was taken each year. Data concerning the sex ratio
of the harvest supports a 1:3 ratio (Burns footnote 6; Fay footnote 8),
but the numbers taken were not constant; rather, they declined from
about 9,000 in 1955 to about 3,000 in 1969, and have been rising
slowly since then to about 7,000. The effects of these changes on the
population probably were insignificant, if the initial harvests were
low enough to allow the population to increase (which, apparently,
it did).

Data on the kinds of density dependent factors influencing this
population were not available at this writing. Simulations which
incorporate density dependent reproduction or calf survival should
be computed.

Evidence from Weddell seals, Leptonychotes weddelli, suggests
that reproduction may be relatively unaffected by changes in den-
sity, because the time of reproduction does not coincide with the
seasonal onset of poor feeding conditions (DeMaster 1981), and this
may be the case for walruses as well. One could assume that all
independent walruses will be affected equally by food shortages,
and that younger individuals will not be more disadvantaged than
the older ones in obtaining food. The advantages usually invoked
for older pinnipeds, such as greater experience with the area, better
diving capabilities, and outright dominance, may not apply under
conditions where all feeding is done in relatively shallow waters,
the distribution of the ice dictates which areas can be utilized, and a
major portion of the adult males may not be feeding in the same
areas where the subadults and adult females feed. Obviously more
information is needed on these points.

Throughout this paper, a distinction has been made between
natural mortality and mortality due to harvests. One problem that
arises in estimating mortality rates from age composition of the
harvest is that mortality from both sources is combined. Further-
more, estimates of mortality derived from samples of populations
that are growing will be biased upward (Payne 1977). Burns (foot-
note 6) suggested that adult male mortality was about 13%/yr, based
on the age fecundity from the harvest. If the Pacific walrus popula-
tion was growing at about 5%/yr, the estimate of survival from age
composition will be negatively biased (Payne 1977). When cor-
rected as:

s = e(ln .87 + In 1.050) _ 91

where § = annual survivorship, the better estimate for adult male
mortality would be 9%/yr. Again, this includes both natural and
hunting mortality. If the Pacific walrus is polygynous (Fay et al.
1984), and the harvest of males is greater than that of females, the
rate of natural mortality for adult females should be less than the
total mortality for adult males, rather than greater as indicated by
Burns (footnote 6). Therefore, the male mortality rate of 13% (Burns
footnote 6) should exceed the maximum for adult females, the actual
rate probably being much lower.

All of the simulations in which the population increased as
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rapidly as hypothesized (3 to 5%/yr) required that natural adult
survivorship be above 95%, given the known level of harvest. The
model suggests that the Pacific walrus population was theoretically
capable of increasing from 70,000 to 200,000 in 20 yr, but to have
done so, the sex ratio of the population would have had to hzve been
strongly weighted to females. Information on the current sexual
composition of the population would, therefore, be extremely use-
ful for better understanding of the population dynamics of this
species.

Finally, the model suggests that the MNP of a population varies
considerably with the type of density dependence that is operative.
This has been demonstrated also for MSY values (DeMaster 1981).
MNP values for marine mammals commonly are assumed to lie
between 50 and 60% of K. More realistic estimates of MNP will
require information on the age at which density related changes take
place in life history parameters, and on the form of the relationship
between life history parameters and density of the population.
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