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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 in 1975 and, secondarily, to evaluate the reliability of the data available on adult survival rates. 
Published estimates of the population size, the sex ratio of adults, age at  sexual maturity, average ceproductive 
rate, adult mortality, and size and sex/age composition of the annual harvests were incorporated into the model. 
The mults 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 dependent functions, smaller 
initial population size, or lower adult survival rates. The maximum sustained yield (MSY) of the hypothetical 
population, assuming continuation of the current harvest composition at  3mals:l female, would be between 3 
and 5% and should be available when the population is between 59 and 91% of the carrying capacity (IO, 
assuming environmental stability. The maximum net productivity (MNP) of this hypothetical population was 
estimated to he attained at  50 to 84% of K. 

PE3WME 

Moaennposanne Ha crerno-peIuawqeM Y C T ~ O A C T W  6bmo npOn3nenenO c nOMOww ccnepeMennok Monenn 
Jlecnnn, rnasnuM o 6 p n i o ~ .  rro6u npoaepnrb rnnoreiy 06 yaenerennn rncnennocrn TnxooKeancKoro  MOP^;^ 
npn6nninrenano c 70,000 B 1955 r .  110 200,000 ronom B 1975 I ., a TaKxe 0qennTb nanexnocrb nMewqnxcn 
nannux 0 cnoco6nocm nuxnmnnn aipocnux iacpefi. Ony6nn~osannb1e nsnnue no ouenKe mennrnnu 
nonynnqnn, nOAOBOMy CoornoIuennw ropocnb~x, soipacry nonoBoro co~pesannm. cpeanewy remny 
mocnponimoacrsa, cmeprnocrn s3pocnux, ao ipacmo~y  cocrasy n exeronnol n06urn ncnonbiomsnnc~ B 

Moaenn. Peiynbraru nawr ocnosanne npennonarsrb, qro sennrnna nonynmqnn n 1955 r. 6una cnnuwoM 
HHIKO# nnn reMn sumrnsannn mpocnux 6 w  rops3no Bblllle. qeM ,TO crnnnocb panee. KpoMe TOTO, 

peiynbrnru nO3sOAUWT npeanonorarb, 9TO yBenn’lenne no 200.000 ronon B rerenne 20 ner 6uno 6u 
B O ~ M O ~ H U M ,  ecnn nonynnuns s 1955 r .  cocmsnnna 94 ~ 98,000 ronos, nonosoe coomowenne ripocnux 1 caMeu: 
3 caMKn n swnsanne  BipOCnuX - %Yo c nenunelnoii nnomocrbw i a s n c n ~ ~ c r n .  T ~ K O C  ysennrenne 6uno 6u 
n e s o i ~ o x n b i ~  c nnnelnofi nnornocnw ianncnMocrn, Menbueii nepsonaranbnol scnnrnol nonynnqnn, nnn 
nniKnM BuxwsanneM sipocnux. MsKcnManbHan eweronvan no6urs rnnorernsecKoR nonynaqnn. npn 
coxpsnennn s no6ure coornmnenna 1 caMKa: 3 caMua, 6yaer cocTssnarb 3 - 5%. T a ~ o l  ypoaenb no6blrn 
BoiMoxen, ecnn npn MaKcnManbnofi nnornocm caMoperynnpywqeRcn nonynnqnn [K = 59 . 91961 n 
cTa6nJbHOCTn 3KocncreMu. CrnraeM, r r o  MaKcnManbnm rncroe nponiaoacrso mor0 rnnoremrecxor o 
nacenennn nocrnraercn npn 50 - M% K.  

no oueme asrope MaKcnManbnu wens nponyvrnnnocrb jvannok rnnurerwecKoR nonynnunn MoxeT 
6urb nocrnrnyra npn K = 50 - 84% 

INTRODUCTION 

In the late 1950’s, the size of the Pacific walrus, Odobenus 
rosmarus divergem, population was considered to have been be- 
tween 40,000 and 70,000 animals (Fay 1957; Kenyon 1960;’ 
Fedoseev 1962). Nevertheless, Kenyon (footnote 2) felt that the 
actual population size in the late 1950’s may have been higher than 
70,000. Estes (1976); Estes and Gilbert (1978), and Estes and 
Gol’tsev (1984) supported Kenyon’s judgement with evidence that 
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2Kenyon, K .  W. 1960. Aerial surveys of marine mammals In the Bering Sea, 23 
Februaryto2March196Oand25-28April 1960.Unpubl. rep . ,39p .U S. Bur Sport 
Fish Wildl., Seattle, WA 9811s. 
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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. 19784). 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 ( H u b  1961;5 Burns 19656 

‘Krogman, €3. D., H W. Braham, R. M. Sonntag, and R. G. Punsly. 1978 Early 
spring distribution, density, and abundance of the Pacific walrus (Odohcnur TO\- 
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Assessment Program, NOAA Environ. Res. Lab., Boulder. Colo. 
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and unpubl. data; Krylov 1968; E H. Fay'). These data include the 
retrieved ki l l  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;s Burns footnote 6; Krylov 1%8), 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 fined, 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 Fomler 
and Barmore (1977)e 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 = A  -cN, (linear) 

Pi = A (I-exp [-b (k-N,)]) (nonlinear) 

where Pi = annual survival of the ith age class 
A = maximum annual survivorship 
N, = number of females 4 yr old and older 
k 
b 
c 

= 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. 

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 IO be constant at 1 male:3 females (Fay 1982). 
The initial population vector was calculated by solving the follow- 
ing equation for N o ,  the number of female calves in the initial 
population: 

Table l.-Parameters used in the populp- 
tbn models, where mr is the age specilic 
reproductive rate, and pr is the age spedic 
sunivorship. 

Ape 
0 
I 
2 
3 
4 
5 
6 
7 
8 
9 
IO 
I I  
12 
13 
14 
15 
16 
17 
18 
19 

m, pr I Age 

0 0.94 20 
0 .90 21 
0 .94 22 
0 .% 23 
0 '.% 24 

0.10 .% 25 
.I2 .% 26 
.I7 .% 27 
.22 .96 28 
.22 .% 29 
.22 .96 30 
.22 .% 31 
.22 .96 32 
.22 % 33 
.22 .% 34 
.22 .% 35 
.22 .% 36 
.22 % 37 
.22 .% 38 
.22 .% 39 

mx __ 
0.22 

.22 

.22 

.22 

.22 

.I5 
.15 
.I5 
.I5 
.I5 
.I5 
.I5 
.I5 
.IS 
.I5 
.I5 
.I5 
. IS  
. I S  
.I5 

P I  

O.% 
.% 
.% 
.% 
.% 
.96 
.96 
.96 
.96 
.96 
.96 
.% 
.96 
.% 
.% 
.% 
.% 
.% 
.% 
.% 

- 

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

a b l e  2.--Assumed psrpmeters for cstim~tlm 
d adult survival n-ry for the populatioa 
to inmschom 70,000 to 200,WO In 20 yr. 

Parameter 1955 I975 

Female population 52.500 150,000 
Total population 70.000 200,000 
Sex ratio Id:% Id:% 
Female kill 1,675 1,675 
Total kill 6.700 6,700 
Sex ratio of kill IQM IQM 

P =No + .94No + (.94)(.90)No 
36 

x = l  
+ (.94)*(.90)No + 2(.94)2(.90)(.96r 

whereP = 52,500, the number of females in a population of 70,oOO 
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 c 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 0 (DeMaster 1981). In this way, the simulations 
with linear and with nonlinear density dependence had the same 
equilibrium population. 

'E H Fay, AsociateProSessor. InstituteoSMarineScience, Universityof Alaska, 
Fairbanks. AK 99701. Ders. commun. October 1979. 

F H 1960 Investigations of the Pacific walrus Terminal report, Prolect 26 The population model assumed that only animals 4 yr old and 
older were harvested. The harvest of a Darticular ape class was Arctic Institute OS North America, Montreal. Canada, 12 p 

I 'Fowler, C .  W., and W. 1. Barmore. 1977. A population model of the northern 
Yellowstone elk herd. In R M. Linn (editor), Proceedings First Conference on 
Scientihc Research in the National Parks. New Orleans, Louisiana, November 9.12 

weighted in proportion to the frequency of Occurrence of that age 
in the harvest data. Compensatory and additive harvests were 

1976. Vol. I .  p.  427-434. represented by the following equations (DeMaster 1981): 
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harvest mortality additive: Table 3.-Comparnlive dynamic characters of walrus population models with 
linear nnd nonlinear density dependence. 

X (i+l) = L[X ( i ) - f f  (91, 

harvest mortality compensated for: 

X (i+l) = L[X ( i ) - H  ( i ) ] ,  

where X (i) 

H (i) 

= the population vector at time i 

= the harvest vector. 
L = the projection matrix 

Using this model, a series of simulations was computed in which 
the maximum annual survivorship ( A )  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 A 
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 1,6751yr. 

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 I 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 509% 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 

Density dependence . .  
Character Linear Nonlinear 

Maximum net pmductivity 50% of K 84% of K 

MSY (no compensation) 2,100 adult females 6,800 adult fema:e\ 
Population at MSY,, 59% of K 869” of K 
MSY (compensation) 2.200 adult females 7.m adult females 
hpulation at MSY, 59% of K 91% of K 

( M W  

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 Gilbzrt 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 popula- 
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 i n f o i  mil- 
tion on herd composition and how it varies throughout the ) e x  is 
needed for improvement of the estimate of adult sex ratio. Sini!ilu- 
tions in which the sex ratio is assumed to be 1.2 and 1:l also should 
be computed. The effect of these would be to increase the differcilce 
between the estimated and required population in 1955. givct; the 
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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 kvironment 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:l 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, Lepronychofes 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). Bums (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: 

where S = 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 

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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