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Introduction

The exploitation of the northwestern Atlantic harp seal has

been well documented, especially in recent years. Nearly 10
million harp seals are known to have been harvésted from this
population between 18385 and 1946 (Fisher 1955) and another

5.3 million were taken between 13947 and 1964 (Department of
Fisheries of Canada 1968; M@ritsland 1967)." From 1965 to 19874,
another 2.3 million seals were slaughtered in the northwestern
Atlantic. This gives an average annual kill over the period of
220,000 seals; a figure which has sustained the fishery for 80
years. Recent regulations have set a quota for seals at 150,000
animals between 1872 and 1975, (ICNAF 1972) with a low guota
restriction in 1976 only permitting the take of 127,000 seals.
These quotas do not included the high Arctic or Greenland catches,
which can be considered to be approximately 10,000 animals. How-
ever, despite the low quota for 1976, *174,000 seals were killed.

Conflicting views as to the present status of the northwestern
Atlantic harp seal have‘recently generated much controversy.

These divergent opinions resulted from the interpretation of
incomplete data sets, and poor communication among participating
scientists. However, there are methods such as ultra-violst
aerial sensing, which it is thought can be used independent of
supportive biological information, and do not rely on current
scientific opinion. Unfortunately, to date this method produces

a "best estimate” of pup production in 1875 which is approxihately

15,000 animals less than the catch (Lavigne gt al 1975).

Due to large discrepancies in estimation of production and natural
mortality, it has been necessary to revise the basic data to incor-
porate the effects of the diverse fisheries, in addition to use
advanced statistical and computer techniques to assess the data;
thus producing a reliable assessment of the northwestern Atlantic

harp seal stock.

- % This number is subject to slight alterations.



Amalgamation of Data

The assessment of an animal population requires the estimation
of certain vital rates. The estimation of these rates, to a
large extent, consists of the analysis of age frequencies which
either represent the population or the catch structure. In some
populations the catch and population age structures are assumed
synonymous, however, this assumption can lead to grave errors in
the instance of the northwestern Atlantic harp seal population

(Benjaminsen and BOritsland MS 1875).

Initially, the problem consists of producing an age frequency of
the total annual catch for one year old and older seals (1+),

which amalgamates the catch frequencies from the individual fish-
eries in their proper proportions. In this fishery the age distri-

bution for the different fisheries is indeed diverse.

Shot samples from Notre Dame Bay, Newfoundland, consist primarily.
of bedlamers. The La Tabatiere, Que., and Labrador net fisheries
usually result in a sample with a preponderance of mature animals,
while the St.Anthony, Nfld., shot samples seem to be more repre-
sentative for the population structure. It is assumed that on
average each of these fisheries tend to be roughly equivalent to
each other in overall catch and can be summed to represent the lands-
men catch without producing serious errors. The large ships catch
from the moulting lairs, however, is quite different in structure
from the overall landsmen’s and must be treated separately. One
of the primary problems is the fraction of one year old seals in
the sample. This age group is usually segregated from the remain-
ing age groups and is only randomly encountered when sampling the
moulting lairs (Benjaminsen and #@ritsland MS 1975). Furthermore,
the closing date also effects the large vessel sample since the
garlier the hunt in the moulting lairs is terminated, the less
females are represented in the catch (Sérgeént 1965, Pritsland
1971). Thus is mature composite age frequencies vary depending on

the length of the hunt, and consists mainly of males (Fig. 1).



Samples of the Greenland and the high Arctic hunt, representing
8% of the total catch on average, are excluded from this analysis
from 1852 to 1975, since no consistent sampling and catch records

are availlabls.

Between 1952 and 1960 jaws were collected on a regular basis from
the landsmen’s catch and this sector of the hunt can be considered
to be well represented (Sergeant 1953, personal communication) and
are presented in Table 1. During the years 1852-54 and 13957-58
samples were also collected from the large vessels. However, the
1957-58 samples are sparce and it is unlikely that they accurately
represent the catch (Tabel 1). For this reason the years 1955 to
1960 were replaced by an average catch frequency for large vessels.
The attendent errors are possibly seriocus since during this period
the large vessel hunt on 1+ animals represented between 87.5-85.5%
of the total catch (Tabel 2).

In 19681 sampling began to steadily improve with both the large
vessel catch from the moulting lairs and the landsmen catch being
well represented (Tabel 1). Annual catch étbage samples from
1961 on came from a number of sources (Sergeant 1971, 1972, perso-
nal communication; M@ritsland 1971 ; Benjaminsen and @ritsland |
MS 1975). Unfortunately, there was not a good sample taken for
either the landsmen or the large vessel catch in 1972, but the
available data were included in the ensuing analysis. In 1973

the landsmen sample was again lacking and may not sufficiently
represent the fishery. In both 1972 and 1973 there was no: basis
for using an average sample to represent either fishery, especially
since the landsmen and large vessel catches are nearly equivalent
to one another. In general, the samples from large vessels sesmed

to improve from 1967 on, excluding 1972.

The samples from the landsmen hunt and large vessel hunt were first
summed for each year, then reduced to their respective percentage
compositions. These compositions were then weighted in accordance

with the. numbers of animals killed in the landsmen and large vessel



uHunt‘(summed across ages) and subsequently divided by the sum
of weighting factors. 1In this way then, the age composition
data gave the best ‘possible representation of the catch
distribution as the hunt has shifted from large vessels to
landsmen (Fig. 2). Using this catch distribution the total

catch was broken out intd catch at age (Table 3).

Calculation of Natural Mortality

The instantaneous rate of natural mortality is possibly the most
elusive parameter in population dynamics to estimate. Further-
more, for the nharp seal population it is the most important due

to the rather low exploitation rate experienced by 1+ animals.

The‘only representative sample of the population age distribu-
tion comes from males of age two and older in the moulting lairs
(Benjaminsen and @ritsland MS 1975). Furthermore, it is assumed
that there is no difference between natural mortalities rates of
male and female harp seals. This is a valid assumption since male
and female harp seals seem to experience similar growth rates and
achieve equivalent maximum weights (Sergeant 1873a). The metabo-
lic rate and body size of seals is well correlated (Lavigne et al
1976); and since the mortality and metabolic rates of animals

are related (Simms et al 1959) it is unlikely that male or female

harp seals experience divergent natural mortalities.

Male age samples of moulting seals were taken from Benjaminsen

and @ritsland (MS 1975) for 1969, 1970, 1971, 1973 and 1974. 1In
1968, 1870 and 19873 there were also combined (male and female)
samples which were corrected, (Fig. 1), for the fraction of males.
These corrected samples were added to the appropriate sexed male
gsample to produce a total male sample. The age frequencies were
then reduced to percentage age compositions so the total instan-

tangous mortality rates (Z) could be calculated.



Total instantaneous mortality rates, weighted for varying cohort

abundance, were calculated by using the equation:

i=25
_ %
(1) z - R
(t,t+1) £
i=3
where P is the percentage in year (t) for age (i). One year old

animals were not included because of the erratic nature in which

they occurred in the sample.

Since there was not a representative male sample in 1872 the
total mortality was calculated from 1971 to 1973 and the result
value divided by two.

- The weighted annual instantaneous mortélity rates were as follows:

Year Total mortality (z)
1966-1969 0.0667 ]
1969-1970 0.2247 Lz = 0.160
1970-1971 0.1882 _
1971-1973 0.0892 (Avg.)
1973-1974 0.1836 N Gl

The following two simultaneoushequations could then be construc-

ted and solved.

F

=
I

68“'71 - UI1BD

Frq-74 * M

1

0.137

where F is the average instantaneous rate of hunting mortality.
Following the implementation of the quota regulations in 1971,
hunting effort exerted on 1+ seals was essentially halved such
that ?68-71 = 2?71_74. Hunting effort was calculated by'multiply-
ing the number of men by the length of time they hunted 1+ seals

and the mean horse power of the vessels. This value was



then divided by the mean tonnage of the vessels the number of
days was calculated according to the closing dates of the hunt
and the other values are taken from ICNAF statiscal vyearbooks .

Ice condition is not considered in the calculation because of

the lack of data, however, its inclusion would presumably great-
ly improved the calculation of effective effort. The hunting
effort, which varies little from year to year was 120,000 man,

! betwsen 1961 and 1970, and 56,000 between 1972 and
1875. In both cases the standard deviation was only 8300 man, hp,

day, hp, ton

-1 . .
ton '. Thus the change in effort is 2.07 and the assumption of a
halving of effort between the two periods seems quite valid. The

two equations then give the following values:

M = 0.114 and F 0.046 and F = 0.023.

66-71 71-74

By subtracting the appropriate F value from the z values a stan-
dard deviation of 0.067/ and standard error of 0.0302 were calcu-
lated. From this limited sample set the variance was indeed
great and it is assumed that the standard error more closely re-
flects the real biological deviation in natural mortality. Other
calculations of mortality are somewhat lower, near 8% per year
(Ricker 1971, Ulltang 1971).

Lavigne et al (1976) present an age specific natural mortality
schedue which declines from 0.2 for O-group seals to 0.095 for

5 to 6 years olds. Following this, mortality rises to 0.109 for
adults and remains constant. This schedule, although assumed,
makes good biclogical sense since mortality and growth are usually
coupled (Simms et al 1858, Bourliere 1858). For harp seals the
growth rate begins to become constant at the onset of maturity.
According to an analysis of Lavignes et al (1876) data the instan-
taneous growth rate of mature seals is 0.12, not far from our esti-
mated mortality of 0.114. However, at some point the mortality
rate must exceed growth rate or the biomass of seals would contirus
to increase forever. Senescent death in harp seals may hegin at
approximately age 18, if one speculates as to the reason about
inflection in the survivorship curve at this time. Thus the criti-

~al age for a cohort of seals probably is near 18 years of age.



. In our analysis we could find no. evidence of an age dependent
natural mortality rate, which is 'not surprising considering the
crudity of catch data and the delicate changes in the parameter
as suggested by Lavigne et al 1876, However, the analysis was
on 2% seal and a different mortality rate may be experienced by

the younger animals.

Sequential Population Analysis

Sequential population methods (Fry 1848; Murphy 1964; Jones
1964; Gulland 1965; Pope 1972; Doubleday 1975) were developed
to estimate fish population sizes and fishing mortalities from
catch-at-age data when effort data are not available. Although
there are no example of this method being used to assess mamma-
lian populations, no assumptions are violated by its use. For

this reason it may be instructional to outline the method.

The sequential population analysis developed by Pope (1972)

called cohort analysis was utilized in this study since it assumszs
that natural nad hunting mortality occur somewhat seasonally,
which is true to a great extent in the seal fishery. The method
is based on the formula:

(2) Ni = CiEXP M/2 + N EXP M

i+1

th irthday,

C. is the catch of a cohort at age i, and M is the instantaneous

where Ni is the population of a year-class at the i

coefficient of natural mortality. This formula is applied segquen-
tially, the population size is each year depending on the popula-

tion the year after.

However, some starting values are required. Thus, by expanding

equation (2):



(3) Ni = [CiEXP(M/Z) + Ci+1EXP(3M/2] * Ci+2EXP(5M/2)

tassssasssaaaasant NtEXP((t-i)MJ

and assuming that.hunting does not completely extirpate a par-
ticular cohort, the last term for the final year’'s population

is:

Cy (Fyoq*™)

(4) N, =
Fi(1—Exp(—Fi+1—MJ)

Equation 4 then, is used to calculate the population size in
the initial year. Thus one of the primary problems is to esti-

mate starting hunting mortality valuss.

The average hunting mortality calculated for 1972-74 was 0.023
and it was assumed that this value also applied in 1975. The
analysis was not started using the 1976 data since all samples
are not yet completely ahalysed. When possible considerable care
should be given in estimating the initial hunting mortality since
hunting mortalities are low for harp seals and the analysis is
therefore more sensitive to initial F for a longer period. How-
ever, when the data series is long, poor starting values of F are
considerably improved as the analysis continues. After running
the analysis and averaging hunting mortalities for ages 10 to 20
it was determined that on average a hunting mortality of 0.02 was
adequate for animals of age 25. The age specific hunting morta-
lities calculated by the formula

) - M

(5) F = Loge(Ni/Ni+1

are presented in Table 4.

The resultant population estimates (Table 5) indicate that there

was a quite dramatic decline, such that in 1968 the herd was only

45% as large as its size in 1952,



Pup productions estimated by cohort analysis are somewhat
erratic, indeed more than would be expected for a mammalian
populatioﬁ. This inconsistency can perhaps be attributed to

a natural mortality rate among pups which responds in some

way to the exploitation rate. Furthermore interspecific com-
petition may be a factor in determining resultant natural mor-

tality rates.

Density Dependent Pregnancy and Whelping Age

It has been proposed by Sergeant (1966, 1973b) that the mean age

of whelping for harp seals is a density dependent function rely-
ing on population size. This phenomenon is well noted in some
other marine mammals (Gambell 1973). Indeed, some sort of mech-
anism is necessary to equilibrate the population with the carry-
ing capacity of its environment (MclLaren 1367). Sergeant (MS

1976) has presented further evidence that the mean age of whelping
has shifted to an extremely low level of 4.8 years in 1976, a
figure well below the 6.5 years calculated in 1953, However, the
reason for this most recent shift from 1968-1976. is not clear

since the population has stabilized and seems to be slightly
increasing. Furthermore, it will not become lucid until some
information on the growth rate of individuals within cohoq}s
becomes available. Sergeant (personal communication) hasﬁsuggested
that the maturity schedule of seals is determined by their growth
rate as juveniles since growth approaches an asymptote at about age
5 (Sergeant 1373a). Lavigne et al's(1976) data would also suggest an
age of 5. In both examples, the data are extremely variable. The
harp seal population did reach it’'s minimum level between 1866 and
1973 of 1.07 million 1+ seals (Table 5). Assuming that the growth
rate of juvenile seals is stock dependent,this would suggest that
Sergeant's hypothesis is possibly correct. Until more conclusive
evidence concerning the reproductive biology of harp seals 1s prs-
sented, we assume that the maturity schedule of harp seals 1s deoii -
dent on the coincident population size of 1+ animals. There 1is

little evidence to suggest that the Front and Gulf herds ~xperisr-<



a different maturity schedulef-although this point méy be argded
by Sergeant (1973b), thus the data utilized from these two areas

was not welghted in relatlon to. populatlon size.

The ogive were‘plotfed‘on "probit" paper and lines were fitted
by eye, giving more wéight‘to points closer to the 50% maturity
level. Values were then interpolated for each age from these
lines, under the assumption that they represented the best fit
of the data. The interpolated values were used to determine the
following equation (Fig. 4):

-5

N, - 16.017

(6) ARC sine .E, = 15.522A - 2.245 x 10 ¢

i7t
where iEt is the fraction of the population whelping, assuming
100% pregnancy for a particular age 1, Nt is the population num-

ber of 1+ seals in the year t, and A is the age in years.

The shift in maturity in response to population size is assumed

to be linear since the best fit of the mean age of whelping over
the data series was linear, although again the data are not con-
clusive. Capstick and Ronald (1976) fit an exponential relation-
ship to two data points, where there seems to be some confusion
concerning the independent and dependent variables (see Fig. 4
Capstick and Ronald 1976). In fact, the curve has doubtful bio-
logical meaning since according to their hypothesis the mean age

of maturity approaches zero at population sizes less than 1 mil-
lion, a result which they previously speculate as being impossible.
In addition, maturity reaches an asymptote at larger herd sizes,
such that the population can increase ad infinitum. Surely the
opposite effect is expected if it is indeed non-linear, since the
biological basis for a shifting maturity ogive would be to constrain

the population within the environmental carrying capacity.

Density dependent, age specific maturity would be enough to limit
the population, but this 1s only one of a multitude of factors.

Others responding to population size could be natural mortality



and‘?ertility rate. Although we have no evidence for density
 dependent-mortality. there does seem to be some data supporting

a varying fertility rate (Fig. 5). Fertility rates were deter-
mined from a number of scurces (Fisher 1952; Sergeant 1966, 1969,
1970, MS 19763 M@ritsland 1971). The response seems to be a line-
arly decreasing function of population size, however, the data are
variable and the structure of the relationship is not clear. The
data were plotted against the 2+ population size since the younger
animals remain segregated from the herd and would not compete. A
fluctuating fertility rate is a well noted phenomenon and has been,
observed in at least three populations of whales (Gambell 1873).

In addition,the unexploited population of Antarctic crabeater seals

(Lobodon carcinophagus) which like harp seals, also enjoy an unli-

mited ice substrate on which to whelp, has a low pregnancy rate of
0.76 (@ritsland 1970). Markgren (19689) found that the ovulation

rate in moose (Alces alces) was related toc a number of factors such

as age, body size, nutrition, climate and population density.

Effects of Changing Sex Ratio on Population Projection

The pup production estimates resulting from sequential population
analysis are quite erratic (Fig. 3), possibly as a result of unac-
countable fluctuations in natural mortality. In addition, the pre-
pondenrance of males in the kill from the moulting seals would re-
sult in a sex ratio favouring females. This could increase the

estimates of pup production by 15,000 or 20,000 animals.

It is uniikely that there are serious errors in the catch distri-
butions for seals 1 to 6 (Tables 3), since 8% of the variation

of this data is unexplained when compared with the actual catch

of bedlamers (see Table 2 @ritsland and Benjaminsen MS 1975).
This compariseon is made by plotting the addition of the catch of

17 to 6 year olds (Table 3) against the catch of bedlamers from
1952 to 1975 as calculated by @ritsland and Benjaminsen (MS 1875).
The functional regression (Ricker 1973) through these points has

a slope not significantly different from unity and a position not

significantly different from the origin.
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‘As previously noted, the best estimates from cohortlanalysis

are between 1861 and 1975 since during this period the catch
data are more consistent. . Because the estimates of population
improve‘aé the analysis proceeds {(Pope 1972), 1861 should then

give the most reliable abundance level. With this in mind, a

.projection starting in 1961, subtracting the age“specific catch

of the various fisheries should give the most reliable pup pro-
duction, following the application of a maturity ogivé. These
pup productions, resulting from determining the breeding popula-
tion, are ﬁrobably more reliable than those predicted from sequ7.
ential analysis. However, the number of animals in age groups '
older than one should be equivalent to the sequential analysis
estimates. Recruitments to the 2+ populations were the cohort

analysis abundance estimates for one year olds.

The sex ratio of the catch was distributed over ages in accor-
dance with the asymptotic function appearing in Figure 1. The
value of the asymptote is represented by the fraction of males

in the catch (Table 6). For two-year-olds, the percent of females
remained 52.8% females, however, the asymptotic ratio varied in

relation to the closing dates of the seal hunt.

In 1961 the sex ratio was assumed to be 50:50 in the population;
changing thereafter in response to the sex ratio of the hunt on

the moulting lairs and the contribution of this hunt to the total
catch of 1+ seals (Table 5). This assumption is reasonable since
the number of adult females taken by large vessels in the breeding
lairs during the postwar period was small because the value of
whitecoat pelts was 2 to 6 times that of an adult pelt. Annual
prices for the Norwegian fishery are given by Fiskeridirekteren
(18951-1965). Prior to this time Coleman (1938) suggests that faw
adult females were taken in the steamboat fishery since the cost

of powder and shot was in excess of the value of the pelt. During
the period from 1895 to 1823 adult seals only comprised 2./% of the
total steamboat batch(ChaFe et al 1923).Even less of this would D=
females. Fraom 1953 to 1960 white-coats were worth from 1.3 to &

times as much as the adults, however, this declined to 0.7 by 18o+4.



Furthermore, due to the labour associated with skinning and
transporting the adult pelts it is unreasonable to assume that
there was excessive killing of breeding females when white-coats

. !
were available.

To protect the mature females a closing date of May 5 was esta-
blished in the Gulf and on the Front in 1961. At this time we
assume the sex ratioc in the large vessel catch was 55% adult

males since the sex ratio in the population would probably be
altered in favour of females. Since the proportion of moulting
females on the ice would be less than males, the fraction of
females in the catch would also have been somewhat smaller than
the fraction of males. In 1963 the closing date was changed to
April 30. The closing date in 1965 in the Gulf was altered to
April 25, and this date was also established on the Ffont in

1968. In 1970 the closing date was April 29 and since 1971 it has
been April 24. An agreement was made in 1965 that no females could

be killed while breeding.

These regulations obviously decreased the percentage of mature

females in the catches. The total Norwegian sample of moulting
harps taken from 1969 to 1974 (Benjaminsen and @ritsland, MS 1975)
showed a marked surplus of males. In age groups one and two the

sex ratio is approximately 50:50 and there after increases to 86%

males for mature animals (Fig. 1).

The projection is broken out into males and females and each com-
ponent is handled separately in the simulation (Table 6). The
fertility rate was assumed to be about 94% during this period,
and 6% of the breeding population was assumed to be over the ags
of 25 (Benjaminsen and @Pritsland MS 1975). A constant, conserva-
tive maturity ogive, calculated from Sergeant's (1966, 1976) data

was applied to the breeding population using the following sched.lis:



Age 2 3 4 5 6 - 7 8 g | 10

Fraction 5 ¢ g75 0.220 0.450 0.700 0.880 0.970 0.390. 1..u!
whelping B :

which was considered average for the period.

- The sex ratio in the breeding population became as high as 54.9%
in favour of females in 1971, and has continuélly dfopped since
then to 52.9% in 1976 (Table 6), as a result of a much reduced
hunt for moulting animals (Table 2). Age speoific sex ratics
r'ise as seals get older due to the accumulated effect of éelec*
tive hunting. 1In Faotw in more recent years this ratio has

exceeded 70% females for animals over 20 years.

The change in the sex ratio provides for more pups than would be
calculated by applying a 50:50 ratio. Indeed, it is assumed that
pup production calculated in this manner is more reliable than
gstimated from sequential analysis (Fig. 3}. Production reached

a minimum in 1972 of 294,071 animals, down from 424,561 produced
in1962. Since 1972 the production has slowly inéreased, primarily
due to the entry of the 1968 year-class and the quota regulations,
so that currently production would be 311,502. Using Sergeant'’s

(MS 1976) latest maturity estimates, production would now be approx-
imately 330,000. )

Uirect Survey Methods

Ultraviolet sensing method

Ultraviolet photography has been used for detecting certain white
animals against a white background of ice or snow (Lavigne and
Pritsland 1974). It is anticipated that this method could signi-

ficantly improve estimates of harp seal pup production.



Details of this method have been outlined by Lavigne st al (1875),
as it was applied to the northwestern Atlantic harp seal. It is
stated that using a direct statiscal method i.e. applying a mean
density estimate to the total herd area, results in confidence
limits much too large to suggest the method is useful. In addi-
tion the patchiness of seals on the ice results in a skewed distri-
bution from subplot estimates such that the modal value is indeed

much less than the mean.

Lavigne et al (1975) have suggested that a ratio estimate should
be used toc reduce the confidence limits of the estimate. This
methods requires additional information over that needed for a
direct estimate. Furthermore,the assumptions concerning these
supplement data are critical to the estimate. In order for this
method to improve upon the direct estimate the correlation of the
number of adults to pups in the subplots must be greater than the
ratio of the covariance of adults among the subplots divided by

2 times the covariance of the number of pups among subplots.
Lavigne gt al (1875) count the number of adults from 1220 m to get
an estimate of the total herd size and determined ratio estimates
at 305 m.

It is suggested that their sample size of 639 subplots was to smali.
However, this only required a correlation coefficient, TAP, of
0.232 between pups and adults for the method to be valid. Thus

the minimum assumption required for the method to be valid is

i = 0.232

200 A
where 02 is the variance among subplots of pup abundance, P
and adult abundance, A. This of course is a minimum assumption
and is subject to change depending on how good the actual agre=-
went between the number of pups and adults. This method althougn
rerhaps the most promising of all, requires good ground truthing

and a more thorough knowledge of the fraction of malrs present Iv



the breeding lairé. Until these objectives are achieved it cannot
be considered an adequate method useful in the evalution of status

of the harb seal stock.
Curran’'s Survey Method

Currently there is only one method of direct estimation of pup
production which a majority of scientists agree upon, as being
reliable (Fig. 3). Perhaps it is more because of the man, and
his long years of experience with seal management, than with the

technique.

The following is a brief description of the method. On March 8th
and 9th a grid is flown from northern Labrador to Notre Dame Bay,
Newfoundland to locate the herd. At this time, the younger females
which have less control of parturation than older seals, haul up or
the ice to give birth. The sighting of these younger animals gives
the herd’s location. Approximately two days later the older fema-
les will begin to whelp in a somewhat more southerly location.

This usually gives the appearance of two herds. _The majority of
the front herd have whelped by March 12th (Curran personal commu-

nication).

Each of these two herds are surveyed separately. First, the exten-
sivness of a herd is determined by circling it and drawing a paral-
lel grid lines. This grid is followed by aircraft and X's are
marked on it where there are no seals so the total area of seal

density can be calculated.

The pups in specific subpatches are then sometimes counted by
Curran and his crew for at least 20 acres. Each subpatch is
about 1 acre in size and randomly distributed. In some areas
the seals are scattered and in others dense, such that a mean
number/acre and an associated variance can be calculated. This
density is now applied to the subherd, for which the total area
has been determined to give the population size. This exercise

then allows for visual estimates from the alrcraft for the rerain-

ing herd.



Norwegian and Canadian sealers will hunt off particular areas,
and Curran receives daily counts of their take. When the hunters
move out he will count the remaining seals and add this to the
catch, thus arriving at total figures for different areas. By
relating these figures to his own estimates he can get an idea

of how accurate his original estimates were. In addition to socon
learning what a specific number of pups looks like from the air,
he claims his method of estimation is always gonservative by at

least 10%; this is possibly an overstatement.

There is no doubt the method is crude and could be improved by
good aerial photography. However, because of his efforts in
ground truthing his direct estimates are perhaps the most

accurate available.

It has been proposed that 1/3 of the seal herd whelp in the

Gulf and 2/3 whelp on the Front Sergeant (1976). According to
Curran’s estimates from 1971 to date, the breeding population on
the Front is about the same size as that in the Gulf. Although
Curran’s estimates are conservative, the implications of this
fact are quite serious. It means that with the Gulf closed to
hunting Ffom large vessels, the Front could become severely over-
exploited. Apparently, the juvenile seals intermix between the
two areas (Sergeant MS 1876) but adults do not, and therefore
there is a possibility the assumption of the two herds may be

one (Sergeant 1865) is wrong.

Construction of the Simulation

It is our opinion that some further insights can be gained into
the population dynamics of harp seals by the construction of a
stochastic simulation. By stochastic it is meant that the distri-
bution and variance of certain parameters and state variables is
taken into account. Another assumption is that the Front and

Gulf herds are indeed one population since they spend the summer



togethér in the Arctic (Sergeant 1965), and intermix as
juveniles (Sergeant 1975). Of the two assumptions possible,

more evidence supports the one herd hypothesis.

The simulations written in APL (Fig. 6) are represented by the
schematic flow chart (Fig. 7). The program presented in Figure
6 requires specific large vessel catch of 1+ seals and pups to
be entered, however, the alternative program is slightly changed
so fishing mortality rates rather than large vessel catches are

entered.

To initiate the program a starting population of animals aged 1

to 25 is entered, then the number of years the program is to run,
and the starting date. A quota can then set by entering in a
large vessel catch of 1+ seals and pups. An option is also avail-
able whereby the catch of 1+ seals and pups by the Magdellanot can
be fixed.

The simulation has two options related to its printout. If the
number of runs is deemed as one, it will print out the breeding
and total population size, the annual sex ratio of the total and
breeding population, the total catch of 1+ seals and pups. How-
ever, since the model is stochastic, each run will give different
answers since the "seed” in the random number generator is not
fixed for each iteration. Thus, when the number of runs is great-
er than one, matrices of total annual and breeding population, in
addition to the catch of 1+ seals and pups is printed out. The
right hand two columns in each of the matrices is the mean and

standard deviation for that year.

The starting population is now broken up into the male and female
fractions present in 1977 (Fig. 6, [34 *). One of the problems
"with this fishery which does not allow it to be interpreted accu-
rately using conventional fisheries models is that the frequency
distribution of the catch bears little relationship to the fre-
quency distribution of the population. Therefore the catch cannot

be distributed in a similar structure to the population.

* (n] represents the line in the program in (Fig. 6).



The freguency distributions of four district fisheries (Fig.8)
are used ; the high Arctic, Greenland, landsmen and large vessel
catches. These distributions are averages over a number of ran-
domly chosen years between 1952 and 1975 so that baises due to
trends in recruitment and effort are reduced. The interpclated
values from the curves of best fit were entered into the simula-
tion as average constant values representing the catch frequen-
cies (Fig. 6 [45 - [(2) ).

All the uncontrolled catches, i.e. those excluding large vessels,
had a normally distributed random component. The means and stan-

dard deviations for these fisheries were as follows:

Catch of 1+ seals

Landsmen catch 13026 * 5048 15D
Greenland 3784 * 1040 (Kapel 1975)
High Arctic 1294 = 729 (Sergeant 1971)

Catch of O-group seals

Landsmen 36949 % 14442 18D

1

i+

Greenland 3784 1040

In each case the catch was broken into the frequency distribution
through multiplying it by the average catch distribution. It was
then fractioned into males and females by (1) assuming that each
uncontrolled catch had the same sex ratio as the current population
and (2) that the large vessel catch had the same age dependent sex
ratio as that in Figure one since the closing dates are to remain

fixed.

The next step in the program is to calculate the size of the
breeding population ([B4 ) and for this two functions must be
evaluated. First density-dependent age specific whelping ages

are calculated using the equation (73} ):



(1) ARC sine E, = 15.522A-2.245 x 10“5Nt—16.017

where iEt is the fraction of the population whelping assuming
100% pregnancy for a particular age i and population number of
1+ seals N, in the year t, and A is the age in years. The ARC

sine of iEt is constrained such that it cannot be 90 or 0.

A density-dependent fertility rate is calculated using the
following equation ([73]):

8

(II) P = 1.048 - 8.746 x 10 ° N

2

where P is the pregnancy rate and N2 is the number of harp seals
between the ages 2 and 25. These two equations act together to
constrain the pup production with the carrying capacity of the
environment in addition to augmenting the production at lower
population levels. They make the birth rate a power function of
population size. The summation of the breeding population vector
is multiplied by 1.06 since it was determined that on average 6%

of the breeding population is over the age of 25.

Equation I and II represent the feedback within the simulation
which changes its nature from linear to non linear, this provi-

ding some additional realism.

Following the calculation of pup production the catches of 1+
males and females are subtracted from the total number({86) ,
(87 ). sSimilarly, the pup catch is subtracted from the total
catch ([84] ).

Natural mortality is also considered a stochastic, normally

distributed parameter of 0.114 ¢t 0.0302 which means that it can

vary as widely as from 0.174 to 0.0536, less than 5% of the time.

Natural mortality is applied using the following equation ({397 -
9973 :
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(I11) Ntf-——-Nt EXP(-M)

Natural mortality is applied to the population after the catch
has been subtracted off, since the hunt primarily occurs during
the spring and natural mortality and hunting mortality occur

quite separately.

The surviving pups after exploitation and natural mortality are
assumed to have a 0.50:0.50 sex ratio. The numbers of males and
females at age are now updated and the 0 group cohort is catenated
into the vector for 1-year-olds and the remaining 25-year-old seals
are dropped from the vector ( (01 , 1021 ). Annual sex ratios of
the total and breeding pophlations are calculated. A test is made
to determine if the simulated time period has expired and if more
iterations are to occur. If the simulation time has elapsed the
remaining portion of the program dealing with the calculation of

means and variances and formating executes.

Results and Discussion of the Simulation

Allen (1975) has pointed out that his linear model allows the
population to increase ad infinitum which restricts its useful-

ness for making long term predictions. Thus the initial use of

the simulation was to investigate what the implications of different
assumption concerning the pregnancy rates and maturity rates had on
the population, when there was no fishery other than the uncontrol-

led landsmen and aboriginal hunt.

Many mammalian populations show a varying fertility rate (Gambell
1973, Markgreen 1969) in responss to space and food availability,
and indeed there is evidence to indicatethat the pregnancy rate
for harp seals can also be altered in response to changes in densi-
ty (Fig. 5). When this relationship was incorporated into the
simulation, it limits the population (Fig. 9) to about 6.5 mil-
lion animals. At this time the fertility rate was approximately
0.4 which brought the population into equilibrium with the uncon-
trolled landsmen and aboriginal hunt. However, the reproductive

potential of the stock was unrealistic, since when MSY (maximum



sustainable yield), to be discussed later, was determined, catch
levels could be sustained which were in excess of those which

have led to a decline in the herd.

It was apparent from this exercise that an additional mechanism
was necessary to constrain the reproductive potential of the
population. For this reason, a density-dependent maturity ogive
was added into the simulation. The effect was to produce a po-
pulation size which was in equilibrium with the landsmen and
aboriginal catch levels at an abundance of 3.7 million seals.
The sequential analysis estimate for 1952 (Table 5) was — 2.3
million_seals, which Sergeant (1975) concluded was near the maxi-
hum popuolation size. Evidence from this analysis do not agree

with Sergeant’'s conclusions.

A éimulated "recruitment” curve (Fig. 10])] was compared with values
from the sequential population analysis. The line passed through

the axis of the data, but the scatter in the pup production values
was too great to suggest if the two techniques confirmed one another.
However, one apparent fact was that pup production had to be in
excess of the 1852 production level, to sustain the high catches
between 1830 and 1923 (Chafe 1923).

The curve (Fig. 10) is a power function of population size.

Allen (1975) speculates as to the possible shape of the recruit-
ment curve and concludes that if reproduction is a linear function
of stock size, the Beverton and Holt (1857) recruitment curve is
indeed the best representation of the recruitment process of seals.
In addition, to the linear shift in maturity our model allows for
a linear shift in the pregnancy rate which adds more curvature to
the relationship. Ricker (1954) recruitment is not realistic for

a stock as undynamic as harp seals, since the declining portion

of this curve, results from a population being much further out of
equilibrium with the carrying capacity of the environment, than

it is possible for seals to get. At the point of max imum popula-
tion size then, the reproductive rate is equivalent to the mortality

rate.



It was necessary to determine the MSY population level as a
reference point for harp seal management. This could not be
determined from the simulation if only catch was controlled,
since. under these conditions the population could only come
into somgeequilibrium or collapse. Therefore, the alternate
program was utilized such that catch would vary in response

to population size, by controlling the hunting morality rate.
This allows for a Shaefer type curve (Fig. 11} to be generated.
Hunting mortality by large vessels was calculated under present
conditions to be approximately 0.01 on 1+ seals. Holding this
mortality constant, the hunting level on pups was allowed to
vary. The predicted value for maximum sustainable yield approxi-
mately 200,000 pups and 40,000 1+ seals, with respect to the
present pup to 1+ seals kill ratio. The MSY population size is

near 1.6 million 1+ seals, or a breeding stock of 375,000 females.

The variance in catch becomes greater on the left hand side of
the Shaefer type curve (Fig. 11).  This fact has been speculated
on by Doubleday (1976), but here the biological basis is apparent.
At stock sizes less than 1.2 million the maturity ogive can no
longer shift to the left thus the population loses much of its
density dependent control to maintain stability. This same result
was shown by Lett and Kohler (1976) for an Atlantic herring stock.

Using the 1977 age specific abundance levels (Table 5) the popu-
lation was projected ahead with fixed large vessel catches of pups
and 1+ seals (Fig. 12). When the large vessels removed 10,000 1+
seals and 80,000 pups the mean population size increased, reaching
the MSY breeding stock size by 1988, however, there is a 66% chance
MSY could be reached by 1883. The total average catch including
landsmen, large vessels, Canadian native and Greenland is - 150,000
seals. When the large vessels take 10,000 1+ seals and 100,000
pups the mean population size reaches MSY in 1991, a date which is
not much different than that for the projected 1971-1974 management
strategy. In all iterations the population increased at this level

of exploitation.



...25..

When the large vessel catch Was 10,000 1+ seals and 120,000
pups for a total average catch of 190,000, the population did
not change in size. However, 20% of the time the population
declined and B80% of the time it stayed the same or increased.
When 10,000 more 1+ seals were removed by large vessels (Fig.
12D) the population declined in all cases.

In conclusion, this study would indicate that.the catch should

not exceed 170,000 seals to allow the population to increase

~to MSY, assuming kill ratio of 20% 1+ seals to 80% pups and
keeping in mind this includes the high Arctic and Greenland hunt.
Furthermore, because of the growing uncertainties of prediction
encountered as one moves away from the current population size
(Fig. 12) quotas should not be set more than 3-5 years in advance.
A compiete re-examination of the population dynamics and herd

assessment is necessary at least every 5 year.

Sampling of the landsmen and large vessel catch must be continued

at an accelerated level in the interim, in addition to samples
collected from the moulting lairs for estimates of natural morta-
lity. In addition, samples of ovaries should be collected from

the breeding to detect shifts in the maturity ogive. Ultraviolet
asrial sensing of the herd, with adequate ground truthing, must be
persued until a direct estimate of the population size is available.
We believe that the model presented in this paper is quite complete
as far as the population dynamics is concerned, and for this reason
a logical extension of the simulation could incorporate some commu-

nity structure, and bioenergetic submodels.

Aknowlegement
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YEAR
1952
53
54
1955
56
57
58
59
1960
61
62
63
64
1965
66
67
68
69
1970
71
72
73
74
1975

Table 2.

LANDSMEN

10667
8100
5443
5401
5428
3605
19563
3998
6648
5877
13388
14529
14933
17738
12647
15245
5910
10532
13839
6044
11427
10416
10982
22733

..39..

The total catch of 1+ northwest Atlantic harp -
seals by landsmen and large vessels from 1952

to 1975.

LARGE VESSEL

98378
. 66811
83939
75671
42585
76437
137227
77304
114534
13170
99513
57094
60348
33757
59364
41361
30328
44940
26225
14343
1646
15081
21828
10992

. % LANDSMEN

9.8
10.8

6.1
6.7
11.3
4.5
12.5
4.9
5.5
30.9
11.9
20.3
19.8
34.4
17.6
26.9
16.3
19.0
34.5
29.6
87.4
40.9
33.5
67.4

% LARGE VESSEL

90.2
89.2

93.9
93.3
88.7
95.5
87.5
95.1
94.5
69.1
88.1
79.7
80.2
65.6
82.4
73.1
83.7
8l.0
65.5
70.4
12.6
59.1
66.5
32.6
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from catch data (Table 3) assum-
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Numbers at 3ge of the northwest Atlantic

mated by cenort analys

ing M = 0.114.

Table 5.
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ic harp seal
1971

from catch data (Table 3)
1970
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0.144.
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Numbers at age of the northwest Atlant
assuming

estimated by cohort analysis

1965
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Figure 1.
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The fraction of males in the Norwegian
catch of moulting northwest Atlantic
harp seals from 1968 to 1974 (from Ben-
jaminsen and @ritsland MS 1875)



100~

80—

60

I* Seals Landsmen
R

Kill

Percentage

Figure 2.

The percentage landsmen hunt of one year and
and older harp seals from 1952 to 1975.
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Figure 3. A comparison of three different methods

of estimating pup production.
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A shifting maturity ogive in relation to
population size. The ogive is constrained
in +the model so it cannot shift further to
the left than the 1.2 x 1078 ogive although
the population may continue to decline.
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Figure 6. Program listing of APL simulation of north-

west Atlantlc harp seal.
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5.

Program listing of APL simulation of north-
west Atlantic harp seal.
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Figure 7.

Flow

chart
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0.114+0,03 (18D)

northwest Atlantic harp seal.

of the APL program simulating the
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Simulated recruitment curve, and pup pro-
duction from cohort analysis of the north-

west Atlantic harp seal. Bars represent
2 (SD).
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Figure 12. Projected breeding stock of the northwest
Atlantic harp seal in relation to varying
management strategies. Confidence limits
indicate we can put little reliance in pro-
jections further than 5 years.
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