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Introduction

Various approaches to estimating the size of the harp seal population in the northwest Atlantic have
been explored in the past. Those methods based primarily on interpreting age composition data fall
into two categories - the survival index approach (S1) and viriual population analysis (VPA).
Alternative methods have depended on fitting various forms of a two parameter population model
(variation of a Leslie model} to independent ficld estimates of pup production for several years -
here termed the population model (PM) approach.

The SI method was originally formufated by Sergeant (1971) and then applied by Sergeant (1975),
Benjaminsen and @ritsland {1975) and Winters (1978) with minor variations. It provides a single
estimate of pup preduction for a period of years for which pup production is assumed to be
constunt. Cooke ( [985) reviewed the method and concluded that it was unreliable because of its
poor mathematical formulation. He provided a modified ST formulation in which the age sample is
viewed as a Poisson distributed random varisble. By taking into account sclectivity-cum-
cumulative survival to uge he developed a multinemial for the age composition for which
parameters could be estimated by maximum likelihood, The method performed well on simulated
data. Hc applied the method to the pup kill and age composition sample data for 2 to 8 year old
animals taken in the karge vessel hunt, tabled in Bowen (1982}, to gel pup production estimates for
two 10 year periods {or which pup production was assumed to be constant {1958-67 and 1968-
77). However, in order to obtain a trajectory of population size, the assumption of constant pup
production must be replaced with a model in which pup production is linked to the mature
population via pregnancy rates. This approach was applied to the northwest Atlantic harp seal
population by Cooke et al, (1985) using assumed pregnancy rates.

VPA (more correctly Pope’s (1972) approximation to VPA, called cohort analysis) has been applied
to harp seal catch-at-age data up to the mid to late 1970s by Lett and Benjaminsen (1977} and
Winters (1978). Both VPAs provided very similar trajectories (Stenson et al. 1993), despite the
fact that their methods for obtaining terminal fishing mortality differed. Although illustrative of the
general relative trends of populations at the time, these applications predate the development of
“calibrated” VPAs and therefore are unscaled with respect to absolute population size.

The PM approach involving fitting a population model to independent estimates of pup production
was first applied to the northwest Atlantic harp seal population by Roff and Bowen (1983). They
sugpested that their approach was similar to that of Beddington and Williams (1980). However,
Beddington and Williams ( 1980) fit their population model to catch-at-auge data and is therefore
more similar to the approach of Cook et al. (1985), whereas Roff and Bowen (1983) fit their
model to survey estimates of pup production, using age composition data only in the estimation of
initial pup production and in subscquent updating of numbers at age {rom one year and age to the
next.

The PM approach adopted by Cadigan and Shelton (1993) and used here to estimate the trajectory
of the number of pups and total population size in each year up to 1994 is very similar to that of
Roff and Bowen {1983), but benefits from a more objective method for obtaining initial pup
production and an improved method for parameter estimation. The model is applied to six well-
documented independent survey (mark-recapture and aenal) estimates of pup production. Two
formulations are considered, Formulation | in which the natural mortality rate on pups is the same
as thut on the |+ population, and Formulation 2 in which the natural mortality on the pups is 3
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times the mortality on the 1+ population. Estimates of replacement harvest are made for both
formulations. For formulation 1 the probability distribution of total population size, population
growth rate, replacement harvest, replacement population size and replacement exploitation rate are
calculated, taking into accaunt only the uncertainty in the population model parameter estimates.

Methods

The model developed by Cadigan and Shelton {1993} consists of a population dynamics model and
a statistical model.

The population dynamics model is
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where n, = population numbers at age a in year t,

€q¢ = the numbers caught at age a in year t,

P, = per capita pregnancy rate of age a parents in year t, assuming a 1:1 sex ratio
m = instantaneous ratc of natural mortality.

A =the “plus” age class (i.e. older ages are lumped into this age class and not dealt with separately,
taken as age 12 in this analysis).

In order to estimate numbers at age for years prior to the first year for which continuous pregnancy
data are available, it was assumed that the annual pup catch is a constant proportion s of the
number of pups born {s=(1/exploitation rate)). Thus, for years prior to the first year for which
pregnancy data are available (t,)
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fora=110 A, where A is 4 terminal (rather than a plus) age (=25 years in the formulations that
follow). This equation is applied iteratively to go back in time and fill in the numbers-at-age
matrix. The numbers at age for the initial years do not have a large influence on model estimates
beyond the mid-1970s but do influence perceptions about the decline and recovery of the
population.

The statistical model is
_ 2
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where 10, is the ith survey estimate of Me.1; and €1 is its estimated variance.

The model is rewritten in matrix notation and transformed into a standard nonlinear regression
model (Cadigan and Shelton 1993). Maximum likelihood (or equivalently least-squares) estimates
of the parameters mand s are obtained using PROC NLIN in SAS applying the Newton iterative
method. Following the statistical model given above, the survey estimates of pup production are
given weights that are inversely proportional to their variance.

The uncertainty in the population trajectory for Fermulation 1 is illustrated by randomly sampling
50 pairs of parameter values (s and m} from a bivariate normal distribution defined by the
parameter cstitnates, their standard errors and the correlation between the parameter estimates, and
plotting the corresponding population trajectorics. While perhaps uscful for illustration purposes,
many more samples are required to provide an adequate representation of the uncertainty associated
with the parameter estimates. The {requency distribution and cumulative probability distribution of
estimates of, population size in 1994, population growth rate (total 1994 population divided by
total 1993 population), replacement harvest, replacement population size and replacement
exploitation rate was estimated from 1000 random samples of pairs of parameter values. This
provides only & partial exploration of the uncertainty associated with the estimates. It is conditional
on assumptions that the pregnancy rates and catch-at-age estimates are known precisely and that the
madel structure is correct (e.g. catches taken in the middle of the year, pup mortality is equal to the
mortality on the 1+ papulation, and for replacement calculations, that the age composition of the
catch and the pregnancy rates remain unchanged from recent estimated vahues). The uncertainty is
therefore underestimated in this analysis.

To calculate replacement harvest, the estimated numbers at age up until 1994 were projected to year
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2064 using the 1994 cstimates of pregnancy-at-age (see below). Calch was removed by applying
the 1993 estimated proportions at age in the catch (only the total catch for 1994, Le. aggregated by
age, is presently available). A constant annual total cateh for the period 1995 to 2064 was varied
until a constant population size was attained. .

The tosal annual catch-at-age up to 1993 (Sjare and Stenson, unpublished data) is given in Table 1
and illustrated in Fig. 1. The data up to 1990 are described in Shelton et al. (1992). The
pregnancy-al-age sample data are given in Table 2.

The pregnancy-rate data is characterized by highly variable sample sizes; for example, for the 7+
age class, the sample size ranges from | in 1985 to 164 in 1969, The data are also suggestive of
changes in pregnancy rates over time. Rather than use the overall average (by age) or the
individual-year estimates, many o which are subject o refatively farge sampling error; our
vbjective was to [ind the most parsimonious representation of pregnancy rates consistent with the
data.

“Harmonising” the pregnancy data was accomplished as follows. For a given age class, let n;
denote the number of seals examined in year 1 and let x; denote the number of these determined to
be pregnant. We start by forming the 2 times 2 contingency table

X 0 -% Ing

Xy My-X, | ny

x n-x In
where x;=x,-+X,, etc. The conventional ¥ % statistic, on | d.f., was calculated for this table and if

the nulf hypothesis (of commen pregnancy rate) was accepted (at the 5% level), these data were
pooled and a new 2 times 2 table formed by including the next year's data, namely

X n-x n

X3 Mg-%q bng

x n -x o
where X =x_+X5, ete. This procedure was continued as long the the successive %2 values

remained non significant, When a significant %* was encountered, the sequetice was lerminated,
and a new sequence begun, starting with the year for which a (significant) change in pregnancy
rate was indicated.

Although the method is as objective as possible, given the data, some minimal amount of
subjectivity was nevertheless reguired:

(i) For Age 3, the procedure grouped 1978 with 1954-70 for an estimate of 0.0192, and an
estimate of 0. 107 for 1979-1994. For consistency with Ages 4 and 5, it seems preferable to place
1978 with 1979-94. Also, although not significant, there is a drop in the rate after 1988 which is
incorporated in the above table for greater consistency with the estimates for the remaining ages.

(i) For Age 4, the procedure indicated the break to be between 1988 and 1989 rather than between
1987 and 1988. However the sumple ratio for 1988 seems more consistent with the ratios of the
following years. Further, placing the break between 1987 and 1988 results in a slightly greater
likelthood value for all data combined.

(iii) For Age 5, the procedure indicates a drop in rate for 1993, followed, in 1994, by a return to
more or less the rate prior to 1993. There is a retuctance to have different rates for isolated
individual years and, since the sample size in 1993 is only 4, it seems reasonable to combine 1993
with 1985-92 and 1994,

(iv) For the same reason, for Age 6, 1986 is included in the set 1967-89. The increase in rate
between 1966 and 1967 appears genuine.

(v) For Age 7+, the ratios in 1989 and 1994 are high in relation to their neighbouring years, Again
to avoid having different rates for individual isolated years and to obtain the most consistency,
1989 has been included with 1954-38 and [994 with 1990-93.

{vi) On viewing the overull estimates given above, it was found that the estimates for Age 5 would
be more compatible with those for the other ages if the second and third groups were taken as
1978-88 and [989-94 with estimates 0.8043 and 0.4048, respectively. Although this departs from
the sequential procedure as described, the overall likelihood for this grouping is slightly greater.

{vii) The test statistics used are asymptotic and may be suspect for small sample sizes. Exact tests
can be performed. However, since the transitions in the data show up as relatively sharp, it seems
unlikely that exact tests will result in any consequential changes.

(viii) The sequential 12 tests have been carried out moving forwards in time. While this seems
logical, from the purely statistical viewpoint, they might equally well have been carried out moving




backwards in time from 1994. Again, because the transitions in the data show up as relatively
sharp, moving backwards should give essentially the same outcome.

For years with missing data, the gap was filled by averaging the value within an age class for the
year before and after the gap and assuming this average value pertained to the entire period for
which no data are available, Alternative methads, such as linear interpolation coutd have been
applied but would have been equally arbitrary.

In the model fits reported here, mark-recapture estimates for 1978, 1979, 1980 and 1980, and the
acrial survey estimates for 1990 and 1994 arc used. The mark-recupture estimates are critically
reviewed in Warren (1991) and all but the 1994 estimate are discussed in Stenson et al. (1993).
The 1994 estimate is given in Stenson el al. (1995). The model was applicd to estimated
pregnancy rafes back to 1955 and the catch-at-uge duta back to 1952, Thus the pup exploeitation
rate parameter s was estimated from pup harvests for the three year period 1952 to 1954. Ages 12
and older were lumped into a “plus” age class in the analysis.

Results and Discussion

The estimates of pregnancy-at-age are given in Table 3 and illustrated in Fig. 2. The cstimales
suggest that the proportion of pregnant femates aged 3 to 7+ increased 1n the carly 19705 and then
decreased abruptly in the late 1980s. These changes are, to some extent, consistent with a density
dependent response by the populatien, if the estimated population trajectory (see below) is
accurate. However, because the population trajectory estimated here depends on the pregnancy
rates, caufion must be used in following this line of reasoning.

Estimates of pup production and total population size for the two formulations are given in Table 4
and illustrated in Figs. 3 and 4. Parameter estimates, estimates of population growth rate,
replacement population size, replacement harvest and replacement exploitation rate for both
formulations are given in Table 5. A random sample of 50 population trajectories for Formulation
I is itlustrated in Fig. 5. The frequency distribution and cumulative probability plots of estimates
of population size in 1994, population growth rate, replacement harvest, replacement population
size and replacement exploitation rate estimated from 1000 random samples from the joint
probability distribution of the mode! parameters are given in Figs 6-10,

Pup production trajectories estimated from the two formulations are very similar (Fig. 3).
Estimates of pup production from the Winters” (1978) VPA are also plotted for comparisen, The
overall trend in the VPA and PM estimates are similar, however the VPA pup production in the late
1970s is substantially lower (by about 100,000 pups) than the mark-recapture estimates of the late

1970s and early 1980s. The drop in pup production i 1990 coincides with the abrupt decline in
pregnancy rates.

Total population size trajectories for the two formulations are also similar. The VPA estimates at
the start of the period are close to those from the PM, but diverge by as much as 500,000 animals
in the 1970s (Fig. 4). Overall, the model illustrates a declining population over the 1960s,
reaching a minimum in the carly [970s, and then rapidly increasing to the present. The rate at
which the population is growing is estimated 1o have slowed slightly in recent years as a
consequence of the decline in the pregnancy rate.

The trajectories of pup production and total population size estimated here are not substantially
different from those estimated up to 1980 by Roff and Bowen (1983). Cooke et al. (1985) provide
several different trajectorics based on using different subsets of the catch data. The pup production
trajectory based on the “large vessel” age samples, as an example, is not very different from the
trajectory estimated here. However, pup production trajectories in Winters (1978), Roff and
Bowen (1983) and Cooke et al. (1985) all gave numbers below 400,000 for the trough in pup
production in the 1970s, whereas the present estimates are just above.

As Indicated above, parameter estimates for the two formulations are similar (Table 5). In
Formulation 1, the instantancous rute of natural mortality (all ages), m, is 0.107, corresponding to
an annual survival rate as a result of natural causes of about 90%. Lett and Benjaminsen (1977)
and Winters (1978) estimated m from age composition samples from the molting patch to be 0.114
and between 0.08 and 0.109 respectively. The VPA estimates illustrated in Figs. 3 and 4 are for m
= (.1, In Formulation 2 m0 = 0.2695 and m1+ = 0.0898, Roff and Bowen (1983) estimated m =
0.075 and for their separable m formulation, m0 = 0.2175 and m1+ = 0.0725. The estimates of m
for Formulations 1 and 2 are somewhat higher than those of Roff and Bowen (1983) but the
Formulation | estimate is similar to those by Lett and Benjaminsen (1977) and Winters (1978).
Note that the separable m formulation (Formulation 2) gives a very similar outcome: to the age-
independent m formulation (Formulation 1), confirming the finding of Roff and Bowen (1983) that
madels of this form are relatively insensitive to this assumption.

Calculations of replacement harvests and equivalent equilibrium population size for the two
formulations are quite similar (Table 5). It is noteworthy that, assuming the 1993 age COMPposition
of the catch, population growth rate is halted at a relatively low exploitation rate {6%), although,
given current population size, the equilibrium harvest (286,700) is substantially higher than the
current TAC of 186,000 animals. Although harvests in the 1950s were as high as 400,000 and
averaged about 300,000 over the 1960s (Table 1) the population was declining over this period.
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The frequency distributions and cumulative probability plots for the population traj_eclory und
reluted guantitics, including replacement harvest, are underestimates of the uacertainty - they only
include the variance in the model parameter estimates and are conditional an all the associated
assumptions that have been made. As indicated by the 50 randomly sampled irajectories ilustrated
in Fig, 5, but shown more clearly in the 1000 realizations in Fig. 6, there is a range of feasible
population trajectories. lgnoring the limitations of this analysis it could be considered unlikely that
the present population size is below 3.5 million or above 5.1 million. Current population growth
rate estimates range from 3.4% to 5% (Fig. 7). Growth rate was somewhat higher (+ 8.5%)
before the recent drop in pregnancy rates. Although replacement harvest may be as low as
170,000 animals, the present analysis suggests that it is around 280,000 but not higher than
300,000 animals, given the assumptions that have been made (Fig. 8). Replacement population
size ranges from 3.4 million to 5.0 million (Fig. 9). Replacement exploitation rate is estimated to
be about 6% but may be as low as 4.6% or has high as 7.2% (Fig. 10). It is important to note that
the replacement harvest and associated exploitation rate will be quite sensitive o any changes in
pregnancy rate from the assumed (1994) values.

In the two formulations considered in this working paper, only six mark-recapture and aerial
survey estimates are used for fitting the model. Stenson et al. {1993) provide a composite of pup
production estimates which includes estimates from VPA (Lett and Benjaminsen 1977, Winters
1978} and modified SI estimates (Cooke 1985). There are also other ST estimates available (e.g
Sergeant 1975). Should all these estimates be used to fit the harp seal model? 1n VPA the
instantaneous rate of natural mortality must be provided in order to estimafte numbers at age
(including pup production) from catch-at-age data and in the SY approaches a quantity or vector of
quantities related to mortality are estimated. We maintain that to use estimates of pup production
derived from VPA or S1 methods in a model in which the natural mortality rate is estimaled would
be circular and illogical.

There are essentially three kinds of information that relate to estimating the population size of harp
seals in the northwest Atlantic: (1) age composition samples (from commercial harvests, research
on molting patches and research on pregnant females); (it) samples of pregnancy at age; and (i)
survey estimates of pup production. -Future research into combining these sources of information
in a single estimation procedure needs to be considered. The best approach may be an extension of
the methods of Cooke (1985) and Cooke et al. (1985) in that likelihood equations are developed to
describe the combined probability of all sampled values for different estimates of a few paramelers
that, when used in a population model, describe the trajectory of the population. In using the age
composilion of the catch, the variability in the selectivities of 1-year old and 2-year old animals
(Roff and Bowen 1985, Cook et al. 1985), problems with respect to missing catch data and the
very low overall selectivity on 1+ animals (Shelton et al. 1992) will be important considerations.
Research samples of the age composition of seals on the molting paich for the period 1967 to 1983
{Roff and Bowen 1986) and 1992/95 (Stenson and Sjure, unpublished data) have a broader age
composition than the commercial hunt data and are likely to be of most value, despite the bias in
these kinds of samples documented by Roff and Bowen (1986).
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Table 2. Proportion of females pregnant at age from samples togzsther with sample sizes.l

Year Age 3 Age 4 Age S Age & Age 7+
Prop N Prop N Prop N - Prop N Prop N
1954 0.00 4 0.33 3 0.67 3 0.75 16 0.88 33
1955 : :
1956
1957
1858
1958
1960
1961
1962
1963
1964 ‘
1865 0.03| ~ 30 0.11 44} . 0.54] - 37 0.71 38| * 0.88 109
19686 0.00 7 0.11 9 0.35 17 0.73 11 0.88 49
1967 0.00 10 0.21 19 0.61 33 0.97 29 0.89 123
1968  0.00 27 0.32 19 0.70 20 0.92 12 0.87 55
1969 0.04 25 0.16 25 0.44 16 0.82 28 0.88 164
1970 0.00 13 0.23 13{ . 0.50 12 0.90 10 0.86 107
1971
1872] - .
1873
1974
1975
1976
1977
1978 0.03 40 0.61 38] 0.90 20 0.67 9 0.85 41
1979 0.33 9 0.67 9 1.00f - -3 1.00 4 0.9 11
1980 0.00 2 0.50 2 1.00 1 0.83 12
1981 0.20 5 0.50 4 0.50 2 0.86] 7 0.78 18
1982 0.00 4 0.40 5 1.00 1 0.75 4 0.33 3
1983
1984
1985 0.00 4] 0.33 3] 040 5 1.00 3 1.00 1
1986 1.00 1 0.50 2 0.00 1 1.00 7
1987 0.17 12 0.38 8] 0.78 9 1.00 4 0.63 24
1088 0.06 16 0.17 6 1.00 3 ‘ 0.74 18
1989{ - 0.00 8 0.00 g 0.33 6 0.67 3 0.85 22
1880 0.00 8| ~0.14 7 0.33 3 0.00 1 0.60 10|
1981 0.09 11 0.18 11 0.57 7 0.33 3 0.61 28
1582 0.20 10 0.27 11 0.44 9 0.75 8 0.66 32
1893 0.00 8| . 0.2 17 0.00 4 0.75 8 0.39 23
- 1994 0.05 20 0.14 14 0.46 13 0.50 6| -0.83 30§ -




Table 3. Estimates of pregnancy at age (see text for method used).

Year Age 3 Age 4 Age § Age 6 Age 7+
1955 0.0172 0.1818 0.5435 0.7231 0.8648
1956 0.0172 0.1818 0.5435 0.7231 0.8648
1957 0.0172 0.1818 0.5435 0.7231 0.8648
1958 0.0172 0.1818 0.5435 0.7231 0.8648
1959 0.0172 0.1818 0.5435 0.7231 0.8648
1960 0.0172 0.1818 0.5435 0.7231 0.8648
1961 0.0172 0.1818 0.5435 0.7231 0.8648
1962 0.0172 0.1818 0.5435 0.7231 0.8648
1963 0.0172 0.1818 0.5435 0.7231 0.8648
1964 0.0172 0.1818 0.5435 0.7231 0.8648
1965 0.0172 - 0.1818 0.5435 0.7231 0.8648
1966 0.0172 0.1818 0.5435 0.7231 0.8648
1967 0.0172 0.1818 0.5435 0.8684 0.8648
1968 0.0172 0.1818 0.5435 0.8684 0.8648
1969 0.0172 0.1818 0.5435 0.8684 0.8648
1970 0.0172 0.1818 0.5435 0.8684 0.8648
1971 0.057 0.36625] 0.7162 0.8684 0.8648
1872 0.057 0.36625 0.7162 0.8684 0.8648
1873 0.057 0.36625 0.7162 0.8684 0.8648
1974 0.057 0.36625 0.7162 0.8684 0.8648
1875 0.057 0.36625 0.7162 0.8684 0.8648
1976 0.057 0.36625 0.7162 0.8684 0.8648
1977 0.057 0.368625 0.7162 0.8684 0.8648
1978 0.0968 0.5507 0.8043 0.8684 0.8648
1979 0.0968 0.5507 0.8043 0.8684 0.8648
1880 0.0968 0.5507 0.8043 0.8684 0.8648
1981 0.0968 0.5507 0.8043 0.8684 0.8648
1982 0.0968 0.5507 0.8043 0.8684 0.8648
1883 0.0968 0.5507 0.8043 0.8684 0.8648
1984 0.0968 0.5507 0.8043 0.8684 0.8648
1985 0.0968 0.5507 0.8043 0.8684 0.8648
1986 0.09638 0.5507 0.8043 0.8684 0.8648
1987 0.0968 0.5507 0.8043 0.8684 0.8648
1988 0.0968 0.1467 0.8043 0.8684 0.8648
1989 0.0615 0.1467 0.4048 0.8684 0.8648
1990 0.0615 0.1467 0.4048 0.6154 0.6341
1991 0.0615 0.1467 0.4048 0.6154 0.6341
1992 0.0615 0.1467 0.4048 0.6154 0.6341
1993 0.0615 0.1467 0.4048 0.6154 0.6341
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Table 4. Pup production and total population size estimates for the period 1955 to 1995 for

mode! Formulation | (mortality on pups = mortality on the i+ population) and
Formulation 2 (mortality on pups = 3 times the mortality on the 1+ population).

B Formulation 1 Faormulation 2

Year Pups Total population |Pups Total population
1855| 509184.23 2804495 496789.91 2624143.7

1956/ 522981.19 2709660.3] 512220.12 2542104.8

1957] 540463.69 2594927.3] 531350.92 2450064.9

1958| 543818.95 2622906.4] 536528.73 2469549.5

1958 513605.73 2574474.6] 508150.32 2410979.7

1960| 493130.28 2489518.7 489250.1 2336302.3

1961 461990.88 2419095.3] 458762.61 2265405.4

i 1962| 470566.86 2451785.7] 465879.22 2302048
1963] 471671.04 2360945.4] 465923.32 2217834.9

1964 464005.04 2249252| 458021.85 2120411.2

. 1965| 452062.83 2138164.1 446053.2 2021050.4
1966| 447384.18 21353987.2] 442061.05 2017477.7

) 1967| 441952.23 2044777.1f 436939.46 1936905.1
) 1968| 426807.11 1942276.8 423722.2 1848629.4
~ 19691 412931.79 1963366.3] 411328.36 1866860.4
- 1970] 401861.47 1882322.1] 401038.57 1797432.3
i 1971 414081.75 1858237.9| 411773.82 1780531
. 1972 411913.35 1857490.2] 410647.66 1784314.6
1973 411835.09 1949575.5; 411856.12 1868241.5

1974 405049.72 2027164.3] 406954.57 1938906.3

i 1975 400543.91 2068756.7| 403909.96 1979906
1976] 410603.35 2098544.7] 413904.83 2013988.6

1977 432298.38 2155207.3 434716.4 2071560.6

1978 473797.75 2245725.5| 473145.45| 2157266.9

1979} 482037.37 2338409.1| 482464.92 2240143.8
1980 490971 2421075.8| 492490.61 2317779.2
B 1981 501574.76 2496679.8| 503292.45 2388232.4
) 1982| 523566.57 2561667 524187.58 2454386.2
1983] 549680.56 2673298.2{ 549373.13 25598331.6

B 1984| 575285.63| 2898902.4]{ 574748.72 2762639.9
1985 595699.88 3149056.2] 595943.19 2988952.9

1986| 625364.15 3413694.8/ 625345.33 3230817.9

1987 677094.89 3700862.3] 674556.07 34985443

1988| 672270.76 3934806.6] 673714.78 3711758.4

1889 667203.48 4092470.86] 672347.11 3865670.6
1990 560521.69 4154860.1 560154.43 3920017
1991 603707.33 4260577.8| 602308.856 4032016.1
_1992| 647392.34 4404579.6] 645462.53 4178062.4
~1993] 683227.17]  4554551.2] 681963.65 4326467.8
1994] 714525.13! 4759984.90 715017.01! 4525148.4
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Table 5. Comparison of estimates from mode! Formulations 1 and 2.

Model estimates

Model 1

Model 2

MO=M1+

MO=3"M1+

Instantaneous mortality rate

0.107364154

0.089826031

Pups -

0.269478093

Proportion survival rate

0.898188531

0.914090195

Pups

0.763778011

1/Exploitation rate on pups (1952-54)

2.912800865

2.92833602

Exploitation rate {pups)

0.343312175

0.341490865

Total population size

1993

4554551.2

4326467.8

1994

4759984.9

4525148 .4

Growth rate

1.045105147

1.045922126

meL_lmber of pups in 1994 714525.13 715017.01
Approximate replacement

Replacement population size 5030000 4648000
Replacement harvest 286700 274450
Exploitation rate 0.06 0.06
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Comparision of pup production estimates ('000s} from Winters
(1978) and current population model estimates
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Fig. 3. Trajectories of pup production for the period 1955 to 1994 from the model fit to the 6
survey estimates of pup production. The trajectory from the VPA estimates by Winters

(1978) is shown for comparison. -

Comparison of Winters (1978) VPA estimates of tota!
population ('000s) with those from the current population
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Fig. 4. Trajectories of total population size for the period 1955 to 1994 from the fit of the two
formulations of the model to the survey estimates of pup production. The trajectory of
total population size from the VPA by Winters (1978) is shown for comparison.
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50 Realizations of population trajectory

Millions of seals

61
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Fig. 5. A random sample of 50 trajecfories of total population size from the joint probability

distribution of the model parameters for Formulation 1 (pup mortality = mortality on the
i+ population).
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