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The Cape fur seal Arctocephalus pusillus of South Africa and Namibia breeds 
in 23 colonies. Aerial surveys have been used to estimate numbers of pups 
during breeding seasons from December 1971 to December 1978, and the 
results have been presented by Shaughnessy (1987). In this paper we develop 
statistical methods for estimating these pup numbers, as well as variances of the 
estimates. We demonstrate a significant increase in numbers of seal pups between 
1971 and 1976; the rate of increase is estimated to be 3.2% per annum. 
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The Cape fur seal Arctocephalus pusillus breeds in 2 3 colonies in South Africa 
and Namibia where it is harvested primarily for pelts and oil. The annual harvest 
of immature animals for the ten-year period 1970 to 1979 averaged 74,300 
per annum. This commercial harvest is managed in South Africa by the Sea 
Fisheries Research Institute of the Department of Environment Affairs, and in 
Namibia by the Department of Economic Affairs. The seals are perceived by 
commercial fishermen to compete for the same resource and to interfere with 
catching operations (Shaughnessy 1985). The Cape fur seal is recognized as an 
important part of the marine ecosystem and, in order to manage it successfully, 
good estimates of its population size are necessary at frequent intervals. 

Most (17) colonies of the Cape fur seal area are on islands; six are on the 

1 Present address: CSIRO Institute of Biological Resources, Box 225, Dickson ACT 2602, 
Australia. 
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mainland coast. Rugged, rocky terrain predominates in the colonies, although 
portions of a small number of them extend onto flat rocky areas, and portions 
of fewer extend onto sandy areas. 

Aerial surveys are the most cost-effective way of assessing the size of these 
populations; such data are available from 197 1 to 1978 (Shaughnessy 1987). 
Ground counts are difficult to coordinate in large colonies of fur seals on 
irregular terrain. Furthermore, thorough ground counts would be highly intrusive 
and consequently would increase the rate of pup mortality. The potentially more 
accurate tag-recapture method has also been used for Cape fur seals (Shaughnessy 
in press), but it is more time consuming and expensive. 

This paper develops the statistical methods needed to estimate total numbers 
of seal pups from aerial surveys. For the Cape fur seal there are sufficiently 
comprehensive data from surveys carried out in the breeding seasons of December 
197 1 and 1976 to make comparisons between the total populations for each 
of these years, and also to assess the statistical significance of the differences. 
Data from other years are too sparse to build a time series of comparable counts. 
For a number of physical reasons the aerial estimates will be negatively biased 
(Shaughnessy 1987). Adjustments to the aerial estimates using tag-recapture 
information are made in the final section of this paper, but make no difference 
to an estimated 3.2% per annum rate of increase of seal-pup numbers. 

ESTIMATION OF SEAL PUP POPULATIONS 

Conceptually it is a simple matter to obtain population numbers and a rate 
of increase by counting pups from aerial photographs taken in two separate 
years (in this case 1971 and 1976) and comparing them. But there are many 
reasons why these counts are to a greater or lesser extent unreliable. The counting 
process is tedious and error-prone and contributes a source of variation which 
must itself be estimated. Aerial surveys in 197 1 were taken on dates 12-14 d 
prior to the 1976 dates (around December 18) when maximum pup numbers 
are expected. Thus a way of correcting the’197 1 counts must be found to make 
them comparable to the 1976 counts. Finally, a bias is expected from aerial 
surveys due to the pups’ habits of forming tightly-bunched pods and avoiding 
solar radiation in shadows and rock overhangs (where they are overlooked). Such 
bias can be adjusted for if some (more accurate but more intrusive) tag-recapture 
estimates are also available. 

Clearly it is desirable to report not only a population estimate but also an 
estimate of bias and variance (or standard error). In the sections to follow we 
make a careful statistical comparison of pup populations of the Cape fur seal 
at two different times. We hope that our experiences in producing population 
estimates and estimates of their variation will offer some guidance to biologists 
faced with similar awkward (but not insurmountable) statistical problems. 

VARIATION IN COUNTS FROM AERIAL SURVEYS 

Techniques used for the aerial surveys and counting of Cape fur seal pups 
have been described in detail by Shaughnessy (1987). Briefly, near-vertical 
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photographs were taken of each colony from an aircraft flying at 120-140 m. 
Pups can be distinguished readily on large format, high contrast, glossy black 
and white prints on account of their small size and black pelage, whereas other 
seals are light brown. Each colony was covered by many such photographs which 
were then overlapped to form a mosaic of the whole colony. This was divided 
into several counting areas bounded by topographic features conspicuous on the 
photographs. Most counting areas included portions of several photographs. An 
attempt was made to use the same boundaries and counting areas when a 
particular colony was surveyed again. 

This article considers surveys taken in 197 1 when 22 of the 23 colonies were 
photographed and in 1976 when all of them were photographed. Sparse data 
from other years are not considered here since they are incomplete across both 
time and colonies. For the 197 1 survey, pups in each counting area were counted 
once only by a single person. For the 1976 survey each area was counted by 
two of three people working independently. Note that for the 197 1 survey two 
of these three did most of the counting. 

Estimation procedure for 1976 survey-The statistical properties of the 1976 
population estimate are derived in this section, using geometric means and the 
well-known delta method (Kendall and Stuart 1969, p. 231, 244). 

For an individual colony let the number of counting areas be n; in some of 
these, two counts were made (n, of the n) and in the rest (ng) four counts were 
made (n = n, + nb). Initially two counts were made of a counting area, each 
by different counters. If the difference divided by the larger count was greater 
than 20%, each counter made another count; otherwise only the initial two 
counts were taken. This strategy was employed in order to minimize the laborious 
task of scoring all counting areas four times. Let Ni be the i-th count of pups 
in a counting area. The random variation of counts is usually such that the 
variance increases with the mean; e.g., variance is proportional to (mean)2, or 
variance is proportional to mean. These counts were no exception (.ree below). 
Since the mean is to be estimated it is necessary to remove the encumbrance of 
this mean-variance association. When the variance is proportional to (mean)*, 
taking logarithms is the appropriate remedy. This in turn leads to estimates 
based on geometric means of counts. The logarithmic transformation was checked 
on data obtained from a single counter; the variation of log counts was ap- 
proximately constant regardless of the magnitude of pups in the various areas 
being counted. 

There are three steps to the estimating procedure: estimating for the counting 
areas in which pups were counted twice, estimating for counting areas in which 
pups were counted four times, and combining these estimates to give an overall 
estimate for the whole colony. 

(a) Consider the n, counting areas in which pups were counted twice; use a 
subscript j to represent these areas. In the j-th area we have counts Nl,j and 
N2,j. The geometric mean of pup numbers in a particular counting area j is 

eYj, where 7. = 
In Nl,j + In Nz,i 

I 2 ’ 
or equivalently is <Nl,JJ2,~) % . 

The sum of squares of deviations from the mean for counting area j is 
calculated from 
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Sj' = 5 (In Nij - q)*, 
i=l 

The estimate of pup numbers in counting areaj is obtained by the delta method, 
and corrects the geometric mean for bias: 

Y 
bji= e’ 

VAR ’ 
1-t; 

2 

where VAR, refers to all those counting areas in the colony under consideration 
with two counts of pup numbers: 

E S12 V&=JL. 
2.n, 

The estimated variance of the estimate of pup numbers, bj, in counting area 
j is calculated from 

It is likely that E( Vj) is slightly smaller than the population variance. Because 
we are dealing with two-count (rather than four-count) areas; Nl, j and N2,j 
are close and so positively correlated, which leads to negative bias for Vi. 

(b) The %?b counting areas in which pups were counted four times must be 
considered; use a subscript ,& to represent these areas. In the R-th area we have 
counts Nl,k, N2,k, N3,k and N4,k. The geometric mean in such a counting area 

4 

k is eik, where 2, = 
i=l 

4 ’ 
or equivalently (Nl,&+3,kN4,k)x. 

The sums of squares of deviations from the mean for counting area k is 
calculated from 

4 

Tk* = 2 (In Nj,k - &)*. 
i=l 

The estimate of pup numbers in counting area k corrects the geometric mean 
for bias, and is given by 

;k = 

eik 

vL%b ’ 
l-t- 

2 
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where VARb refers to all counting areas in the colony under consideration with 
four counts of pup numbers: 

-$ Tk2 
V~b=kL 

3.4-q. 

The estimated variance of the estimate of pup numbers, irk, in counting area ki 
is calculated from 

It is likely that E(@k) is slightly larger than the population variance because 
of the circumstances associated with four-count (rather than two-count) areas; 
i.e., as was explained earlier the first counts for each area by each counterJNl,k 
and P&k) will now be negatively correlated leading to positive bias for Wh. 

(c) For the whole colony under consideration, the estimate (j2) of total pup 
numbers (IL) is calculated by summing the estimates for individual areas, to 
obtain a bias-corrected estimate: 

In computing geometric means, any count of zero was replaced by a count 
of one to avoid the natural logarithm of zero. Relative to the standard errors 
of the calculated means, this will have a minute effect. 

The variance (V) of this population estimate obtained by counting, is estimated 
by summing the variance estimates for each counting area 

j=l k=l 

Some (n,) of the terms in v are biased negatively and the rest (8s) are biased 
positively; it is expected that the resultant bias of V will be small. 

If we had taken simple averages (arithmetic means) of the Ni’s rather than 
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the geometric means as described here, then the formulae for VAR, and VARb 
estimating two-count and four-count variation, respectively, would not be ap- 
propriate, since the variances of raw counts are still encumbered with their means. 
With geometric means however, we can “borrow strength” from all similarly 
counted areas to obtain VAR, and VARb. 

Since fi is a sum, by the central limit theorem its distribution approximates 
the normal distribution. Therefore an approximate 95% confidence interval for 
b can be calculated from 

We expect the approximation to be very good since data from 491 counting 
areas contribute to fi. We shall use this result below when comparing 197 1 and 
1976 total-count estimates. 

A more formal method of analysis that uses the theory of generalized linear 
models (McCullagh and Nelder 1983) was not undertaken because a parametric 
model for the counts would need to be assumed in order to compute maximum 
likelihood estimates; the nonparametric approach detailed above requires fewer 
assumptions. In fact our estimates are a first approximation to those from a 
generalized linear model with a Poisson counting model and a link function 
g(x) = In x. Regardless of which estimation method is used, the bias and 
variance corrections associated with eq and eZk would still have to be 
calculated. 

Estimation procedure for 19 7 1 survey-In 197 1 the aerial surveys were taken 
on dates 12-14 d prior to the 1976 dates. This has to be allowed for when 
comparing estimates for the two years. 

From repeated aerial surveys of Seal Island, False Bay in the 1974/75 breeding 
season (Shaughnessy and Best 1975), the relationship of pup numbers was 
determined to have the form 

Y = a + 6x + error, 

where Y is the number of pups counted and x is the number of days, beginning 
at x = 1 on November 1. (Notice that we also tried In Y = a + bx + error, 
but it did not fit as well.) From the five data pairs available, viz. (x1, ~1) = 
(11, 510), (~2, ~2) = (18, 311), (x3, ~3) = (25, 1497), (~4, ~4) = (40, 3069L 
(xs, ys) = (48, 4899), simple linear regression analysis provided the following 
estimates: 

Li = -1476 and 6^ = 128.2. 

Furthermore, it was found that maximum pup numbers occurred on Decem- 
ber 18. Aerial surveys of 1975 and later years were timed to occur on December 
18 or close to that date. However, information available on timing of the 
pupping season before 1975 was less precise, in particular the survey of 1971 
was made from December 4-6. Counts from the 197 1 survey have therefore 
been adjusted in the following manner to achieve a maximum on December 18. 

The ratio of the number of pups predicted on December 18 (at x = 48) and 
December 5 (at x = 35) can be calculated from 
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F= 
d + 48L 

2 + 356^’ 

which we call the adjustment factor. The estimate of pup numbers on December 
18, 1971, is then the product: 

(Pup counts on December 4-6, 197 1). F. 

To cakuluate F, the estimates 2 = -1476 and 6^ = 128.2 have been used, 
from which F is 1.55 39. Since d and s^ are random variables, so too is F. We 
can answer questions about its bias and variance using the delta method referred 
to earlier. The bias proved to be negligible (-l/2%), so we now consider the 
variance. 

The variance of the adjustment factor (F), which is needed for variance 
estimates of pup numbers on December 18, 197 1, can be estimated by var(F) = 

where 

5 xj2 
G(d) = m 

i=l 
S2 , . 

m c (Xj - $2 
i=l 

var(bj = m 
S2 

> 

and m = 5. 

From the five data pairs available, we calculated 

v%(F) = 0.0040281. 

Variability contributed by counters cannot be estimated directly for the 197 1 
survey, as only a single count was made in each counting area. In the 1976 
survey two or four counts were made in each counting area and variability 
attributable to counting was estimated. On the assumption that counting areas 
in an individual colony and counting skills remained roughly constant between 
the 1971 and 1976 surveys, it is possible to estimate approximately, variability 
for a colony in the 197 1 survey using variance estimates from the 1976 survey 
for the same colony. The variance of total pup counts for the colony made on 
December 4-6, 197 1 is approximated by 
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2.2 var(2-count areas) + 4.2 var(4-count areas) /F* 
i k 1 

= 2.g v;. + 4.2 tik /F*, 
j=l k=l 1 

A ,. 

where the Vi and wk are values calculated for the 1976 survey (see section on 
Estimation procedure for 1976 survey). 

Taking into account the two difficulties of timing of the survey and using 
the 1976 variability estimates, we can develop an expression for the 1971 
population estimate and its estimated variance. Recall, pup estimate on Decem- 
ber 18, 1971 = (pup count on December 4-6, 1971).F, where F = 1.5539 
and v;(F) = 0.0040281. 

Since G(F) is small, it might be tempting to treat F as a constant. However, 
because F multiplies large numbers, a closer look at the influence of its variability 
on the product variability is needed. Using the delta method, we find 

var(pup estimate on December 18, 1971) 
= var[(pup count on December 4-6, 1971). F1 
= var(pup count) [E(F)]* + var(F) [E(pup count>}* 
= (3393)* + (0.0040281>~(87982)* 
= (6534)*, 

where 87,982 is the total 1971 pup count over all the colonies except Seal 
Island, False Bay. This colony’s 1971 count was not adjusted since it was 
surveyed after the date at which the maximum number of pups are expected. 
Hence it does not appear in the second term of the variance formula. 

Estimates of total pup numbers over colonies approximate a normal distri- 
bution. Therefore the 95% confidence interval of the estimate of pup numbers 
in the whole population is calculated from 

sum of pup estimates +- 1.96 (estimated variance of sum of pup estimates)“, 

where the sums are taken over all counting areas (over 400) under consideration. 

AERIAL SURVEY ESTIMATES AND TEST OF SIGNIFICANCE 

By using the techniques described above, Shaughnessy (1987) has estimated 
the number of Cape fur seal pups from the 197 1 aerial survey to be 15 1,2 00 
with standard deviation 6,534 and 95% confidence interval 138,400 to 164,000. 
For the 1976 aerial survey the estimate of pup numbers was 177,400 with 
standard deviation 2,071, and 95% confidence interval 173,300 to 181,400. 
For comparison with the 1971 survey when one small colony was omitted, the 
estimate for 1976 (without this small colony) is 177,200 pups with standard 
deviation 2,070. 

In order to test whether the 1976 pup numbers have increased over those of 
197 1, we compute the Z-score: 
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z= 1976 pup total - 1971 pup total 

{ 1976 total variance + 1971 total variance}” 

177,200 - 151,200 

= {(2070)2 + (6534)2}” 

= 3.79, 

which shows that there has been a highly significant increase (when Z is standard 
normal, P(Z 2 3.79) = .00008>. The rate of increase over the five-year period 
197 1 to 1976 is 3.2% per annum. The Cape fur seal population has been 
recovering from reduced levels of the eighteenth and nineteenth centuries which 
were brought about by overharvesting (Shaughnessy 1984). 

USING TAG-RECAPTURE ESTIMATES TO IMPROVE ACCURACY OF 
AERIAL SURVEY ESTIMATES 

We now go on to consider further refinements to these aerial survey estimates 
when the potentially more accurate but more costly (and more intensive) tag- 
recapture estimates of pup numbers are available for a limited number of colonies. 
In 16 of the 23 colonies, estimates of pup numbers were made by both methods 
in the same season between 197 1 and 1978 (Shaughnessy in press). The weighted 
average of the ratio of the tag-recapture estimate to the aerial survey estimate 
(R) is 1.235, with estimated variance 0.0074085, calculated across the 16 
colonies. To obtain the variance, the aerial survey estimates were used as weighting 
factors and the method described by Cressie (1982) was followed. 

Application of this adjustment factor to the estimated number of pups from 
the 1976 aerial survey (177,400) leads to a revised estimate of pups for the 
whole population of the form 

Rqi, 

where E is the estimate of total pup numbers from aerial photography for each 
of the 23 colonies in the 1976 season (Estimation procedure for 1976 .rwvey). 
The revised estimate of pups in the 1976 breeding season is 2 19,100. 

Now this adjustment for bias in aerial surveys using the less-biased tag- 
recapture surveys leads to larger variance estimates. Repeating the argument 
outlined in Estimation procedure for 1971 survey above, we see 

va.r(I?.fi> N var(CL>{E(I?>}2 + ~ar(&{E(~>}~ 
= (2071>2(1.235>2 + (0.0074085>(177,400>2 
= (15,482)2. 

Therefore the revised estimate is 2 19,100 pups and the 95% confidence 
interval is 188,800 to 249,400. The price paid for bias correction is a large 
increase in variance, but the correction is worthwhile since the mean-squared 
error (=(bias)2 + variance) has been considerably decreased. 

Using the same formulae as above, adjusted estimates of pup numbers and 
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their variances for 197 1, and for 1976 with one small colony omitted (for 
comparability) are 

fir 1971: 186,700, with estimated variance (15,3 13)* 
fiY 1976: 218,800, with estimated variance (15,465)*, 

The 95% confidence intervals are 

jiw 1971: 156,000 to 216,700 
jb 1976: 188,500 to 249,100. 

Because we use the same adjustment factor (1.2 3 5) on both the 1976 and 
1971 population estimates given in the section on aerial survey estimates, the 
rate of increase of seal pups is still estimated to be 3.2% per annum. The 
significance test for the aerial survey estimates showed the 3.2% increase to be 
“real” (i.e., statistically significant) when the unadjusted totals were used. Is 
this still true for the adjusted totals? 

Computing the Z-score is not as straightforward as for the aerial survey 
estimates. The adjusted 1971 estimator is no longer statistically independent of 
the adjusted 1976 estimator since both have been adjusted by the Same factor, 
which is itself random (but statistically independent of the unadjusted estimators). 
Using the formula, var(X - Y) = vat(X) + var(Y) - 2 cov(X, Y), it is easy 
to see that the Z-score should be: 

z= adjusted 1976 pup adjusted pup total - 1971 total 
{adjusted 1976 var + adjusted 1971 var 

- 2 var(R)E(b for 1976)E(b for 1971))” 

218,000 - 186,700 

= {(15,465)2 + (15,313)‘- 2(.0074085)(177,200)(151,200)}~ 

= 3.67, 

which is still highly significant (when Z is standard normal, P (Z L 3.67) = 
.OOOl). Thus for the tag-recapture-adjusted estimates we can still infer that the 
pup-population increase is real. 

In conclusion, we have demonstrated a statistically significant increase in 
number of seal pups from 1971 to 1976. The estimated annual growth rate of 
3.2% per annum, shows that the Cape fur seal population has been recovering 
during a controlled harvesting regime, from reduced levels brought about by 
past overharvesting. 
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