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ABSTRACT

We examined population estimates of humpback whales (Megaptera novaeangliae) based on photo-identification and aerial surveys in
the Gulf of the Farallones, California. Population estimates for 1986-8 were made within years, between years and among years;
methods used to estimate population size included the total number of individuals identified, the rate of discovery, mark-recapture
estimators (Petersen estimator with the Chapman and Bailey modifications and Jolly-Seber method) and aerial line-transect
calculations. We found a number of violations of mark-recapture assumptions in our data; the most serious was the lack of a defined
closed population. Heterogeneity of capture probability was observed, particularly in the occurrence of a sub-group of whales that
was more likely than others to return to the region. Assuming that within-year estimates were accurate, 22% and 17% of whales
present in 1986 and 1987, respectively, did not return the following year; 54% and 35% of whales present in 1987 and 1988,
respectively, had not been present the previous year. All abundance estimates based on photo-identification, including the number of
individuals identified, were higher than estimates from aerial line-transects even when an attempt was made to correct the latter for
whales submerged and undetected. Estimates of abundance based on between-year samples at a feeding area may be seriously biased

unless whales in the entire region are sampled randomly.

INTRODUCTION
Cetacean abundance has been estimated using
mark-recapture techniques based on individually identified
whales of several different species including humpback
whales (e.g. Whitehead, 1982; Katona and Beard, 1990).
The calculations and assumptions of the various
mark-recapture models have been reviewed by Seber
(1982) and their application to individually identified
cetaceans reported by Hammond (1986). In the North
Atlantic, methods for estimating humpback whale
abundance have varied both in the estimators employed
and the sampling strategy. The most commonly used
procedures to estimate humpback whale populations have
been the two-sample Petersen estimate (Whitehead, 1982;
Whitehead, Chu, Perkins, Bryant and Nichols, 1983;
Balcomb and Breiwick, 1984; Perkins, Balcomb, Nichols
and DeAvilla, 1984; Perkins, Balcomb, Nichols, Hall,
Smultea and Thumser, 1985; Whitehead and Glass, 1986;
Balcomb, Katona and Hammond, 1986; Baker and
Herman, 1987; Alvarez, Aguayo, Rueda and Urbéan, 1990;
Katona and Beard, 1990) and the Jolly-Seber multiple
sample model (Whitehead, 1982; Hammond and Larsen,
1985; Whitehead and Glass, 1985; Baker and Herman,
1987). Other methods include the Schnabel estimator
(Perkins and Whitehead, 1977; Whitehead ez al., 1983) and
the estimate for. the saturation number for the rate of
discovery of new whales (Darling and Morowitz, 1986;
Alvarez etal., 1990; Katona and Beard, 1990). Even with a
given procedure such as the Petersen estimate, however,
strategies for delineating the two samples have varied.
These pairs of samples have included: (1) within-year
samples at a feeding or breeding area during two time
periods in one season; (2) within-year samples in an area
using different vessels from which photos were taken as the
samples; (3) within-year samples in a region using specific
locations as the division between samples; (4)

between-year samples for the same breeding or feeding
location; and (5) feeding and breeding area samples in
adjacent seasons.

These procedures involve different potential violations
of one of the principal assumptions of the Petersen
estimate, namely that the population is closed. Similarly,
the samples must be taken from a clearly-defined
population so that the estimates have practical meaning.
Between-year estimates of humpback whales on North
Atlantic feeding grounds have relied on the general site
fidelity of humpback whales at these areas (Perkins et al.,
1984; Katona and Beard, 1990). The population of the
whales in these areas was thereby considered defined and
closed (with the exception of natality and mortality
between samples).

Humpback whales have been studied and individually
identified at feeding areas in the eastern North Pacific
including the Gulf of Alaska (Baker, Herman, Perry,
Lawton, Straley, Wolman, Kaufman, Winn, Hall, Reinke
and Ostman, 1986), southeastern Alaska (Darling and
Jurasz, 1983; Darling and McSweeney, 1985; Baker et al.,
1986), Prince William Sound (Darling and McSweeney,
1985; von Ziegesar and Matkin, 1986; Baker et al., 1986),
Vancouver Island (Darling and McSweeney, 1985), and
central California (Baker et al., 1986; Calambokidis,
Steiger, Cubbage, Balcomb and Bloedel, 1989). Some
individuals from all these feeding areas have been
identified at breeding grounds in Mexico and Hawaii
(Darling and McSweeney, 1985; Baker eral., 1986; Urbén,
Balcomb, Alvarez, Bloedel, Cubbage, Calambokidis,
Steiger and Aguayo, 1987; Calambokidis e al., 1989).
Some interchange has occurred between some areas in
Alaska and off Vancouver Island across years (Darling and
McSweeney, 1985) but no interchange has yet been
observed between feeding areas off California and those in
Alaska (Baker et al., 1986; Calambokidis er al., 1989).
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Although the humpback whales that summer along the
California coast may represent a discrete feeding herd,
they do not redistribute randomly between years within
this region as evidenced by the decreasing proportion of
matches with increasing distance between areas
(Calambokidis et al., 1989).

We estimate humpback whale population size with data
gathered over a three-year period in the Gulf of the
Farallones, California. Sampling effort in this region was
thorough which resulted in a high proportion of the
animals present being identified. We compare various
mark-recapture estimates, consider some of the problems
associated with these estimates, and compare the
mark-recapture estimates with aerial line-transect
estimates for the same region.

METHODS

Individual identification

The study area extended from the southern border of the
Gulf of the Farallones National Marine Sanctuary
(37°30'N) north to 38°30'N (off Bodega Bay, California)
west to 122°30’'W and included the Farallon Islands,
Cordell Bank and Bodega Canyon (Fig. 1). Three primary
vessels were used to photograph whales: a 44ft motor sailer
(the Noctilio), a 19ft Boston Whaler and 14-16ft inflatable
boats. Total vessel effort was 513 hours in 1986, 460 hours
in 1987 and 484 hours in 1988. In 1986, vessel effort was
conducted in a 7-week period from 23 July to 15
September; the 1987 surveys were conducted during two
three-week sessions between 17 August-4 September and
25 September-17 October; the 1988 surveys were
conducted in two three-week sessions between 19 August-5
September and 21 September-17 October, as well as a late
season effort from 27 October to 2 November.

Whales were identified using photographs of the
underside of the flukes. We used motor-advance 35mm
cameras with lenses from 180mm 2.8 to 300mm f4.5 and
Kodak Tri-X or Iliford HP-5 film black and white film
pushed for ISO rating 1000 to 1600. A catalog of individual
whales identified during the study was developed by
comparing all photographs taken of individual whales.
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Fig. 1. Study area off central California showing the Gulf of the
Farallones National Marine Sanctuary.

Mark-recapture estimates

Population estimates of humpback whales in the Gulf of
the Farallones were derived with mark-recapture methods
based on resighting rates of identified individuals.
Estimates were made with the following procedures: (1)
total individuals identified (number of unique individuals
in a time period); (2) Chapman modification of the
Petersen estimate (Seber, 1982, p.60; Chapman, 1951) for
sampling without replacement (multiple captures of the
same animal in the second sample were ignored); (3)
Bailey modification of the Petersen estimate (Seber, 1982;
Bailey, 1951) for sampling with replacement (an animal
captured on several days in the second sample was counted
each time (see Seber, 1982, pp.110-11)); (4) Jolly-Seber
model (Seber, 1982, p. 219-20); and (5) rate of discovery
(Darling and Morowitz, 1986).

Assumptions of the models are reported in Seber (1982)
for the Petersen estimator (p. 59) and the Jolly-Seber
method (p. 196).

Several sampling schemes were used for the
mark-recapture calculations. Petersen estimates were
computed wusing both within-year samples and
between-year samples. Within-year samples were divided
by date and alternatively by vessel and by region. The date
used to divide samples was straightforward in 1987 and
1988 because the field season was divided into two sessions
separated by a three-week interval; for 1986 a division date
was chosen (19 August) that roughly divided the sample in
half and occurred during a period of 7 days of no effort.
Identifications made from the vessel having the largest
sample were compared to identifications from all other
vessels for each year. Identifications made in the southern
portion of the study area were compared to those from the
northern portion. The specific boundary of the separation
was chosen as the 10 min latitude that separated the sample
into the most similar sample sizes for each year. The
Jolly-Seber estimate was made using each year as a sample.

Rate of discovery estimates were calculated using the
generalized saturation curve suggested by Darling and
Morowitz (1986), however, we used only daily totals of
whales identified (whales identified multiple times in a
single day were counted only once) instead of treating each
identification as a sample. SYSTAT (Wilkinson, 1988) was
used to fit the best parameters to the observed discovery
rate. Rates of discovery were calculated for each year and
for all three years combined. To help evaluate the
observed discovery rate and the fitted curves, we also
computed expected rates of discovery for the calculated
saturation points, assuming whales were sampled
randomly each day.

Estimates of emigration/mortality and
immigration/natality were made using the single-year
Petersen estimates as the assumed number of animals
present each year in the Gulf of the Farallones. Portions of
this procedure are analogous to those used in the
Manly-Parr method (Seber, 1982) except that the
population for each year was obtained from the single-year
Petersen estimates. This allows estimates of immigration
and emigration between all sample years. The following
formulas were used:

pi = n/N;

Ri+1 = Mit1/(Pir1Pi)
NR; ;1 = Ni- R4
NEW;,; = Niyq - Ri,i+1
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Where:

pi —proportion of year i population identified in
year i

n —number identified in year i

m;q —number identified in year i+1 that had been

; identified in year i

N; —total estimated population in study areain year i
(from Petersen within-year samples)

Rii+1 = —number present in both year i and yeari+1

NR;;;; —number present in year i but not returning in
year i+1

NEW,,; —number present in year i+1 that had not been
present in year i

Data were tested for evidence of bias resulting from
violations of mark-recapture assumptions. Rates at which
identified humpback whales were resighted and their
tenure (the number of days from the first to last sighting
each season) were examined for 1986-8. Field data
quantifying the rate of fluking by an individual whale was
tested in 1987; these data were gathered during all
photographic approaches to humpback whales where we
photographed every fluke presented and endeavoured to
stay with groups of whales until all in the group fluked and
were photographed. We examined the number of fluke
photographs per minute of effort (during approaches)
among the individuals encountered on multiple occasions.
Additionally, differences in the fluke display rate between
individuals were examined in relation to the number of
days a whale was seen through the study.

We compared a number of characteristics of fluke
markings and photograph quality with the number of days
that a whale was seen to evaluate the effects of the
distinctiveness of marks on the resighting rate. If these
qualities had no effect on our ability to identify an
individual, there would be no increase in sighting
frequency with distinctiveness. The following qualities of
141 whales identified in 1987 were scored from the catalog
photographs (the best portrayal of an individual):

Amount of white: 1 = 0-20% to 5 = 80 to 100%
white

1 = no apparent fringing to 5 =
definite distinctive gouges, bites
or deep fringing

1 = no scars to 5 = distinctive or
numerous scars

Catalogue photo quality: 1 = poor to 5 = excellent focus,
contrast and lighting

1 = indistinct to 5 = easy to
recognize.

Fluke trailing edge:

Scars:

Overall distinctness:

The number of days a whale was seen in 1987 was
compared among the five possible scores (1-5) for each
category above by analysis of variance (ANOVA).

Aerial line-transect surveys

Humpback whale numbers were also examined using
line-transect population estimates from aerial survey data.
Line-transect surveys were flown in a Cessna 172 on 16
September 1986, 21 August 1987 and 26 September 1988; a
line-transect calibration survey was flown on 22 August
1987. In 1987 and 1988, surveys were flown along latitude
lines every four n.miles, in 1986 lines followed longitudes
every 4 minutes (3.2n.miles). The area surveyed was
smaller in 1986 than in 1987-8 (Fig. 2) but nevertheless
covered the region where humpback whales had been
observed in previous vessel and aerial (non-transect)
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Fig. 2. Tracklines for aerial line-transect surveys in 1986-8. The 1986
survey is represented by north to south transect lines. The 1987 and
1988 surveys covered similar areas with the exception of the
southern portion of the study which was not surveyed in 1988 due to
heavy fog. Dotted lines shows sanctuary boundary.

surveys. All surveys were conducted under good or
excellent sighting conditions with the exception of the
southern portion of the 1988 survey which was aborted due
to fog.

Distances to humpback whales from the survey line were
measured from aircraft altitude and downward angle to the
sighting (measured with an inclinometer) as the aircraft
passed abeam of the sighting location. All humpback whale
sightings (1986-8) from aerial surveys with distance
measurements were used to develop a Fourier Series
model of the sighting probability based on distance from
the transect line (Fig. 3) as described in Burnham,
Anderson and Laake (1980). Methods used for density
calculations are described in Burnham et al., (1980).
Variances for density estimates were based on the
assumption of a binomial distribution for n (Burnham
et al., 1980).
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Fig. 3. Fourier series sighting probability curve from aerial
line-transect surveys in 1986-8. Bars show the observed distribution
of sightings based on distance off transect. The number of sightings
is indicated above bars.
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We calculated a crude correction factor to estimate the
proportion of whales that may have been missed on the
transect line because they were underwater. Replicate
survey lines and sightings of whales made from adjacent
transect lines were used to identify 24 groups of humpback
whales known to be within 10,000t of the transect line
(based on a sighting from a different line). Using the
sighting curve and the distance off transect, we predicted
18.7 of these 24 groups should have been seen (if whales
were at the surface). Only 7 groups (37% of the expected)
were seen. The remainder of those expected were
presumably out of sight underwater because the sighting
function already accounted for the decreasing sighting
efficiency due to distance off transect. We therefore used
this figure (0.37) to correct for animals missed even if they
were on the transect line. This correction is similar to the
proportion of time humpback whales spent at the surface
(39%) in the Gulf of the Farallones determined from
vessel-based behavior observations in 1988 (n=184, T.
Kieckhefer, unpubl. data).

RESULTS

Population estimates using individual identification

A minimum estimate of population size is the number of
individuals identified each year (Table 1). Each year an
increasing proportion of the whales seen through the
season had been already identified that year (Fig. 4).
Clearly, the number identified is an underestimate because
some individuals would have escaped detection. Estimates
based on rate of discovery curves were similar to the
number of whales identified in 1986 and 1987. In 1988 the
estimate was higher than the number of whales identified
(Table 2). This is consistent with our failure to identify as
high a proportion of the population in 1988 compared to
1986 and 1987, indicated by the fewer times each individual
was resighted and the steeper slope of the observed rate of

discovery. Observed rates of discovery differed slightly
from those expected if the population had been sampled
randomly (Fig. 4).

Table 1
Individual humpback whales identified in the Gulf of the Farallones
from 1986 to 1988.
Identified Times seen Matches by year

Year Number Unique mean SD 86 87 88
1986 466 90 52 4.0 - 56 48
1987 793 141 5.6 4.5 - 75
1988 398 135 29 21 -
1986-8 1,658 225
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Fig. 4. Rate at which new humpback whales were identified (rate of
discovery) in relation to total whales identified each year. Predicted
curve shows expected rate of discovery if the estimated population
were sampled randomly. Each point is a single day. Multiple
sightings of the same whale in a day are counted once.

Table 2

Population estimates based on mark-recapture estimates. All n_ and n_ values refer to the number identified in the first and second sample periods.
For between-year estimates, values are listed under the second year with n 4 referring to the number identified in the previous year.

1986 1987 1988
Allyrs

Samples/method n n, m, Est Var n, m, Est Var n 1 n, m, Est Var
Within-year Petersen without replacement
Seas0112a11 58 75 42 103 29 120 54 166 75 38 135 24 211 507
Vessel s 75 81 65 93 3 109 125 93 146 8 109 103 62 181 87
Location 60 83 52 9 8 116 61 163 58 113 79 42 211 294
Within-year Petersen with replacement
Seasonal 58 160 94 99 41 120 128 95 162 69 38 262 64 157 270
Vessel 5 170 148 84 3 109 286 236 127 5 109 151 103 156 52
Location 60 171 105 95 17 116 144 106 149 24 113 89 54 192 204
Between-year Petersen without replacement 90 141 56 226 198 141 135 75 253 172
Between-year Petersen with replacem%lt 90 476 229 188 78 141 296 179 233 118
Total IDs 90 141 135 225
Rate of discovery 95 140 167 261
Jolly-Seber 188 160

1
2
3

37°5N i 1986, 38°00’N in 1987, and 38°10'N in 1988.

Seasonal division corresponds to period with 1-3 weeks of no effort; 29 August for 1986 and 15 September for 1987 and 1988.
Vessel effort included 3 vessels each year, sample 1 was chosen as vessel with greatest number of IDs, sample 2 based on all other vessels.
Location samples were selected using the 10’ latitude division that provided the most similar number of individuals identified in each area;
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Population sizes calculated with Petersen estimates
using within-year samples divided by date, vessel, or region
were higher than the number of individuals identified
(Table 2). Estimates using the Chapman modification for
sampling without replacement and ignoring muitiple
recaptures of the same individual were lower than those
calculated with the Bailey modification for sampling with
replacement (allowing multiple sampling and recaptures of
individuals in the second time period). This difference was
largest in 1988. Estimates based on sightings divided by
date were the highest; estimates based on samples divided
by vessel yielded the lowest estimates and may be the most
biased because different vessels often worked in the same
area and would be more likely to sample the same whales.

Estimates based on samples taken in different years were
generally higher than estimates based on within-year
samples (Table 2). Even the total number of individuals
identified in two years was higher than the estimates from
within-year = mark-recapture calculations. Using
consecutive years as samples, the Petersen estimates
ranged from 188 to 253 depending on the year and whether
the sampling was with or without replacement. Sampling
with replacement again lowered- estimates and variances
compared to sampling without replacement for the same
periods. The between-year estimates exceeded the number
of individuals identified in the two years by, at most, 30%.

The Jolly-Seber estimate was the only open-population
model employed. Because three years were available, it
yielded an estimate for the middle year (1987) only. This
estimate (188, Var.=160) was higher than the within-year
Petersen estimate for 1987 and lower than the
between-year Petersen estimate (without replacement).
With the three years of data this method also provided an
estimate of survival (which would include permanent
emigration) of 0.83 between the first and second year.

Rate of discovery calculations among all three years
(Fig. 5) yielded the highest estimates of population size
(261). Fig. 5 shows clear changes in the rate of discovery
curve with each new season as a result of an apparent
change in the individuals returning from year to year. The
steeper slope at the start of each year is consistent with
either immigration/natality or more complete mixing of
whales between years. The predicted curve shows that a
different rate of discovery would be expected if a
population of 261 were being sampled randomly.
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Fig. 5. Rate of discovery of humpback whales across all three years.
The modeled curve (based on the rate of discovery calculation) and
the predicted curve (if the estimated population were sampled
randomly) are shown.

Population closure

Calculations of immigration and emigration indicated the
population was not closed between years (Table 3). For
1986 and 1987, 22% and 17% of the whales present cach
year were estimated not to have returned the following
year. Conversely, 54% and 35% of the whales identified in
1987 and 1988 were estimated to have not been present the
previous year. These calculations are based on the
assumption that the within-year Petersen estimates
reflected the true abundance of whales in the study area
each year. These changes exceed effects of mortality and
natality and therefore reflect substantial immigration and
emigration between years to the Gulf of the Farallones
feeding group. The higher immigration than emigration
rate reflects the increasing estimates of abundance for each
of the three years.

Table 3

The estimated number of whales that returned and did not return to
the Gulf of the Farallones across years assuming within-year Petersen
estimates accurately reflected annual abundance. See Methods for
details of calculations. Numbers of whales identified each year and
estimated populations sizes are shown in Table 2 under within-year
Petersen estimates (without replacement) based on seasonal samples.

R 12 NR 12 New 12 %IM2 %EM 1
1986-7 76 27 90 54 26
1987-8 138 28 73 35 17
R 1 = Returning between years;  %IM, , = %onew of year 2;

NR 12 =Not returning; %EM 1=% of year 1 not returning

Ncw,1 )= New, not seen the previous year;

y

Probability of capture

In addition to violations of population closure mentioned
above, we found other violations of mark-recapture
assumptions, especially the assumptions that all individuals
have an equal probability of being identified (captured).
Resighting rates and tenure for whales were different for
whales seen across years compared with whales seen in
only one year (Fig. 6). The number of times and days a
whale was seen in each of the three years was significantly
different among those whales that had been identified in
one, two, or all three years (ANOVA, p<0.05 for all six
tests). In all cases, whales seen in only one year were seen
less often that year than whales that had been seen in other
years; whales seen in all three years were seen most often
each year. A related pattern was observed with tenure (the
number of days from the first to last sighting of an
individual each year); tenure in 1987 and 1988 was
significantly different depending on other years seen
(ANOVA, p<0.05 and p<0.001, respectively), with
whales that had been seen in all three years seen an average
of 15 days longer than whales seen in one year only. These
data indicate that a subgroup of whales appeared to return
annually and remain longer in the Gulf of the Farallones
than other whales.

The number of days a whale was seen in 1987 varied
significantly by the degree of scarring on the flukes
(ANOVA, n=141, p<0.05) with the most heavily scarred
whales being seen most often (Fig. 7, Table 4). Number of
days seen did not vary significantly (ANOVA, p>0.05) by
three other measures of fluke distinctiveness (color, edge
and overall distinctiveness). As expected, catalog
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Fig. 6. Number of times individuals were seen each year and tenure
(days elapsed from first to last sighting each year) for whales
identified in the Gulf of the Farallones. The number of whales is
indicated above bars.

photograph quality tended to increase with number of
times an animal was seen and therefore the greater the
chance of a good portrait.

Some consistent differences in the behavior of individual
whales were found that would make them comparatively
more or less ‘catchable’ with photo-identification. The
number of fluke photographs per minute of effort (during
approaches) varied significantly among the individuals
encountered on multiple occasions (ANOVA, p<0.05).
Individuals also showed consistent differences in the rate of
fluke display expressed as the number of times flukes were
photographed in an encounter as a percent (arcsine
transformed) of the number of fluke photographs of the
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Fig. 7. The mean number of days humpback whales were seen by
scored fluke characteristics and photograph quality (scored 1-5, see
methods for description) of 141 humpback whales identified in 1987
in the Gulf of the Farallones.

whale that fluked most often in the group accompanying
the individual (ANOVA, p<0.05). These differences in
fluke display rate indicated some whales are consistently
photographed more or less often than other whales.

These differences in the fluke display rate between
individuals, however, did not appear to affect the number
of days a whale was seen through the study. There was no
correlation between the number of days an individual was
photographed and either the average fluke photographs
per minute of that whale or the fluke display rate (n=141,
p>>0.05). Different fluking rates by individuals illustrate
the potential for uneven ‘catchability’ of individual
humpback whales, but this did not bias the recapture rate.
The apparent low bias in photographic sampling in this
study may reflect the consistent effort to photograph all
whales in a group.

Population estimates from aerial line-transects surveys

The line-transect surveys conducted once each year in the
Gulf of the Farallones yielded estimates of humpback
whale abundance on a single day (Table 5). The yearly
estimates, uncorrected for animals missed because they
were not at the surface, were about five times lower than
those based on individual identifications. When corrected
for whales underwater, the line-transect estimates were
still consistently lower than those based on individual
identification; within-year mark-recapture estimates were
about 50% higher than the aerial line-transect estimates in
all three years. The area covered by the line-transect
surveys was smaller in 1986 than in 1987 and 1988 but

Table 4

Number of days humpback whales were seen in 1987 by degree of distinctiveness in several categories
(see Methods for explanation of scoring).

1 2 3 4 5
n mean SD n mean SD n mean SD n mean SD n mean SD
Color 70 34 24 23 28 1.6 18 39 1.8 11 26 1.6 19 3.0 22
Edges 15 2.5 2.0 47 32 22 47 34 21 20 3.6 25 12 2.8 1.9
Scars 13 35 2.5 35 29 22 34 3.1 20 40 2.8 1.5 19 4.7 2.7
- Overall 9 34 22 19 2.7 25 24 31 20 44 3.1 20 45 3.6 23

Photo quality 6 1.5 0.8 24 24 18

52 32 20 48 37 23 11 42 2.2
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Table 5

Estimates of humpback whale numbers from aerial line-transect surveys. Group size and f(0) calculated from
data for all three years.

2

Groups Transect f(0) Density Area” BEst. Group Proportion  Estimated
Date seen’ km per km? density surv. groups size at surface’ number
16 Sept 86 10 222 028 00062 00020 1646 102 22 0.37 60
21 Aug 87 11 624 028 00033 000089 4623 152 22 0.37 90
26 Sept 88 46 356 028 0.0047 0.0014 3929 185 22 0.37 109

! Number seen likely includes some duplicate animals seen from adjacent survey lines.
Because study area was surveyed systematically. only area (km?) covered by survey lines is used, except for 26
September 1988 where portion of study area where whales were seen in previous day (but could not be

surveyed due to fog) is included.
See Methods for calculation.

nevertheless covered the region where humpback whales
were being seen from vessel and aerial observations prior
to the survey. Additional humpback whales were likely
present in areas peripheral to those we surveyed and these
individuals would have Dbeen included in the
mark-recapture estimates if they intermixed and were a
part of the same feeding aggregation.

DISCUSSION

The principal problems in our mark-recapture estimates,
especially for those based on between-year sampling, are:
(1) the lack of a defined, closed population being sampled;
and (2) our failure to gather a random sample.

Humpback whales occurred in other areas along the
California coast concurrent to our work in the Gulf of the
Farallones; there was interchange between these areas that
varied as a function of the distance from the region
(Calambokidis et al., 1989). Defining the discrete
population being sampled in this case is problematic. If we
assume we are sampling only the feeding aggregation that
uses the Gulf of the Farallones then we have violated the
assumption of a closed population because of the mixing
(immigration and emigration) with other feeding areas
along the California coast. This violation results in an
overestimate of the animals in the Guif of the Farallones.
By defining the population sampled as the entire
humpback whale aggregation feeding along the California
coast, violations of the closed population assumption are
reduced but unequal capture probability becomes a
problem because: (1) we did not sample all areas of the
California coast randomly; and (2) whales do not
redistribute randomly between samples (years) to different
locations. Sampling at one location increases the
probability that animals marked in the first sample will be
recaptured in the second sample, resulting in an
underestimate of the number of animals present along the
entire California coast. These problems are consistent with
the higher estimates we obtained from between-year
samples compared with within-year samples because the
between-year samples were in essence taken from a larger
population, albeit in a biased manner.

Hammond (1986) considers accurate definition of the
population sampled as an important concern with
estimation of cetacean populations. This problem is not
unique to our study; between-year estimates of humpback
whales on feeding grounds have been reported for West
Greenland (Perkins et al., 1984, 1985),
Newfoundland-Labrador (Whitehead, 1982; Whitehead

and Glass, 1985) and the Gulf of Maine (Katona and
Beard, 1990). Humpback whales tend to return to these
broad regions consistently (Whitehead, 1982; Balcomb,
1984: Perkins et al., 1985; Katona and Beard, 1990),
therefore minimizing the violation of the closed population
assumption. Whitehead, Silver. and Harcourt (1982)
documented the problem of incomplete mixing between
years for animals at different sites in the
Newfoundland-Labrador region and Hammond (1985;
1986) reported evidence of incomplete mixing off West
Greenland. Perkins et al. (1984; 1985) considered
incomplete mixing to be less of a problem because their
annual samples off West Greenland covered a large
portion of the region, hopefully reducing the bias caused
by incomplete mixing between years. Unless all areas of a
region are sampled randomly or sampled in proportion to
their contribution to the overall humpback whale
population, however, the resulting estimates will still be
biased.

Differences in the behavior of humpback whales, that
apparently caused unequal catch probability in our
samples, have been reported in other cetacean studies. The
occurrence of subgroups of whales that tend to be more
resident or transient has been reported similarly for
southern right whales (Whitehead, Payne and Payne,
1986). Segregation by size class on feeding grounds has
been reported for bowhead whales (Cubbage and
Calambokidis, 1987) and differential arrival and departure
times for humpback whales on feeding grounds by size and
reproductive condition has been seen (Pike, 1962; Dawbin,
1966; Whitehead et al., 1982). Whitehead et al. (1982)
reported that humpback whales with signs of killer whale
tooth marks on their flukes tended to arrive later on
Newfoundland feeding grounds than those without such
scars. Differences in fluking behavior by age class, with
calves fluking less often, have been reported by Perkins et
al. (1985) and Kaufman, Smultea and Forestell (1987).

Two-sample Petersen estimates using data from
photo-identified whales can be conducted either with or
without replacement. Our estimates were consistently
lower when the sampling was with replacement, probably
because whales seen (captured) once were more likely to
be seen again within the sample period than whales that
had not been seen. This unequal capture probability would
bias estimates downward. Hammond (1986) recommended
use of the Bailey modification of the Petersen estimate for
estimates based on photo-identification because it was
appropriate for sampling with replacement. Most
estimates of humpback whale populations using Petersen
estimates, however, have been conducted as if the
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sampling is without replacement, i.e. resightings of the
same individuals within a sample period are ignored.
Ignoring resightings is the same as sampling without
replacement because it is mathematically equivalent to
removing these individuals from the population for the
remainder of the sample period. Sampling without
replacement is advisable because it appears to be less
biased by the unequal capture probability created by
repeated sightings of the same individual. The Chapman
modification of the Petersen estimate, recommended for
sampling without replacement (Seber, 1982), is therefore
the more appropriate method for wuse with
photo-identification data.

Whale populations have been estimated extensively with
mark-recapture methods in recent years and although most
researchers recognize the shortcomings of these
techniques, there is little information to quantify the
biases. Despite the comprehensive photo-identification
effort in our research, our population estimates varied
depending on year sampled, estimate procedure, and
scheme used to divide samples. A more accurate
understanding of stock structure and methods to sample
the population randomly is needed because results can be
biased substantially. Mark-recapture estimates, especially
when employed at a single area across years, should be
used in conjunction with other techniques or with
improved knowledge of stock structure and other sources
of bias.
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