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ABSTRACT: Identification photographs of humpback whales Megaptera novaeangljae, collected off 
Kauai during the years 1989 to 1993, were used to estimate population abundance off the Hawaiian 
Islands, USA A total of 790 different individuals (988 different observations) were identified during the 
study. Several mark-recapture procedures were applied to the data using closed population models 
(Chapman's modified Petersen, weighted mean of the Petersen. Darroch's maximum likelihood esti- 
mator [MLE], and Chao's M,, M,, and M,,, estimators) and an open population model (Fisher-Ford esti- 
mator). The majority of population estimates were between 2000 and SO00 animals, with broad and 
overlapping 95% confidence intervals. Inconsistencies in pair-wise Petersen estimates and poor f i t  to 
the Fisher-Ford model indicated that the populat~on of ind~v~duals  was not identical for each sampling 
occasion. As a pnmary example of this, it is suggested that individuals captured in 1992 had a lower 
probability of capture in other years examined. Possibly the greatest problems In estimating abundance 
of this population dealt with temporary emigration and non-random mixing of the population between 
sampling occasions. After considering the range of estimates, and potential biases in the data set. I sug- 
gest that the abundance of humpback whales off the Hawaiian Islands is likely close to 4000 individu- 
als, and most probably between 3000 and 5000. These estimates are considerably greater than those 
generated in the late 1970s and early 1980s and, if accurate, would indicate growth of the population 
over the past decade; however, it is strongly recommended that more representative and precise esti- 
mates be obtained for management purposes. 
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INTRODUCTION 

Humpback whales Megaptera novaeangliae migrate 
annually between high latitude feeding areas and low 
latitude breeding areas. In the North Pacific, the pn- 
mary known feeding areas are located along the 
Alaskan and central North American coasts (Baker et 
al. 1986, Calambokidis et al. 1990, 1993, 1996, Straley 
1990, 1994). The 3 primary breeding areas are (1) off 
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the mainland coast of Mexico and the Islas Revil- 
lagigedos (Urban & Aguayo 1987, Alvarez et al. 1990), 
(2) off the main Hawaiian islands (Baker & Herman 
1981, Darling & McSweeny 1985, Baker et al. 1986), 
and (3) off the Ryukyu and Bonin Islands south of 
Japan (Darling & Mori 1993). The North Pacific popu- 
lation was severely depleted in the first half of the 20th 
century by commercial whaling (Rice 1974, 1978). Aer- 
ial and vessel surveys conducted off the Hawaiian 
Islands between 1976 and 1979 estimated abundance 
from 200 to 650 individuals, with upper 95% confi- 
dence limits as high as 790 individuals (Herman & 
Antinoja 1977, Wolman & Jurasz 1977, Rice & Wolman 
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1978, 1979). The results of subsequent studies, usin(j 
mark-recapture techniques (Darling & Moroivitz 1986, 
Baker & Herman 1987), raised questions regarding the 
valid~ty of these early low est~mates.  

Individual humpback whales are identif~ed by pho- 
tographs of the pigmentation pattern on the underside 
of the flukes (Katona et al. 1979). Photographic identifi- 
cation has been applied to mark-recapture models to 
estimate population abundance of humpback whales 
in the North Pacific (Darling et al. 1.983, Baker et al. 
1986, Darling & Morowitz 1986, Baker & Herman 1987, 
Alvarez et al. 1990, Calambokidis et al. 1990, Perry et 
al. 1990) and in the North Atlantic (see Katona & Beard 
1990 for review). Use of mark-recapture models for bi- 
ologists is presented in Otis et al. (1978), Begon (1979), 
Pollock et al. (1990) and Pollock (1991), whereas rigor- 
ous statistical treatment of these models is found in 
Otis et al. (1978) and Seber (1982). Hammond (1986) 
reviewed the application of mark-recapture models, 
with associated problems, specif~cally in relation to 
photographic identification data of cetaceans. 

Estimates of humpback whale abundance off the 
Hawaiian Islands have been made using a variety of 
mark-recapture analyses. Darling et al. (1983), using 
samples collected off Maui in 1.978 and 1979, estimated 
895 whales (95% confidence llmits of 592 to 1837) 
using Bailey's modified Petersen estimator. After 2 
additional years of data collection off Maui, Darling & 

Morowitz (1986) increased their sample size to 1553 
observations of 922 whales during 5 winters (1977 to 
1981), and used the rate of discovery of previously 
unidentified individuals and a form of the Bernoulli 
distnbution to estimate abundance. They estimated 
1000 whales present during a single winter and 2100 
whales during 5 winters (no confidence intervals were 
reported). Due to the difference between the single 
and multiple year estimates, Darling & Morowitz 
(1986) suggested the population off Maui was not  den- 
tical from year to year, and cited evidence that some 
whales visited different breeding areas in different 
years as a potential explanat~on. Switching of breeding 
areas by humpback whales has been documented in 
the scuthers hcr:lisphcre (Chittleborough 1965, Daw- 
bin 1966), between Hawaii and Mexico (Darling & 
Jurasz 1983, Darling & McSweeney 1985, Baker et al. 
1986), and most recently between Hawaii and Japan 
(Darling & Cerchio 1993). 

Baker & Herman (1987) presented mark-recapture 
estimates using a sample of 519 lndlviduals collected 
during 4 winters, 1980 to 1983 (the region sampled 
within Hawaiian waters was not reported). The un- 
biased Petersen estimator, applied to pairs of years, 
yielded estimates of 975 to 1923 whales, with overlap- 
ping 95 '% confidence intervals; the weighted mean of 
the Petersen yielded 1407 whales, with 95% confi- 

dence limits of 11 13 to 1701; and the Jolly-Seber open 
model yielded estimates of 1044 and 635 whales, with 
overlapping 957, confidence Intervals. Baker & Her- 
man (1987) concluded that the 'most robust' estimate 
was probably the weighted mean of the Petersen (1407 
animals) because it had narrow confidence limits and 
used data from all years. However, they suggest thls 
estimate may be positively b ~ a s e d  due to violation of 
the assumption of population closure (i.e. due to births 
and deaths). Baker et al. (1986) reported a similar esti- 
mate using the weighted mean of the Petersen of 1627 
whales, with 95% confidence limits of 1320 to 1934, 
during 7 winters (1977 to 1983). 

There have been no published studies of population 
abundance off the Hawaiian Islands since the early 
1980s data sets This study estimated the abundance of 
humpback whales off the Hawaiian Islands using pho- 
tographic mark-recapture data collected off Kauai dur- 
ing 1989 to 1993. Results of various models were used 
to evaluate problems associated with estimating the 
abundance of this wide-ranging population using data 
collected off a single island. 

METHODS 

Individual identification. Identification photographs 
of individual humpback whales were collected off 
Kauai dunng approximately mid-January to mid/late- 
April in 1989 to 1993 Kaual IS the most north-western 
Hawaiian island, located at 22" 05' N and 159" 30' W 
The study area was off the south and west coasts in 
1989 through 1993 as well as off the north coast In 1993 

(Fig 1) Dunng 1989 and 1990, 1 boat was used on a 
daily basis, weather permitting, and effort was divided 
between taklng photographs and recording slnglng 
whales Dunng 1991, 1992, and 1993, 2 boats were 
used and photographic identlficat~on effort was 
increased Photographs were taken with 400 ASA 
black and white film using 35 mm SLR cameras with 
200 to 300 mm lenses, and 5 8 X 8 4 cm pnnts were 
made of all good photographs 

An observat~on (capture) was defined as the identifl- 
cation of an individual on a given day, regardless of 
how many photographs of that whale were taken dur- 
ing the day Photographs were compared within and 
among years to determine the total number of different 
observations ind~vidual whales Identified, and repeat 
observations (recaptures) With the addition of each 
year's data, the entire catalogue of photographs was 
rev~ewed,  allowing multiple searches for matches 
Photographs were graded good, fair, or poor on the 
basis of photographic qual~ty,  regardless of distinctive- 
ness of the flukes Aspects of photographs considered 
were focus, grain size of Image, Ilghtlng, horizontal 
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and vertical angle of flukes, and per- 
Study Area 

centage of flukes visible. Photographs 
- - - 100 Fathom Contour 

judged to be of poor quality, due to any 300- 
of these considerations, were excluded 
from mark-recapture analyses. This 
reduced the potential for heterogene- 

1 0"- 
ity d.ue to inclusion of poor quality 
distinctive flukes, and reduced the 
potential for missing marks and the 

p- 

associated positive bias (Hammond 22O -. 
1986). Several confirmed recaptures of 
very distinctive flukes were excluded 
from analysis on this basis. 50' - 

On some occasions a good quality 
photograph was obtained of only the 
left or right tail fluke. Either of these I 

Makahuena Pt 

could be compared to whole flukes but - 1 -  - - r 

not to each other, so at least 1 group 15$40 20" 

had to be Photographs Of the Fig 1. Hawaiian Islands (USA) and the island of Kauai. Primary study area dur- 
right were abundant and ing 1989 to 1992 ranged from Makahuena Point to Makaha Polnt off the south 
of better average quality, so ph0- and west coasts, and-boats were launched from either Port Allen or Kekaha. In 
tographs of left flukes were excluded. 1993, the range was extended to the north coast, launching from Hanalei. Outer 
identifications of calves also were boundary of study area does not necessarily indicate offshore extent of sample 

range; photographs were frequently collected further offshore than the shaded 
excluded from analyses due to the ten- area indicates 
dency for fluke patterns to change dur- 
ing the first year of life (Carlson et al. 
1990). bilities that vary with time (Chao 1989), individual 

Mark-recapture-closed population models. Abun- (heterogeneity; Chao 1989), and time in combination 
dance estimates were generated from several mark- with individual (Chao et al. 1992). The 4 latter models 
recapture models that assume a closed population, were estimated using the program CAPTURE (Otis e t  
with each year's data representing a single sample, al. 1978), which is distributed by the Colorado Cooper- 
Detailed descriptions of models and assumptions can ative Fish and Wildlife Research Unit. The models in 
be found in Otis et al. (1978), Begon (1979), Seber CAPTURE were designed to relax the assumption of 
(1982), Hammond (1986) and Pollock et al. (1990). equal probability of capture among individuals in 1 or 
Chapman's modified Petersen estimator for sampling more of 3 ways: due to heterogeneity (model M,,), vari- 
without replacement (Hammond 1986) was used to ation among sampling occasions (model M,), and 
estimate abundance for pairs of all years. Calam- behavioral response to capture (model M,,). The esti- 
bokidis et al. (1990) recommended the use of Chap- mators are complex numerical functions without sim- 
man's model over Bailey's model (with replacement) ple 'open form' solutions, and readers are directed to 
due to potential negative bias introduced by sampllng the original literature for descriptions of t h e ~ r  mechan- 
with replacement. It is highly likely that multiple cap- ics. The program CAPTURE also allows tests for clo- 
tures of an individual within a year are not indepen- sure and appropriate model, including tests for hetero- 
dent, introducing heterogeneity and negatively bias- geneity and variation of capture probability with time. 
iny abundance estimation. Estimates generated by The test for closure assumes a null hypothesis that cap- 
Bailey's model with this data set were consistently ture probability for a given individual (p,) is the same 
lower than estimates using Chapman's model for the at each sampling occasion. This is tested against an 
same years, as  would be expected if sampling with alternative hypothesis that for some individuals, p, = 0 
replacement introduced heterogeneity. Chapman's at either the beginning and/or the end of the study. 
model, therefore, is likely more accurate. Only individuals captured 2 or more times are consid- 

Five other closed models used multiple samples: the ered. The tests for heterogeneity and variation of cap- 
weighted mean of the Petersen (Begon 1979, the ture probability with time fit the observed distribution 
Schnabel estimator in Seber 1982), Darroch's maxi- of capture frequencies to that expected for a popula- 
mum likelihood estimator (MLE) for capture probabili- tion with equal catchabilities (the null Model, MO). The 
ties that vary with time (Darroch 1958, modified by chi-squared statistic is used to test for significant devi- 
Otis et al. 1978), and Chao's models for capture proba- ation from expected values. Goodness of fit tests are 
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then used to test the fit of the data to the various mod- 
els (Mh, M,, and Mb). Based upon the results of these 
tests, CAPTURE recommends the most appropriate 
model for the data. In this analysis, I used the recom- 
mended model, as well as similar models provided in 
the package, to evaluate the effect of different sets of 
assumptions on abundance estimation. 

Open population models. 1 evaluated the use of 2 
models that assume an open population, the Jolly- 
Seber model (Begon 1979, Hammond 1986, 1987, Pol- 
lock et al. 1990) and the Fisher-Ford model (Fisher & 
Ford 1947, Begon 1979). Calambokidis et al. (1990) and 
Straley (1990, 1994) used the Jolly-Seber model to esti- 
mate humpback whale abundance with varying 
degrees of success. Each of these data sets were char- 
acterized by high capture probabilities and abundant 
recaptures, and Jolly-Seber yielded consistent results. 
Conversely, it has been shown that Jolly-Seber consis- 
tently overestimates abundance (N)  when capture 
probability is low (p 0.09) and few recaptures are 
available, and that F~sher-Ford is preferable when con- 
stant survival rates can be assumed (Manly 1970, 
Bishop & Sheppard 1973, Begon 1979). With this data 
set, Jolly-Seber yielded highly variable, imprecise and 
unrealistic results likely due to a low capture probabil- 
ity and sparse recaptures. These results indicated that 
sampling in this study was not adequate for Jolly- 
Seber, and Fisher-Ford was preferable. Therefore I 
report only the results of the Fisher-Ford model. 

The Fisher-Ford model previously has not been 
applied to photographic identification data of ceta- 
ceans, so the method will be briefly described (see also 
Fisher & Ford 1947, and Begon 1979, p. 27). The model 
makes the same assumptions as Jol.ly-Seber with the 
addition that survival rate (4) is constant throughout 
the samples. In contrast to most other models, the 
Fisher-Ford method is concerned with marks, and 
specifically age of marks, as opposed to individuals. 
For example, if an  individual is captured (pho- 
tographed) in 3 samples, in the third sample it is 
counted as 2 marks of different ages. Like the Jolly- 
Seber model, Fisher-Ford assumes recruitment and 
loss (inc!uding loss of marked individuals), and heeks 
to estimate the number of marks at risk of capture in 
the population (M,) on each sampling occasion, i. The 
first step is to sum the total time survived by all recap- 
tured marks, in this case the total years survived 
(observed TYS). Next, the average age of marks in the 
population (A,) is estimated for each sampling occasion 
(i) in an  indirect manner. A, is dependent on the sur- 
vival (@) of marked individuals and the proportion of 
older to younger marks comprising M,. Since 4 is 
assumed constant, any given 6 will yield a correspond- 
ing set of A,. By multiplying A, by number of recaptures 
(mj), the expected total age of recaptured marks is esti- 

mated for each year, i, which can then be compared to 
the actual observed total age. By summing among 
years, an expected TYS ( c , A , ~ , )  is obtained. Finally, $ 
is varied until the expected TYS matches the observed 
TYS. In this reiterative manner, one determines a con- 
stant $, each A, and each M,. The resulting M, values 
are then used to estimate abundance (NJ, using Bai- 
ley's unbiased Petersen estimator. A disadvantage of 
the Fisher-Ford model is the lack of a calculation for 
confidence intervals, and therefore no measure of pre- 
cision. An advantage is the ability to examine the 
assumption of constant survlval rate for each year by 
comparing expected TYS with the observed TYS using 
a x2 test (Begon 1979, p. 59). 

RESULTS 

Sample 

A total of 988 observations of 790 different individu- 
als were made during the 5 years (Table 1).  An addi- 
tional 19 observations of left-half flukes were excluded 
from a.nalysis (the complete flukes of 2 of these indi- 
viduals were photographed on other occasions, and 
one 1990 to 1991 recapture was excluded as a result). 
Yearly sample sizes ranged from 86 observations of 80 
individuals in 1989, to 289 observations of 246 individ- 
uals in 1993. The largest samples were obtained in the 
last 3 years, primarily due to increased effort. Numbers 
of recaptures increased each year corresponding to 
increased sample sizes and marks at risk. Within-year 
capture frequencies were relatively low, with most 
~ndividuals being captured on only 1 d and very few on 

Table 1. Megaptera novaengl~ae. Samples and recaptures of 
humpback whales off Kauai in 1989 to 1993. Sample size (n,) 
is expressed as number of different individuals and number of 
unique observations each year (individuals were given 1 
observation each day sighted, regardless of the number of 
pods in which they were photographed). Recaptures (m,,) are 
expressed as the total number of individuals that were 
sighted from a previous year (j). For recapture values in 
parentheses, individuals recaptured in multiple years were 
counted for only the most recent previous year sighted; sum- 
mation of these values results in the total number of individu- 

als recaptured In a year (Total m,) 

Year n, Total recaptures (m,,) Total 
(1 Ind. Obs. 1989 1990 1991 1992 m, 

1989 80 86 - 

1990 91 96 4 (4) - 4 
1991 198 228 3 (2) 4 (4) - 6 
1992 244 289 7 (5) 4 (3) 11 (11) - 19 
1993 246 289 7 (7) 7 (5) 18 (17) l 1  (11) 40 
Total 790 988 
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individuals were captured in more than 
1 yr. 

Table 2. Megaptera novaengliae. Frequency of capture of A test for closure using the program CAPTURE indi- 
humpback whales off Kauai from 1989 to 1993. (a) Number of cated that the assumption was not violated (z = 1.278, 
individuals with each sighting frequency (number of days p , O , l ) .  Otis et  (1978) stated that this test is 
each whale was captured) is indicated for within-year recap- 
tures, along with average intervals between first and last cap- designed detect the (i.e. p, = O )  
ture. (b) Across-year sighting frequencies (number of years at the beginning or end of the study and, therefore, is 
each whale was captured) consider only whether an individ- not sensitive to temporary emigration. Furthermore, 

ual was captured in any year the power of this test is questionable with low numbers 

Closed population models 

(a) Within-year Number of days captured 
1 2 3 4 

1989 7 6 2 2 0 
1990 86 5 0 0 
1991 172 23 2 1 
1992 210 24 9 1 
1993 21 1 28 6 1 

Mean daysa - 15 23 37 
SD days* - 16.0 12.3 19.1 

(b) Across-year Number of years captured 
1 2 3 4 

1989-1993 727 5 8 4 1 

W e a n  number between first and last capture 

Abundance estimates from pair-wise 

of recaptures. Tests for heterogeneity and variation 
with time indicated that capture probability likely var- 
ied with individual (2: = 4.737, p = 0 .03) ,  and sampling 
occasion (X: = 186.626, p < 0.001).  The goodness of fit 
test for model M,, rejected the null hypothesis that indi- 
vidual capture probabilities ( p , )  varied among individ- 
uals but not with time (X$ = 160.541, p < 0.001).  The 
goodness of fit test for model M, rejected the null 
hypothesis that probability of capture on each sam- 
pling occasion (p,) varied with sample but was constant 
among individuals = 203.659 p = 0.02) .  Given the 
test results, it appears that model M,, was the most 
appropriate model; however, these tests for assump- 
tions are not always reliable with sparse data (Chao 
1989, K. Burnham pers. comm.). 

Population estimates from CAPTURE were gener- 

Chapman's Petersen comparisons ranged 
from 1489 to 5042 individuals with rela- 
tively poor precision, coefficients of varia- 
tion ( C V )  ranging from 0.20 to 0.43 
(Table 3 ) .  Of the 4 largest estimates (in 
excess of 4000),  3 used 1992 as either the 
capture or recapture year. This may hold 
significant implications as discussed 
below. The weighted mean of the 
Petersen, making use of all years' data, 
yielded an intermediate estimate of 3880 
with greater precision (95 % confidence 
limits of 2958 and 4802 and a C V  of 0.121. 

ated using models M,,, M,, and M,,, in order to compare 
more than 2 d (Table 2a) .  Probability of within-year among results (Table 3) .  Chao's M, generated the 
recapture varied among years, with 5 % of individuals highest estimate of 5346, with 95 % confidence limits of 
captured on more than one day in 1989 and 1990, 13% 4181 and 6911 (CV of 0.13) .  Darroch's M, and Chao's 
in 1991, and 1 4 %  In 1992 and 1993. The 
increase in recapture probability in the 
latter 3 years was likely due to greater Table 3. Megaptera novaengliae. Population abundance estimates from 

effort and doubling of sample size, sirni- closed mark-recapture models. The final 4 models were generated by the 
program CAPTURE (Otis et al. 1978). SE: standard error; CV: coefficient of 

larly, across-year capture frequencies variation; CI: confidence interval. See text for definition of variables 
were also low, with most individuals (727)  

Chapman's modified Petersen (without replacement) 
89-90 80 91 4 1489 573.1 0.38 366-2612 
89-91 80 198 3 4029 1739 3 0.43 620-7438 
90-91 91 198 4 3661 1435 3 0.39 848-6474 
89-92 80 244 7 2480 772.1 0.31 967-3993 
90-92 91 244 4 4507 1771.3 0.39 1035-7979 
91-92 198 244 11 4062 1065.3 0.26 1974-6150 
89-93 80 246 7 2500 778.5 0.31 974-4026 

being captured in only 1 yr, and few ( 5 )  in 
more than 2 yr (Table 2b). Only 8 %  of all 

Weighted mean of the Petersen 
89 to 93 3880 470 6 0.12 2958-4802 

Year n, n2 m, N SE CV 95% C1 

Chao M,-capture probability varies with individual (heterogeneity) 
89 to 93 5346 6904 0.13 4181-6911 

Darroch M,-capture probability varies with time 
89 to 93 3959 438.7 0.11 3208-4941 

Chao M,-capture probability varies with time 
89 to 93 4196 514.4 0.12 3328-5362 

Chao Mlh-capture probability varies with time and individual 
89 to 93 4858 684.5 0.14 3722-6434 
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M, estimates were similar at 3959 and 4196, respec- 0.99, for = 1.206; X: = 2.037, p = 0.57, for $ = 0.951). A 
tively, with similar confidence intervals (CVs of 0.11 weakness of the Fisher-Ford model is the inabihty to 
and 0.12). Chao's MLh generated an intermediate esti- estimate variance; therefore, lt was in~possible to judge 
mate of 4858, with the proportionally largest confi- the precision of these estimates. 
dence interval from 3722 to 6434 (CV of 0.14). 

DISCUSSION 
Open population models 

The Fisher-Ford model was calculated using 2 sur- 
vival rate estimates (Table 4). In order to match the 
expected TYS to observed TYS, an estimated survival 
rate of 1.206 was required. This yielded 1991 to 1993 
abundance estimates in excess of 5000 animals 
(Table 4a). The positively biased survival rate is unre- 
alistic and results in M, greater than the number of ani- 
mals known to be marked in each year. A survival rate 
greater than 1.0, essentially a positive loss, does not 
indicate a gain; rather it is likely a survival rate very 
close to 1.0 combined with a positive sampling error 
(Begon 1979). Therefore, the model was generated 
again with a realistic survival rate of 0.951 (Table 4b), 
the rate estimated by Buckland (1990) for a North 
Atlantic population of humpback whales. As with the 
Petersen models, the smallest estimate is generated by 
the 1989 to 1990 data, 1400. Estimates from the 
remaining years were above 3000 animals, with the 
1993 estimate (using all data) at 3115 animals. Chi- 
squared tests for differences between observed and 
expected TYS values indicated that the assumption of 
a constant survival rate was not violated (xS = 0.037, p > 

Several problems with these data must be consid- 
ered in order to evaluate the validity of the estimates. 
Considering this study spanned 5 yr, there was a lack 
of closure due to births and deaths, and probably tem- 
porary emigration. Probability of capture varied over 
time due to differences in sampling effort among 
years. Heterogeneity was likely present, as in many 
studies of free-ranging cetaceans (Hammond 1990). 
Probability of capture may have varied among individ- 
uals and time in a non-random manner due to move- 
ment pdtterns of animals throughout the Hawaiian 
Islands, which may result in a situation similar to tem- 
porary emigration. The estimates were reviewed in 
light of these points with particular attention given to 
the latter. 

Closed population models 

Pair-wise Petersen estimates using adjacent years 
minimize bias due to lack of closure. Moreover, by 
excluding calves, the effects of recruitment due to 
birth are further minimized in adjacent year compar- 

isons. When only death and emigra- 
tion occur, 2-sample models yield 
valid estimates for the first s a m ~ l i n a  . 

Table 4. Megaptera novaengliae. Population abundance (N,) and survival rate ( B ~ ~ ~ ~  1979, seber 1982). (4) estimates for open Fisher-Ford model (Fisher & Ford 1947. Begon 1979). we, therefore, would expect pair-wise The Fisher-Ford estimates were generated by (a)  varying d so that the observed 
total years survived (TYS) matched the expected total years survived (XiA,m,), estimates adjacent years be 
and (b) using a more reallstlc 4 of 0 951 (ice text for details and def~nition of least biased, and consequently smaller 

Year (i) n, 

(a) Varying 4 
1989 80 
1990 91 
I991 198 
1992 244 
1993 246 

(b) 4 = 0.95 1 
1989 80 

mi TYS  

variables) 

M, A, ~ , m ,  N, d x2t6) 

than estimates from samples sepa- 
rated by several years. The reverse 
occurred in this study, as illustrated by 
the 1992 to 1993 estimate of 5042 
whales and the 1989 to 1993 estimate 
of 2500 whales (Table 3). Further- 
more, despite large CVs and overlap- 
ping 95 % confidence intervals, good- 
ness-of-fit tests designed to compare 
pairs of estimates (Seber 1982, p. 121) 
suggested that population composi- 
tion vaned significantly among some 
samples. In 9 comparisons with the 
smallest estimate, 3 tests indicated 
significant differences between the 

150 134.67 2.037 sampled populations at an cc of 0.05, 
and an additional 3 at an a of 0.10; 
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similarly, in 9 comparisons with the largest estimate, 3 
were significant at an a of 0.05 and an additional 2 at 
an a of 0.10. Therefore, variability among some of the 
point estimates may be due to factors other than ran- 
dom variation in sampling. Individual probability of 
capture apparently varied from year to year in a non- 
random manner. This will be discussed in detail below. 

Closed models that use data from multiple years 
have the advantage of a larger sample size, and there- 
fore greater accuracy and precision; however, they are 
more subject to the effects of closure violations. Hain- 
mond (1986) reported that in an extreme case, bias due 
to simultaneous loss and recruitment can be as high as 
+ l  l % over 1 yr and + 37 % over 3 yr. The loss and gain 
values used by Hammond (1986; a = 0.10 and I$ = 0.90) 
likely overestimated actual turnover rate for hump- 
back whale populations (Buckland 1990). Therefore, 
while there is potential positive bias in these multiple- 
year closed estiinates, it is probably not as severe as 
indicated by Hammond (1986). Failure of CAPTURE'S 
closure test to reject the null hypothesis further sug- 
gests that turnover may not have been very high dur- 
ing this study, although, as stated previously, power 
was probably low due to scarcity of recaptures. 

The weighted mean of the Petersen, Darroch's M,, 
and Chao's M,, all compensate for variation in capture 
probability with time, and all produce similar estimates 
(Table 3). Chao (1989), using computer simulations, 
showed that Darroch's model tends to overestimate N 
with sparse data, and that her model is then more 
appropriate; however, if recaptures are relatively more 
abundant, Darroch's model performs better With this 
data set, Chao's model yielded an estimate greater 
than Darroch's, indicating that Chao's model may be 
most applicable to even sparser data (i.e. the Illinois 
mud turtle data set used in Chao 1989). 

Chao (1989) also reported that her M, estimator, 
which assumes equal capture probabilities among 
individuals, underestimates N in the presence of het- 
erogeneity, as expected (Hammond 1986, 1990). Con- 
versely, if there is no heterogeneity, models Mh and 
M,, will overestimate N (Chao 1989, Chao et al. 1992). 
The magnitude of effect in either case depends upon 
the degree of heterogeneity, i.e. the difference 
between individuals with the smallest and greatest pi. 
Potential sources of heterogeneity include individual 
differences in behavior (such as probability of showing 
flukes), geographic stratification in range of the popu- 
lation, and sex related biases in capture probability. 
Geographic stratification in range has been illustrated 
for the feeding assemblage off California (Calam- 
bokidis et  al. 1993), but does not appear to be preva- 
lent among the Hawaiian Islands in across-year com- 
parisons (Cerchio et al. 1998, in this issue). There is 
likely a bias in capture probability by sex in breeding 

regions, with males being more likely captured 
(Gabnele 1992, Brown et al. 1995, Palsb~l l  et al. 1997, 
Cerchio et al. 1998); Calambokidis et al. (1998) esti- 
mated a 10Tb bias for a skewed sex ratio of 2:1, and a 
25% bias for an extreme skew of 3:l with estimation 
models that do not correct for heterogeneity. The esti- 
mate of Chao's model MLh is 16 to 25 O/o greater than the 
3 M, models, within the range of bias reported by 
Calambokidis et al. (1998) 

The best choice among the closed models then 
becomes dependent on determination of heterogene- 
ity. Tests of assun~ptions in CAPTURE indicated that 
probability of capture varied with both time and indi- 
vidual. These tests are not always reliable with low 
recaptures (K.  Burnham pers, comm.), and they are 
sensitive to variation due to behavioral effects, such as 
trap effects (Otis et  al. 1978). It is possible that the 
effects of temporary emigration may also influence 
these tests. Low capture probabilities and few multiple 
captures made it impossible to apply other tests of het- 
erogeneity, such as used by Calambokidis et al. (1990) 
and Hammond (1990). It is, therefore, difficult to make 
a conclusive argument for or against heterogeneity. 
Considering the results of the CAPTURE tests on these 
data, and other studies indicating the presence of het- 
erogeneity in humpback whale populations, model M,, 
may well be the best choice. It should be reemphasized 
that the estimate derived from model M,,, is still likely 
positively biased due to closure violations. 

Open population models 

The Fisher-Ford model had difficulty matching the 
expected TYS to the observed TYS value (Table 4 ) .  
Using a survival rate greater than 1.0 is obviously not 
satisfactory, and when a survival rate of 0.951 is used, 
the estimates from 1991 to 1993 are typically lower 
than results of the closed models. This reflects a cor- 
rection for bias due to closure violation; however, these 
estimates are not corrected for heterogeneity and 
therefore may be negatively biased. Moreover, the dis- 
crepancy between observed and expected TYS values 
must be reconciled. Fisher & Ford (1947) stated that 
differences between a given sample's observed and 
expected TYS values indicate a discrepancy between 
actual and estimated survival rates. When using an 
estimated survival rate of 0.951, the observed survival 
of marks in 1992 and 1993 was greater than expected 
(compare the summation of the TYS and A,mi columns; 
Table 4b). Herein lies the strength of the Fisher-Ford 
model in evaluating the patterns of capture probabili- 
ties among different sample years. The model inter- 
prets these discrepancies as variations in survival 
rates; however, in this sample the differences are likely 
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due to emigration and vanat~on in capture probabili- 
ties of individuals among different sample years. This 
possibility will be explored in detail in the next section. 

Variation in probability of capture due to 
non-random movement 

The closed capture models used in this study were 
designed to allow for variation in capture probability 
with individual and/or sampling occasion (Otis et al. 
1978, Chao 1989, Chao et al. 1992). However, difficul- 
ties arise when individual capture probabilities vary 
among sampling occasions in a manner that is non- 
random and inconsistent among individuals. Ham- 
mond (1986) discusses in detail problems associated 
with the assumption of 'equal probability of sighting' 
when sampling a highly mobile population in a small 
portion of its range. If mixing throughout the entire 
range is uniform, then the absence (or low capture 
probability) of a random sample of the population dur- 
ing any sampling occasion does not introduce bias. 
This assumption was implicit in all studies that have 
sought to estimate abundance of whales off the Ha-cvai- 
ian Islands from a single area (Darling & Morowitz 
1986, Baker & Herman 1987). If mixing is non-random, 
and certain individuals are consistently less likely to be 
captured, than heterogeneity is introduced and popu- 
lation estimates are negatively biased. Calambokidis 
et al. (1993) described this situation off the coast of Cal- 
ifornia due to differences among individuals in their 
geographic ranges. 

Another type of non-random mixing would result if a 
subgroup of the population had individual capture 
probabilities that varied significantly with sampling oc- 
casion in a manner inconsistent with the rest of the pop- 
ulation. An extreme case would be non-random tempo- 
rary emigration, when a subgroup is absent (p, = 0) for 
some, but not all, sampling occasions. Temporary emi- 
gration can result in overestimation of abundance, be- 
cause models treat absent individuals as present but 
not captured (Begon 1979). Note that with low numbers 
of recaptures, it is difficult to distinguish between the 
absence of individuals (i.e. due to temporary emigra- 
tion) and the presence of individuals with very low cap- 
ture probabilities (1.e. due to short residency within the 
sample area). With very low capture probabilities, the 
effect is likely to be similar to temporary emigration. 

There is evidence within this data set that non-ran- 
dom temporary emigration, or a similar situation, exists 
among humpback whales off the Hawaiian Islands. 
This becomes apparent when considering the pair- 
wise Petersen estimates (Table 3). If we view the pro- 
portion of recaptures, and resultant abundance esti- 
mates, as an ind~cation of 'relatedness' between pairs 

of samples, we find that some samples have more indi- 
viduals In common (lower estimates) than others 
(higher estimates). As an example, and primary trend, 
3 of 4 comparisons involving the 1992 sample pro- 
duced the 3 highest estimates. This indicates that in 
1992 there may have been a subgroup of individuals 
captured that had relatively lower capture probabili- 
ties in other years, particularly 1990, 1991 and 1993. In 
other words, a group of individuals may have immi- 
grated to Kauai in 1992 and subsequently emigrated. 
This relationship is borne out with further considera- 
tlon of the data. 

Begon (1979) suggested a test for equal catchability 
among recognizable subgroups in a population. The 
test assumes simply that the various subgroups will be 
recaptured in a proportion equivalent to the marks at  
risk, and uses a contingency table to test between 
observed and expected recaptures (and not-recap- 
tures) among subgroups. This test was applied to the 
1993 sample treating individuals captured in each of 
the previous years as 4 different subgroups (Table 5). It 
was assumed that survival rate approached 1.0 and did 
not substantially effect recaptures. The test could not 
reject equal probability of capture among the 1989 to 
1992 animals (X: = 4.092, p = 0.25); however, there 
were fewer than expected recaptures from 1992 and 
more than expected from 1991. When the 1992 sample 
is excluded, the fit to the observed data is much better 
(X; = 0.155, p = 0.93), with expected recaptures nearly 
matching the observed. This suggests that at least 
some portion of individuals captured in 1992 may not 

Table 5. Megaptera novaengliae. Test for equal catchability 
among humpback wha.les recaptured in 1993 from the 4 pre- 
vious sample years. Contingency tables were used to test for 
differences between observed and expected recaptures from 
1989 through 1992 (all years) and 1989 through 1991 (exclud- 

ing 1992) 

Release year Observed Expected 
All years Excl. 1992 

1989 
Recaptured 7 5.6 6.9 
Not recaptured 7 3 74.4 73.1 

1990 
Recaptured I 6.4 7.9 
Not recaptured 84 84.6 83.1 

1991 
Recaptured 18 13.9 17.2 
Not recaptured 180 184.1 180.8 

1992 
Recaptured 11 17.1 
Not recaptured 233 226.9 

Chi squared 4.092 
df 3 
P 0.25 
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have been equally represented in 
1993. 

Variation of capture probabilities 
in the 1992 sample can also explain 
the discrepancies in the Fisher-Ford 
model (Table 4b). Recall that observed 
TYS is the summed ages of all recap- 
tured marks in a sample. The effect of 
a constant survival rate is a decrease 

Table 6. Megaptera novaengliae. Population abundance (N) and survival ($1 
estimates from (a)  closed models and (b) Fisher-Ford open model when the 1992 

sample is excluded. See text for definition of variables 

(a) Closed models 
Model N SE CV 95% C1 

Weighted mean of the Petersen 3138 502.7 0.16 2153-4123 
Chao M,, 4831 819.7 0.17 3503-6762 
Darroch M, 3200 463.3 0.14 2437-4275 

in expected recaptures of increasingly 
older marks. Estimated average age of 
marks at risk (Ai) is calculated assum- (b) Fisher-Fo 

ing the constant survival rate and loss 
of older marks. Since the expected 

1 !;?;; 
TYS is obtained by multiplying e a c h ~ ~  1990 

by recaptures from all previous years 1991 198 

(m,), discrepancies between observed 246 

and expected values would result from 
a higher than expected number of 'old' 
recaptured marks, and/or a lower than 
expected number of 'young' recaptured marks. In 1992 
the ratio of 1989 to 1991 marks was higher than 
expected, causing the observed TYS to exceed the 
expected TYS. In 1993, there were fewer than 
expected 1992 marks, again causing the observed TYS 
to exceed the expected TYS. This would result from 
the capture of individuals in 1992 that were less likely 
to be captured in previous years (at least in 1990 and 
1991), and less likely to be captured in 1993. 

Abundance estimates were recalculated excluding 
the 1992 sample to examine the effect of this variation 
in capture probabilities (Table 6). In the Fisher-Ford 
model, the expected and observed TYS values con- 
verged at a survival rate of 0.955. The observed and 
expected TYS for each year agreed precisely, indicat- 
ing a good fit to the model (X; = 0.004, p > 0.99). As 
expected, the population estimate for 1993 was sub- 
stantially reduced; however, there was greater varia- 
tion among the estimates. Interestingly, the estimated 
survival rate of 0.955 is in close agreement with a sur- 
vival estimate of 0.951 (95 % confidence limits of 0.929, 
0.969) reported for humpback whales in the North 
Atlantic (Buckland 1990). When the closed models are 
repeated without the 1992 sample, each estimate is 
also reduced by 500 to 750 animals. Precision is poorer, 
corresponding to the reduction in sample size. 

We may conclude that an event of temporary immi- 
gration and emigration occurred in 1992, introducing a 
positive bias into the abundance estimates. However, 
excluding the 1992 sample would at the same time 
introduce heterogeneity. If, in fact, there was a sub- 
group of individuals present in 1992 that had lower 
probabilities of capture in other years, then by exclud- 
ing the 1992 sample, this group is even less repre- 
sented and the population of the Hawaiian Islands as a 

~ r d  open model 
m, TYS M A, A,m, N, Q x2(9) 

whole is underestimated. The effect of non-random 
variation in capture probabilities remains unknown 
without more information on the specific patterns of 
movement and migration. 

The 1992 sample was used as an example to illus- 
trate potential non-random mixing. In reality, the situ- 
ation would not be as simple as a single subgroup vis- 
iting Kauai only in 1992. More generally, it appears 
that the population composit~on off Kauai varied from 
year to year. There are several possible explanations 
for such variation. Individuals or subgroups may spend 
the majority of their time off different islands in differ- 
ent years. Alternatively, exchange between breeding 
grounds among years may be greater than currently 
considered. 

Movements of individually identified whales among 
the Hawaiian Islands have been documented in sev- 
eral studies (Baker & Herman 1981, Darling & Mc- 
Sweeney 1985, Baker et al. 1986, Darling & Morowitz 
1986, Cerchio et al. 1991, 1998), some indicating that 
movement may not be random. Cerchio et  al. (1991, 
1998) reported that during a season individuals were 
more likely recaptured off the same island where they 
were initially captured, and there was evidence of syn- 
chronous movement between islands among some 
individuals. Darling & Morotvitz (1986) suggested that 
the population off Maui was not identical from year to 
year as an explanation for the discrepancies between 
their within-year and across-year estimates. The sug- 
gestions of Cerchio et al. (1991, 1998) and Darling & 
Morowitz (1986) corroborate the findings of the pre- 
sent study and together suggest that movement and 
distribution among the islands is not random. 

Movements of individuals between distant breeding 
areas introduces a true departure from closure due to 
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temporary emigration, since individuals will have a 
p, = 0 everywhere in the Hawaiian Islands if they win- 
ter in Mexico or Japan.  There are 4 published accounts 
of individuals sighted in consecutive \.ears in Hawali 
and Mexicl? (Darling & Jurasz 1983, Darling & 
McSweeney 1985, Baker et al. 1986), and 1 between 
Hawaii and Japan (Darling & Cerchio 1993). To my 
knowledge there are at  least 4 additional matches 
between Hawaii and Mexico (Cerchio & Jacobsen 
unpubl, data),  and 1. between Hawail and Japan (D. 
Salden pers. comm.). Furthermore, the structure of 
humpback whale songs is very similar and changes in 
primarily the same ways between Hawaii and Mexico 
(Winn et al. 1981, Payne & Guinee 1983, Cerchio 1993) 
and apparently between Hawaii and Japan (Darling & 
Ford 1988, Cerchio pers. obs.) .  Cross-over between 
breeding areas has long been thought to be the excep- 
tion (Baker et al. 1986), but the extent of exchange has 
yet to be quantified. As sample sizes build and corn- 
parisons continue, these long distance movements may 
still prove to be a significant problem in defining the 
population. 

'Best' estimates, considerations 
and recommendations 

Due to the lnherent b ~ a s e s  discussed, the choice of a 
'best' estimate from this data set is somewhat problem- 
atic, however, the sample size presented here is con- 
slderable, and the general range of estimates clearly 
suggests a revision of the currently accepted abun- 
dance es t~mate  for the Hawallan Islands Only 1 model 
produced estimates below 2000 individuals Chap- 
man s estimate of 1489 individuals from 1989 to 1990 
data (Table 3) The validity of this estimate is highly 
suspect, because it was derived from the smallest sam- 
ples, was based upon onlv 4 recaptures, and has a rel- 
atively large CV and 95" confidence interval There- 
fore, my results do not agree with the most recent past 
estimates of Darling & Morowitz (1986) and Baker & 

Herman (1987), and i t  is appart nt that the population 
is larger than estimated by these studies reydrdless of 
potential biases in this data set Conversely, the largest 
estimates some in excess of 5000 individuals, are 
llkely biased 'high due to violation of closure assump- 
tions or temporary emigration It is tempting to choose 
the model selected by CAPTURE, Chao S M,, of 4858 
(95 ' C1 of 3722 to 6434), as the best estimate, since it 
incorporates corrections for capture probability vary- 
ing with sample occasion and due to heterogeneity, 
h o u ~ v e r ,  it is important to consider that this estimate is 
likely biased positively due to lack of closure, and 
potentially due to temporary emigration as revealed by 
the Fisher-Ford analysis Therefore, I suggest that the 

abundance of humpback whales in the Hawaiian 
Jslands is likely closc to 4000 and almost certainly falls 
between 3000 and 3000 individuals 

Considering the general range, these estimates may 
indicate substantial growth of the populat~on since the 
late 1970s (Darling & Morowitz 1986, Baker & Herman 
1987) Determination of population growth and recov- 
ery over the past decade depends on 2 factors the 
verification of previous estimates and the precise and 
valid estlmatlon of current abundance 1t is highly 
advisable that data from the late 1970s and early 1980s 
be re-examined for heterogeneity of capture probabil- 
ities, and other potential negative biases Models that 
allow for variation of capture probabillt~es may be 
more appropnate, and may consequently yield higher 
estimates Baker & Herman (1987) state that hetero- 
geneity may exist in their data set, but do not employ 
models to correct for it If the population was segre- 
gated to some extent, as suggested by Baker and Her- 
man (1981), then the abundance estimates of Baker & 

Herman (1987) may be substantially negatively biased 
It is probable that even the higher estimate of Darllng 
& Morowitz (1986) is negatively biased The rate of dis- 
covery method used by Darling & Morowltz assumes 
that each sample is independent and every individual 
in the population has an  equal chance of capture with 
each observation This is impossible and violation 
would result in an artificially high number of recap- 
tures and underestimation of abundance 

It is also possible that the estimates presented here 
are not directly comparable to those of Darling & 

Moro~vitz (1986) and Baker & Herman (1987) The for- 
mer studies were conducted pnmarily off Maul and 
Hawail, whereas this study was conducted exclusively 
off Kauai Baker & Herman (1981) suggested that 
whales off Kauai may represent a semi-isolated sub- 
population Cerchio et a1 (1991 1998) found exchange 
between Kauai and Hawaii, but the exchange did not 
appear to be completely random This study suggests 
that the population off Kauai vanes among years and 
that mixing among the population may not be random 
Furthermore, the distribution and movement patterns 
or individuals may have changed over the intervening 
decade Mobley & Bauer (1991) presented evidence 
from aenal surveys that both distnbution and abun- 
dance throughout the Hawaiian Islands changed 
between 1980 and 1990 It is possible that different 
biases affected the respective estimates and different 
portions of the population were sampled 

It is apparent that sampling off 1 island is not com- 
pletely adequate to accurately estimate abundance All 
of the biases assoc~ated 1~1th non-random mixing are 
the result of sampling a highly mobile and poorly 
defined population in a small portion of its range Only 
a sampling effort that extends to all areas of whale con- 
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centration throughout the Hawaiian Islands can assure 
a representative sample of the population. This would 
entail simultaneous effort off the northwest coast of 
Hawaii, the 4 island region off Maui, on Penguin Bank, 
and off Kauai. Sampling would need to be consistent 
throughout the entire season to assure equal probabil- 
ity of capture of individuals with temporally staggered 
residency (Gabriele 1992). Such a sampling regime 
would clarify the patterns of movement throughout the 
islands and facilitate the choice or development of 
appropriate estimation models. Finally, sample size 
would need to be large enough to draw conclusions 
concerning population dynamics. Robson & Regier 
(1964) recommend an accuracy of 0.5 (confidence lim- 
its of 0.5 N, 1.5 N) for preliminary studies, 0.25 for 
management work, and 0.1 for studies into population 
dynamics. An accuracy of 0.1 will require sample sizes 
of 900 to 1200 per sampling occasion (i.e. year) for a 
population of 5000 animals, depending on the estima- 
tion methods (Robson & Regier 1964). It seems likely 
that this endangered population is recovering; how- 
ever, much more work is required before the extent 
and rate of the recovery is known. 
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