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ABSTRACT The abundance of east Australian Group V substock (EAGVS) humpback whales resident 

dunng winter in Hervey Bay was es t~mated from a 10 yr mark-resight study using photo-identdication 

of 969 individual humpbacks slghted between 1987 and 1996 Hervey Bay is on the east coast of Aus- 

traha and is the major southbound stop-over s ~ t e  for humpbacks returning to Antarctic waters from 

overwintenng 111 Great Barner Reef (GBR) waters Seasonal abundance estimates were denved from 

mark-resight profiles using a reduced forin Cornlack-Jolly-Seber (CJS) model (constant survival time- 

varying resight likelihood) that fitted the data well The bootstrap mean CJS abundance estimate over 

the 9 yr period from 1988 to 1996 was 855 (95"1, C1 750 to 936) Estimated humpback abundance in 

Hervey Bay showed signif~cant temporal variability superimposed on an increasing linear trend esti- 

mated using tlmes series regression model bootstrapping at  6 3 % yr ' (95 % C1 2 to 11 %) The seasonal 

Hervey Bay population comprised 30 to 50°( of the EAGVS southbound to Antarctic feeding grounds 

Estlrnated abundance increased from 554 post-yearling humpbacks in 1988 to a peak of 1040 in 1991 

before dechning to 921 by the mid-1990s Standard errors of abundance estimates suggested good pre- 

cision and were derived using a vanance components approach that separated sampling error from 

ecologically relevant var~ation The trends In temporal vanability and annual rate of humpback abun- 

dance increase were consistent with findings from an aerial surve~llance study (1982 to 1996) of 

monthly s ight~ngs  of the EAGVS overwinterlng In southern GBR waters The concurrence of findings 

from an independent method of abundance est~mation provides confidence in the CJS model used in 
this study to estlmate abundance. Post-yearhng survivorship was estimated from a 4 yr (1993 to 1996) 

photo-identification study of 517 individual humpbacks sighted at  2 seasonally sequential overwinter- 

ing sites (Hervey Bay, Whitsundays) using a robust design CJS modelling approach with estimators 

that account for bias due to temporary emigrat~on. A reduced form CJS model (constant survival, time- 

varying reslght likelihood) also fitted the data well with the mean annual survival rate for the EAGVS 

humpbacks estimated at 0.966 (95% CI: 0.87 to 1.00). The good fit of the robust design survival rate 

model provides further confidence in the Hervey Bay abundance model, which suggests that the 

EAGVS has been recovering but at a slow and variable rate. 
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INTRODUCTION 

Humpback whales Megaptera novaeangliae migrate 

each year during the austral autumn along the east Aus- 

tralian coast from Antarctic summer feeding grounds 

to overwintenng grounds in tropical waters (Kaufman 
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et  al. 1990, 1993). This stock was severely reduced by 

commercial whaling during the 1950s and early 1960s 

(Chittleborough 1965). With the cessation of commercial 

whaling in 1963 this stock was estimated to have been 

less than 5 O/u of its original size (Chittleborough 1965). 

Despite severe depletion, the east Australian Group 

V substock (EAGVS) of humpback whales has main- 

tained its annual migration along the east Australian 

coast to overwintering grounds in Great Barrier Reef 

(GBR) waters (Kaufman et al. 1993, Chaloupka & Os- 
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C O R A L  S E A  

Fig. 1. Map showing the location of the Hervey Bay study area 
in southeastern Queensland (Australia) and the secondary 
sampling site in the Whitsunday Islands (southern Great Bar- 

rier Reef) 

mond 1999). The post-whaling recovery of the EAGVS 

has been documented in recent studies using shore- 

based observations in southern Queensland waters 

(Paterson et al. 1994) and aerial surveillance sightings 

in the GBR Marine Park (Chaloupka & Osmond 1999). 

During the southbound return migration to feeding 

grounds in Antarctic waters a proportion of the EAGVS 

humpbacks enter Hervey Bay in southern Queensland 
- . . -h---  (I=:- l ,  A ---- : - l  ... L-l,. -..-,-L:--:- 
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dustry has developed recently in Hervey Bay and 

southern Queensland waters (Chaloupka 1990, 1996), 

creating a need for policies designed to ensure recov- 

ery of the EAGVS humpbacks. The development of 

management policies and recovery plans depends on a 

clear understanding of EAGVS population dynamics 

and reliable estimates of seasonal population abun- 

dance and, overall Group V stock size. 

The recent ability to identify individual whales 

through photographs of natural markings has provided 

the basis for long-term studies of humpback popula- 

tion dynamics (Baker et  al. 1986, Clapham & Mayo 
. ? % m -  . , - L -  - " ~ > 4 r n r . A  7 ,  c , 1 "?%h?,\ 

I Y U ~ ,  Kazona a aeara  ~ Y Y U ,  Kaurman er al. L Y Y J J .  A 

major aim of such photo-identification studies is the 

estimation of population abundance and stock recov- 

ery rates using capture-recapture or mark-resight 

methods (Hammond 1986). 

We present estimates of annual population abundance 

and long-term recovery rates for the EAGVS resident in 

Hervey Bay based on photo-~dentification of individual 

humpbacks sighted during the southbound migration 

between 1987 to 1996. We also present survival prob- 

ability estimates for the EAGVS humpbacks using a 

robust sampling design (Pollock et al. 1990) for photo- 

identification of whales at 2 overwintenng sites and 

statistical estimators that account for potential parameter 

bias due to temporary emigration (Kendall et al. 1997). 

METHODS AND MATERIALS 

Study site. Hervey Bay is a large shallow marine 

embayment located in Queensland on the east coast of 

Australia (Fig. 1).  It is bounded on the eastern side by 

Fraser Island, which protrudes across most of the con- 

tinental shelf. In 1987 the Pacific Whale Foundation 

(PWF) began a mark-resight study in eastern Hervey 

Bay using photo-identification of individual EAGVS 

humpbacks sighted between August and October 

(Kaufman et al. 1993). The program has been ongoing 

ever since with support from the Queensland Environ- 

mental Protection Agency (Kaufman et al. 1993). Stud- 

ies using aerial surveys have shown that a random 

sample of the EAGVS humpbacks enter Hervey Bay 

during the southward migration only (August to Octo- 

ber) and are concentrated in the eastern part of the Bay 

(Corkeron et al. 1994). The eastern portion of Hervey 

Bay was declared a marine park in 1989 with a man- 

agement framework implemented for the regulated 

development of a commercial whale-watching indus- 

try (Chaloupka 1990). 

Sampling approach. Depending on weather condi- 

tions, a PWF research team was deployed daily in Her- 

vey Bay each season (August to October) from 1987 to 

1996. Similar field sampling and photo-identification 

methods were used throughout the study with several 

of the field staff being involved for most of the 10 yr 

stu.dy period. Humpback pods (mainly 1 to 10 indivtd- 

uals) were observed by a research team ( 2 2  people) 

operating from a small outboard-driven vessel using a 

random search pattern. Hervey Bay is a large area (ca 

4000 km2) but the seasonal concentration of hump- 

backs in the eastern portion of the Bay ensures a rea- 

sonable likelihood of sighting a whale that enters dur- 

ing the southbound migration. More details of the field 

methods can be found in Kaufman et al. (1987, 1993). 

Individual identification. EAGVS humpbacks have 

individually identifiable patterns on the ventral side of 

the tail-flukes (Kaufman et al. 1993)  many EAGVS 
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humpbacks (ca 57 %) also have a unique lateral body 

pigmentation pattern (Kaufman et al. 1987). Pho- 

tographs were taken of the ventral surface of the tail- 

fluke of each whale sighted. Where possible, pho- 

tographs were also taken of the left and right lateral 

body pigmentation pattern for individual recognition 

(Kaufman et al. 1987) and of the genital area for sex 

determination (Glockner 1983). Each whale was pho- 

tographed using a 35 mm single-lens reflex camera, 

equipped with a motor drive and either a 300 mm tele- 

photo or an 80 to 200 mm zoom lens. The cameras were 

loaded with either Kodak 64 or 100 ASA colour slide 

film. A photo-identification catalogue was compiled 

using tail-fluke and lateral body pigmentation pho- 

tographs that passed a standard quality acceptance 

test (Baker et al. 1986, Kaufman et al. 1993). The 

photo-identification catalogue enabled an  annual re- 

sight history profile to be recorded for each of the 969 

individual humpbacks sighted in Hervey Bay from 

1987 to 1996. 

Statistical modelling approach. Population abun- 

dance estimates of EAGVS hun~pbacks in Hervey Bay 

from 1987 to 1996 were derived using the annual 

resight histories for each of the 969 individually identi- 

fied whales and the Cormack-Jolly-Seber (CJS) statis- 

tical modelling approach of Pollock et al. (1990). The 

standard CJS approach does not assume demographic 

closure and so is suitable for estimation of population 

parameters where there is an underlying stochastic 

birth, death and permanent emigration process 

between sampling periods. The statistical assumptions 

and limitations of the CJS modelling approach for esti- 

mation of population abundance and demographic 

probabilities were discussed in detail elsewhere (Pol- 

lock et al. 1990, Lebreton et al. 1992, Kendall et al. 

1997). Hammond (1986) addresses some of these issues 

in relation to photo-identification-based mark-resight 

studies of whale population abundance. 

The critical assumption of no temporary emigration 

is considered most likely to be violated in humpback 

demographic studies leading to biased estimates of 

abundance and survival probabilities (Buckland 1990). 

We evaluated this assumption in our study using the 

robust design extension to the standard CJS model 

(Pollock et al. 1990) coupled with modified estimators 

that account for bias due to the presence of temporary 

emigration (Kendall et al. 1997). The robust design in 

the current study used a photo-identification sampling 

program of EAGVS humpbacks (n = 513) resident in 

2 overwintering locations (secondary samples) within 

each sampling year (primary samples). The primary 

samples spanned the 4 yr period from 1993 to 1996. 

The 2 secondary sampling locations were the Whit- 

sunday Islands (southern GBR; sGBR) and Hervey Bay 

(Fig. 1). The Whitsundays and sGBR lagoonal waters 

comprise the main calving and overwintering grounds 

for the EAGVS humpbacks (Chaloupka & Osmond 

1999). The Whitsunday Island program began in 1993 

with sampling at the end of the northbound migration 

during June and July of each year prior to the research 

team relocating southward to Hervey Bay to continue 

sampling from August to October during the south- 

bound migration (Fig. 1). The robust design used here 

assumed that the EAGVS being sampled each year 

comprised a single superpopulation (see Kendall et al. 

1997) with demographic closure within a season dur- 

ing sequential sampling of the overwintering sites. 

Demographic closure was not assumed between pri- 

mary sampling periods. The use of the robust design 

approach and modified CJS estimators provided not 

only an  evaluation of the major assumption of no 

temporary emigration but also provided a robust esti- 

mate of the mean annual survival probability for post- 

yearling EAGVS humpbacks. 

RESULTS 

Mark-resight summary 

There were 969 individual humpback whales identi- 

fied photographically in Hervey Bay over the 10 yr 

sampling period between August 1987 and October 

1996. All 969 resight history profiles used in the analy- 

sis were for post-yearlings, comprising 156 subadults 

and 813 adults. Calves were not included in the photo- 

identification study because of the potential for sub- 

stantial change in the pigmentation patterning in the 

first year of postnatal development (Carlson et  al. 

1990). Sex was not considered because <21% of the 

sample could be sexed and subadult males were 2 

times more likely to be sexed than adult males due to 

frequent roll-over behaviour (odds ratio = 2.18, 95% 

CI: 1.01 to 4.68; see Fleiss 1981). The resight history 

profiles comprised 70 % of the 969 whales sighted once 

only between sampling years, 21 % sighted twice and 

9 % sighted 2 3  times. The mark-resight summary sta- 

tistics for the 969 resight profiles required for CJS pop- 

ulation abundance estimation are shown in Table 1. 

Initial goodness-of-fit tests 

The full CJS model (time-varying survival, time- 

varying resight) comprising separate parameter esti- 

mates for the subadult and adult subgroups fitted the 

data set extremely well with no evidence for noncom- 

pliance with the standard CJS model assumptions 

(TEST 2+3 of Burnham et al. 1987 as modified recently 

by Pradel 1993 to account for heterogeneity of resight 
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Table 1. Mark-resight summary statistics and Cormack-Jolly-Seber population estimates for adulWsubadult east Australian 

Group V substock (EAGVS) humpbacks resident in Hervey Bay Marine Park during the annual southward migration (1987 to 

1996). n,: total number of adult/subadult humpbacks (marked + unmarked) sighted in ith period, m; number of marked hump- 

backs sighted in ith period, R,: number of n, released after ~ t h  period, r,. number of R, sighted in, ith period and resighted in a sub- 
sequent period; 2,: number sighted before and after ith period but not in ith period; N,: est~mated population slze of 

adult/subadult EAGVS at ith period; SE(Ni) = standard error of population estimate at ith period including sampling error and 

temporal variability terms (Pollock et al. 1990), SEddj(N,) = standard error of population estimate at  ith period excluding sampling 

error ( h n k  & Nichols 1994). Annual adult/subadult populat~on abundance estimates derived from a constant survivaWtime- 

varylng resight likelihood model (Model B; see Pollock et al. 1990). tse,: total sampllng effort in boat-days in ith period 

' Period Year 

1987 

1988 

1989 

1990 
1991 

1992 

1993 

1994 

1995 
1996 

likelihood: x ~ ~ , ~ ~  = 75.8, df = 68, p > 0.20). Moreover, 

there was no evidence with any significant difference 

in survival or resight Likelihood between the subadult 

and adult groups (TEST 1 of Burnham et al. 1987: X20.0s 

= 14.01, df = l?, p > 0.65). Hence, the subadult and 

adult subgroups were pooled into a data set of 969 

resight profiles for the assessment of population abun- 

dance. Goodness-of-fit tests for mark-resight analyses 

are discussed in detail by Burnham et al. (1987), Lebre- 

ton et al. (1992) and Pradel (1993). 

Population abundance estimates 

Given that there was no evidence for noncompliance 

with the standard assumptions of the CJS model 

(including resight likelihood homogeneity), the full 

CJS model (time-varying survival, time-varying 

resight) and several reduced forms of the CJS model 

(Pollock et al. 1990) were then fit to the 969 resight pro- 

files to estimate annual post-yearling population abun- 

d.ance. The best fit model of the family of models tested 

was the CJS reduced form Model B (Pollock et al. 

1990), which assumes constant annual survival and 

time-varying resight likelihood. Seasonal resight like- 

lihood was considered reasonable for such a mark- 

resight study with large population size (geometric 

mean resight likelihood = 0.168, CV = 15.6 %). It is par- 

ticularly important to note that Model R fitted the data 

very well ( x ~ ~ , ~ ~  = 33.3, df = 29, p > 0.27) with no evi- 

dence for noncompliance with standard CJS model 

assumptions. There was also no significant difference 

in fit between the full CJS model and the reduced form 

Model B (log-Likelihood ratio test: x 2 0  05 = 5.2, df = 7 ,  p > 

0.64). Model B was therefore selected as the preferred 

model since it not only fitted the data as well as the full 

CJS model but was simpler, requiring less model para- 

meters. Model selection strategies for mark-resight 

analyses are discussed in detail by Burnham et al. 

(1995). 

Model B (constant survival, time-varying resight) 

enables abundance estimates to be derived for 9 yr 

(1988 to 1996) of the 10 yr study (1987 to 1996). If the 

full CJS model (time-varying survival, time-varying 

resight) had been the best fit, rather than a reduced 

form model such as Model B, then abundance esti- 

mates would have been only possible for 8 yr (1988 to 

1995). The abundance estimates (NI) derived from 

Model B and the approximate standard errors (SE[Ni]) 

including non-sampling error terms are given in 

Table 1. Following the variance components approach 

of Link & N~chols (1994) it was possible to distinguish 

between variability in abundance estimation due to 

(1) sampling uncertainty and (2) ecologically relevant 

variation (SEadj[Ni], Table 1). Seasonal abundance esti- 

mates (1.988 to 1996) and approximate 95 % confidence 

curves are shown in Fig. 2a based on the (SE[N,]) to 

reflect total variance since sampling uncertainty 

accounted for c21 % of the total variability in seasonal 

abundance. Standard errors of abundance estimates 

accounting for total variance suggested good precision 

(geometric mean CV = 11.7 %). 

Sampling effort 

Annual sampling effort measured as boat-days on 

water in Hervey Bay varied considerably from 3.987 to 
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1996 (tse;, Table 1). Model B does not take into 

account sampling effort nor any other study 

covariates (Pollock et al. 1990). However, it can 

be shown graphically that annual abundance 

estimates derived from Model B (Table 1) were 

not a function of sampling effort (Fig. 3a) nor 

were the resight likelihood estimates a function 

of sampling effort (resighthecapture probability 

ranged from 0.10 to 0.41, geometric mean = 

0.168, Fig. 3b). This was only a limited assess- 

ment of sampling effort, but more comprehen- 

sive modelling of stage-specific survival proba- 

bilities (subadult, adult) between 1987 and 1996 

using the parametric modelling approach of 

Lebreton et al. (1992) found no linear or curvi- 

linear functional relationship between either 

stage-specific survival or resight probability 

estimates and sampling effort for this same data 

set (Chaloupka & Osmond unpubl.). 

Population recovery trend 

A linear regression model with log link and sec- 

ond order moving average error (MA2: see Judge 

et al. 1985) was used to estimate the long-term 

linear trend in humpback abundance over time 

(1988 to 1996) shown in Fig. 2a. The response vari- 

able (annual population estimate, Table l )  was in 

natural log form so that the parameter estimate for 

the inde~endent  variable (year: 1988 to 19961 was 

87 88 89 90 91 92 93 94 95 96 97 

Year 

mark-resight estlmate ..-... aerial estlmate 

1100 I I 1.4 

500 1 0.7 

87 88 89 90 91 92 93 94 95 96 97 

Year 

interpretable as proportional ,-hange or annual Fig. 2. Megaptera novaeangliae. Population abundance estimates for 

the east Australian Group V substock (EAGVS) humpbacks that 
growth rate' The linear regression with 

overwinter each year in Queensland waters. (a) Estimated annual 
fitted the data = abundance of EAGVS humpbacks resident seasonally in Hervey Bay 

0.014, R2 = 0.68, t-ratio [yr] = 3.14, df = 7, p < 0.01) from 1988 to 1996. (-) mean annual populat~on estimate. ( - - - - )  

compared to a linear model with standard normal pointwise 95 % confidence curves around the annual estimate. 

error (residual variance = 0 , ~ 2 9 ,  Rz = 0,32, t-ratio (b) Comparison of the estimated annual abundance of EAGVS 

humpbacks resident seasonally in Hervey Bay from 1988 to 1996 
[yr] = 1.80, df = 7, p > 0.05), confirming that 

(-) and the estimated relative abundance of EAGVS humpbacks in 
accounting for autocorrelated error in parameter the nearby Great Barrier Reef region for the same period ( - - - - )  

estimation was needed. 

Robust parameter estimation and statistical 

inference for the MA2 model was then derived from approach, it was estimated that the Hervey Bay hump- 

1000 bootstrap samples (Efron & Tibshirani 1986) of back population trend shown in Fig. 2a has increased 

the residuals drawn from the initial MA2 model with a since 1987 at a median annual growth rate of ca 6.3% 

median estimator (50th empirical percentile) and 95% yr-' (95% CI: 2 to l 1  % yr-l). 

confidence intervals defined by the 2.5th and 97.5th 

empirical percentiles of the bootstrap distribution for 

each parameter. The MA2 model was a good fit to the Survival probability estimate 

data, supporting use of a bootstrapping residuals 

approach rather than a bootstrapping pairs approach The full robust design CJS model (time-varying sur- 

(Efron & Tibshirani 1986). Moreover, the bootstrap dis- vival, time-varying resight; Kendall et  al. 1997) and 

tributions for each parameter estimate (n = 1000) were several reduced model forms were fit to the 517 resight 

asymmetric, supporting use of a nonparametric boot- profiles for the 2 overwintenng sites (Whitsunday 

strapping procedure for deriving less biased parameter Islands and Hervey Bay: see Fig. 1) sampled concur- 

estimates and for statistical inference. Given this rently between 1993 and 1996. The best fit model of 
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Fig. 3. Megaptera novaeangliae. Relationship between annual 

sampling effort in Hervey Bay (boat days yr-') and (a) esti- 

mated annual EAGVS humpback abundance in Hervey Bay 

(1988 to 1996. Table 1) and (b) estimated resight or recapture 

probability (1988 to 1996) derived from Model B (constant 

survival, time-varying resight) 

the family of models tested was Model 2 shown in 

Table 2 (x2,,, = 21.8, df = 17, p > 0.19, Akaike Informa- 

tion Criterion [AIC] = 124.9), which assumes constant 

survival, time-varying resight and permanent emigra- 

tion. It is important to note that Model 2 (Table 2) is a 

very good fit to the data. There was no evidence for the 

presence of any significant between-season temporary 

emigration using the 2-site sequential seasonal sam- 

pling design adopted during this 4 yr study (1993 to 

1996) - compare Models 4 and 5 with Model 2 in 

Table 2. Burnham et al. (1995) discuss the use of AIC 

for CJS model selection and goodness-of-fit testing 

(see also Lebreton et al. 1992). 

Model 2 is equivalent in terms of the survival, resight 

likelihood and emigration assumptions to the Pollock 

et al. (1990) Model B used in this study to derive annual 

abundance estimates for the Hervey Bay humpback 

population (Table 1). The mean annual survival rate for 

post-yearling EAGVS humpbacks estimated from 

Model 2 in Table 2 was 0.966 (95% CI: 0.87 to 1.00). 

The asymmetric confidence interval results from the 

recommended lognormal-transformation with [0,1] 

constraint (Lebreton et al. 1992). 

DISCUSSION 

Sampling issues 

Four key sampling issues need to be considered 

to support confidence in the abundance estimates . - 

(Table 1) for post-yearling humpbacks derived from 

the mark-resight study using photo-identification - 

(1) reliability of individual recognition, (2) stock defin- 

ition, (3) adequacy of seasonal and spatial sampling 

effort, and (4) demographic representativeness. 

The use of natural markings to support a photo- 

identification-based mark-resight study is widely 

accepted for humpback populations (Baker et al. 

1986, Hammond 1986, Clapham & Mayo 1987, Buck- 

land 1990, Katona & Beard 1990, Kaufman et al. 

1993, Craig & Herman 1997). EAGVS humpbacks 

Table 2. Survivorship modelling summary for the adult/subadult EAGVS humpbacks at 2 overwlntering sites (Whitsunday Is- 

lands, Hervey Bay) based on Pollock's robust design for capture-recapture type data (Pollock et al. 1990) and accounting for 

potential temporary emigration (see Kendall et al. 1997). Robust design comprises 2 secondary samples (Whitsundays. Hervey 

Bay) each year within 4 primary (1993 to 1996) annual sampling periods. Model descriptions given in. Lebreton et al. (1992) nota- 

tion with Kendall et al. (1997) extensions for temporary emigrat~on. GoF: goodness-of-fit tests; df. degrees of freedom; dev: rela- 

tive deviance; AI<:: Akaike Information Criterion (see Burnham et al. 1995). Model 3 is the standard Cormack-Jolly-Seber model. 

Best fit model shown by lowest AIC value (Model 2) and is equivalent to the Pollock et al. (1990) Model B used in the current 

study to estimate annual adulWsubadult EAGVS population size from 1988 to 1996 (see Table 1) 

Model description GoF dev AIC 

No. Survival rate (o) Recaptu.re rate (p) Emigration (y) Notation x2 df 

1 Constant Constant Permanent 0, p 238.4 21 323.5 333.5 

2 Constant Time-varying Permanent a, p, 21.8 17 106.9 124.9 

3 Time-varying Time-varying Permanent 01. P ,  20.9 15 105.9 127.9 

4 Constant Time-varying Temporary a, p,, y,,,,, 20.9 14 105 9 129.9 

5 Constant Time-varying Temporary 0, p,, Y,,,~,,,,, 20 9 13 105 9 131.9 
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have individually identifiable patterns on the ventral 

side of the tail flukes (Kaufman et al. 1990, 1993) and 

many have a unique lateral body pigmentation pat- 

tern (Kaufman et al. 1987). The current photo-identi- 

fication study was based on tail-fluke identification 

supplemented by lateral body markings, where the 

latter was also recorded in addition to the tail-fluke 

identification. The use of these 2 natural marking 

schemes reduces the likelihood of mis-identification 

of those individual humpbacks that were effectively 

'double-marked'. 

The humpback stock that migrates annually be- 

tween Antarctic Area V feeding grounds and various 

southwestern Pacific overwintering grounds is known 

as the Group V stock (Chittleborough 1965). The 

annual movement of Group V humpbacks between 

Antarctic Area V feeding grounds and east Australian 

coastal waters is well known from whaling records 

(Chittleborough 1965) and mark-resight studies based 

on photo-identification of individual humpbacks 

(Kaufman et al. 1990). We refer to the Group V subset 

that migrates each year along the east Australian 

coast to overwinter in GBR waters as the EAGVS 

(Chaloupka & Osmond 1999). The current study is 

based on EAGVS humpbacks that assemble for a 

short period each year in Hervey Bay during 

the southbound migration. Mean residence time of 

EAGVS humpbacks in Hervey Bay is ca 1 to 3 d (Cor- 

keron et al. 1994). 

The seasonality of humpbacks in the overwintering 

grounds in southern GBR waters (Whitsunday Islands 

to Capricorn-Bunker Islands, Fig. 1) is known from a 

14 yr study of aerial surveillance sightings (Chaloupka 

& Osmond 1999). The historic seasonal peak for hump- 

backs in sGBR waters occurs in August with peak sea- 

son in Hervey Bay occuring approximately l mo later 

during September (Corkeron et al. 1994). The current 

photo-identification study in Hervey Bay commenced 

sampling each year from early August to late October 

during the southbound migration to ensure adequate 

seasonal sampling. The predominance of whales in the 

eastern portion of Hervey Bay (Corkeron et al. 1994) 

reduced significantly the area that needed to be cov- 

ered in order to locate whales in the sampling pro- 

gram. The sighting of humpbacks was also assisted by 

the commercial whale watching fleet that was in radio 

contact with the PWF research vessel. Annual sam- 

pling effort measured as boat-days on water in Hervey 

Bay varied considerably (Table l), but recapture prob- 

ability was adequate and not confounded with sam- 

pling effort (Fig. 3b). 

The demographic segregation of migratory hump- 

backs based on age and sex classes is well docu- 

mented (Chittleborough 1965). Such nonrandom mig- 

ratory behaviour could lead to sampling bias if Hervey 

Bay was also used disproportionately by a specific de- 

mographic group of the population on the southbound 

migration. There appears to be no demographic bias in 

the humpbacks sighted seasonally in Hervey Bay 

(Corkeron et al. 1994, authors' pers. obs.). Moreover, 

there appears to be no indication of population para- 

meter bias due to either heterogeneity of resight (see 

'Results: Initial goodness-of-fit tests') or the possible 

presence of temporary emigration between seasons 

during the 4 yr span from 1993 to 1996 (Table 2) .  It is 

reasonable then to assume that the post-yearling hump- 

backs sighted in Hervey Bay each season between 

1987 and 1996 were a representative sample of the 

EAGVS population during the southbound migration. 

Population abundance 

While there are many estimates of seasonal hump- 

back abundance for short-term studies (<5 yr) using 

individual photo-identification methods, there have 

been very few studies that have presented long-term 

(ca 10 yr) abundance estimates, which are considered 

essential for estimation of stock size and recovery 

trends (Hammond 1986). Buckland (1990) using a 

cohort-based CJS approach (Pollock et al. 1990) to 

account for sampling bias due to resight heterogeneity 

estimated that seasonal abundance of western North 

Atlantic stock (WNAS) humpbacks in the Gulf of 

Maine feeding ground increased over a 9 yr period 

(1977 to 1985) from 99 (95 % CI: 40 to 160) to 334 (95 % 

CI: 300 to 360). While no indication of model fit was 

provided, the small apparent population size and very 

high resight likelihood in this study resulted in good 

precision of seasonal abundance estimates. However, 

Buckland (1990) attributed the trend in seasonal abun- 

dance to be a direct function of the increasing likeli- 

hood of resight over the 10 yr study period, which was 

probably a consequence of a temporal trend in sam- 

pling effort. 

Katona & Beard (1990) estimated humpback abun- 

dance of the whole WNAS over an 8 yr period from 

1979 and 1986 using a Lincoln-Petersen (LP) estimator 

that assumes demographic closure and constant 

resight likelihood. The annual abundance estimates 

displayed substantial inter-annual variability and com- 

prised sightings pooled from many studies conducted 

in the breeding grounds and in the different feeding 

grounds with variable sampling effort and study dura- 

tion. The estimated mean WNAS size between 1979 

and 1986 was 5505 (95% CI: 2900 to 8100). Using a 

similar LP estimator and genetic-marker identification 

of individual humpbacks sighted in the West Indies 

breeding grounds, Palsboll et al. (1997) estimated the 

total WNAS size in 1992 from a single year census as 
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7698 (approximate 95 % CI: 5100 to 11 500 based on 

summing the gender-specific estimates). The confi- 

dence interval ranges in these 2 WNAS assessments 

suggest poor estimation precision probably due to a 

combination of inadequate sampling effort and failure 

of the LP estimator assumptions of demographic clo- 

sure and constant resight likelihood (see Buckland 

1990). Nonetheless, these estimates are the only recent 

whole-of-stock assessment estimates available for any 

humpback stock. 

We present estimates of the abundance of EAGVS 

humpbacks resident during the late winter in Hervey 

Bay over the 9 yr period from 1988 to 1996 using a re- 

duced form CJS model that fitted the data well with no 

evidence for noncompl~ance with standard CJS model 

assumptions including resight homogeneity. The good 

fit of the robust design CJS survival probability model 

(Table 2) supports confidence in the reduced form CJS 

model, used to estimate EAGVS seasonal abundance in 

Hervey Bay. These estimates were based on a 10 yr 

mark-resight study using photo-identification of 969 

individual humpbacks sighted in the Bay between 

1987 and 1996 during the southbound migration to 

Antarctic waters. The estimated annual abundance of 

post-yearling humpbacks increased from 554 (95 % CI: 

329 to 779) in 1988 to a peak of 1040 (95% CI: 783 to 

1297) in 1991 before declining to ca 921 (95% Cl: 690 

to 1152) by the mid-1990s (see Fig. 2a). 

It is important to note that these are estimates only of 

the seasonal abundance of EAGVS humpbacks in Her- 

vey Bay (Table l ) ,  which represent an unknown and 

probably variable proportion of the EAGVS population 

that migrates each year along the east Australian 

coast. There are no long-term annual abundance esti- 

mates for the EAGVS humpbacks migrating along the 

east Australian coast concurrent with the same Hervey 

Bay photo-identification study period (1988 to 1996), 

let alone any estimates of Group V stock abundance. 

However, there are some point estimates of the 

EAGVS population size during this period. 

For instance, using a shore-based observation study, 

Paterson et al. (1994) estimated the size of the EAGVS 

population passing Moreton Bay (Fig 1) in 1992 to 

comprise 1836 post-yearlings (95 % asymptotic normal 

CI: 1400 to 2392) compared to 1100 in 1987. The 

EAGVS population size in 1987 was estimated for the 

same location to be 1203 (95 O/O Monte Carlo CI: 1134 to 

1273) based on a 4 yr photo-identification study and 

Cormack's (1993) Poisson likelihood modelling ap- 

proach (Chaloupka 1996). 

It was then estimated using a Monte Carlo simulation 

model that the EAGVS passing Moreton Bay in 1996 

was ca 1928 post-yearlings (95 % CI: 1645 to 2404), as- 

suming that post-1987 population growth was a random 

variate sampled from an extreme value probabiIity 

density function (mode = 5%, scale = 0.01 %, range 3 to 

11 % yr-'; Chaloupka 1996). This annual growth rate 

sampling distribution is consistent with estimates based 

on aerial surveillance of EAGVS humpback sightings in 

the GBR (1982 to 1996; Chaloupka & Osmond 1999), 

the current study for the seasonal abundance of 

EAGVS humpbacks in Hervey Bay (1988 to 1996) and 

with estimates for other humpback stocks (Volgenau et 

al. 1995, Barlow & Clapham 1997). Assuming that the 

EAGVS abundance estimates for 1992 (Paterson et al. 

1994) and for 1996 (Chaloupka 1996) were reasonably 

accurate, then it was estimated that the seasonal abun- 

dance of humpbacks in Hervey Bay (Table 1) comprises 

ca 30 to 50 % of the southbound EAGVS population that 

varies from season to season. 

Temporal variability 

Brown et al. (1995) suggested from a 1 yr biopsy sam- 

pling study of apparent sex ratios that a significant pro- 

portion of female EAGVS humpbacks in the Antarctic 

Area V feeding grounds did not migrate in 1992 to east 

Australian coastal waters and might have remained in 

Antarctic waters during that winter. Elsewhere, Craig & 

Herman (1997) have shown from a photo-identification 

study (1976 to 1991) that female North Pacific hump- 

backs were less likely to migrate in some years from 

high-latitude feeding grounds to Hawaiian breeding 

grounds compared to male humpbacks. Such sex- 

specific differences in migration likelihood will be evi- 

dent in significant aperiodic variability in the seasonal 

abundance of humpbacks in the breeding grounds. 

The seasonal abundance in Hervey Bay between 

1988 and 1996 was estimated with good precision 

(geometric mean CV = 11.7%) and displayed low- 

frequency temporal variability (Fig 2a). It was esti- 

mated that the Hervey Bay population increased sig- 

nificantly during the 4 yr period from 1988 to 1991 

and then declined significantly during the early 1990s 

before increasing towards the end of the study in 

1996. This pattern of temporal variability is consistent 

with the findings of Brown et al. (1995) and suggests 

that there is significant aperiodic vanabdity in the 

demographic structure of the EAGVS that migrates 

each year along the east coast of Australia. The early 

1990s comprise the most anomalous series of ENS0 

(El Nino-Southern Oscillation) events this century 

(Wang 1995) and such ocean-climate effects might be 

implicated in the long-term temporal variability evi- 

dent in th.e seasonal Hervey Bay population (Fig. 2a). 

The ecological link with humpback migratory dynam- 

ics is unknown but could be a function of the complex 

relationship between climate, sea-ice extent and krill 

productivity in Antarctic waters (Loeb et al. 1997). 
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The trend in temporal variability of the seasonal 

humpback abundance in Hervey Bay is consistent with 

findings from a 14 yr (1982 to 1996) aerial surveillance 

study of sightings of EAGVS overwintering in GBR 

waters (Chaloupka & Osmond 1999). The relative 

abundance index for overwintering EAGVS hump- 

backs from Chaloupka & Osmond (1999) is compared 

with-the CJS estimates of seasonal abundance in Her- 

vey Bay for the 9 yr period between 1988 and 1996 

(Fig. 2b). The 2 seasonal abundance profiles derived 

from different and independent methods and data 

reflect similar temporal and growth trends providing 

confidence in the reduced form CJS model used in this 

study to estimate absolute abundance. 

Population recovery trend 

Chittleborough (1965) estimated that the entire 

Group V humpback stock was reduced from ca 10 000 

in the pre-whaling period (1935 to 1939) to ca 500 indi- 

viduals in 1962. It was estimated that 8000 EAGVS 

humpbacks were caught in Australian coastal fisheries 

(1952 to 1962) while >l2000 Group V humpbacks 

were caught in pelagic fisheries operating in Antarctic 

waters between 1949 and 1962 (Chittleborough 1965) 

-many of these would have been EAGVS hump- 

backs. Despite being reduced to near extinction in the 

1960s, the EAGVS has shown no evidence of any major 

loss of genetic diversity (Baker et al. 1993) and is 

undergoing significant population recovery. 

The mean (9 yr) seasonal abundance of humpbacks 

in Hervey Bay derived in the current study from 1000 

bootstrap samplings of the abundance estimates (N, in 

Table 1) was 855 (95% empirical percentile CI: 750 to 

936), which suggests a significant increase since the 

end of commercial whaling in 1962. Clearly the Group 

V humpback stock is recovering at a slow but steady 

rate. The seasonal abundance of EAGVS humpbacks 

m Hervey Bay was estimated to be increasing at  6 %  

pa. However, the growth or recovery rate was not con- 

stant over the 9 yr study (1988 to 1996) but was inter- 

val-specific. For instance, the estimated rate over the 

4 yr period (1988 to 1991) was 15% yr-' but over the 

next 4 yr period (1991 to 1994) it was 6 % .  On the 

other hand, th.e long-term 9 yr mean bootstrap estimate 

was 6.3 % (95 % CI: 2 to 11 %), which emphasises why 

long-term studies are needed to reliably estimate trends 

in humpback abundance and temporal variability. 

Paterson et al. (1994) suggested that the EAGVS has 

increased rapidly since the 1980s with a sustained 

annual growth rate of 12 % yr-' (95 % CI: 10 to 14 %). 

This estimate was derived from a program of shore- 

based observations of humpbacks passing northward 

along the east Australian coast prior to entering sGBR 

waters. Chaloupka & Osmond (1999) suggested from a 

long-term aerial surveillance study of the frequency of 

humpback sightings in GBR waters that the EAGVS 

increased between 1982 to 1996 at 4 % yr-' (95 % CI: 2 

to 6 %), which is much lower than 12 % yr-' suggested 

by Paterson et al. (1994) but consistent with the recov- 

ery rate estimated over the same sampling period for 

the seasonal population in Hervey Bay (see Fig. 2b). 

Chittleborough (1965) estimated that the intrinsic rate 

of increase for both the Group IV and V stocks was 4.6 O/o 

(range: 1 to 8 %) assuming no density-dependent effects. 

A sustained mean annual population growth rate >7 % 

yr-' seems demographically in~plausible given the range 

of birth and mortality rates estimated for northern 

and southern hemisphere humpback stocks (Chittle- 

borough 1965, Volgenau et al. 1995, Barlow &Clapham 

1997, Chaloupka & Osmond 1999). 

Survival probability estimate 

The resight of a humpback during a sampling period 

t + l  that was sighted during sampling period t depends 

on 3 probabilities: (1) the probability of surviving from 

period t to period t + l ,  (2) the probability of being pre- 

sent in the study site during period t+ l given that it is 

still alive, and (3) the probability of being resighted in 

the study site during period t + l  given that it is both 

still alive and also present in the study site. Few studies 

distinguish between sources (2) and (3) and therefore 

confound temporary emigration (if it occurs) with re- 

sight likelihood giving biased estimates of survival. All 

3 probabilities were estimated separately in the cur- 

rent study using a seasonally sequential 2-site robust 

sampling design with estimators to account for the 

presence of temporary emigration (Kendall et  al. 1997). 

The robust CJS survival probability estimate for 

post-yearling EAGVS humpbacks was estimated in the 

current study at 0.966 (95% CI: 0.87 to 1.0). Survival 

was high and constant over the study period while 

resight likelihood was time-varying. There was no evi- 

dence over the 4 yr sampling period (1993 to 1996) of 

any significant random or Markovian temporary emi- 

gration that assumes resight likelihood in period t is 

dependent on resight likelihood in period t-l (Table 2). 

However, this methodology cannot account for the 

presence (if it exists) of more complex forms of tempo- 

rary emigration such as resight likelihood in period t 

being dependent on say resight likelihood in period 

t-5 (i.e. 5 yr quasi-periodicity), which is quite possible 

for the EAGVS (Brown et al. 1995). Much longer-term 

mark-resight studies of the EAGVS are needed to 

address this important issue further. 

There have been very few studies that have pre- 

sented estimates of humpback survivorship. Chittle- 
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borough (1965) used age-specific catch-per-unit-effort 

and linear regression (OLS) to estimate mean annual 

sex-specific survival probabilities for the Group V 

stock and the Group IV stock that migrates along the 

west Australian coast. This enumeration method esti- 

mates the probability of remaining available in the 

sampling area for capture (or return rate) rather than 

survival because capture is confounded with survival 

unless capture probability p = 1. If capture probability 

is < l  then return rates are biased and underestimate 

true survival. The Group V data were inadequate for 

any statistical analysis (Chittleborough 1965) but the 

Group IV data were suitable assuming p = 1. Chittle- 

borough (1965) estimated mean return rates between 

1949 and 1961 at 0.92 (95% CI: 0.74 to 1.15) for male 

and 0.92 (95% CI: 0.76 to 1.10) for female Group IV 

humpbacks. 

Neither of the OLS models actually fitted the data 

because of data anomalies such as measurement error 

and inter-annual variability (see Chittleborough 1965) 

giving biased estimates of return rate. A reanalysis 

here of these data using robust linear regression mod- 

els (L1 estimator, Judge et al. 1985) that fit the data 

well estimated Group IV return rates at  0.91 (95% CI: 

0.88 to 0.95) for males and 0.86 (95 % CI: 0 79 to 0.94) 

for females. It is doubtful whether there is any signifi- 

cant sex-specific difference in these high return rates 

that probably underestimate survival probabilities for 

this stock. This is especially so for female humpbacks 

that are likely to skip migration in some years (Brotvn 

et al. 1995, Craig & Herman 1997), ensuring that cap- 

ture probability < l  and in fact confounding capture 

with temporary emigration. 

Buckland (1990) used a cohort-based CJS approach 

to estimate mean annual post-yearling survival proba- 

bility between 1976 and 1984 for WNAS humpbacks in 

the Gulf of Maine feeding ground at 0.951 (95% CI: 

0.93 to 0.97). Barlow & Clapham (1997) used the same 

statistical procedure and Gulf of Maine feeding ground 

data as Bu.ckland (1990) to estimate the mean annual 

female survival probability between 1979 and 1991 at 

0.96 (95% CI: 0.94 to 0.98). Again there is little evi- 

dence for any sex-specific difference In survival. The 

rather precise survival estimates for the Gulf of Maine 

WNA substock are due to the small population size and 

high resight likelihood coupled with the deletion of 

anomalous estimates (Buckland 1990). 

Clearly, post-yearling humpback survival probabili- 

ties are high and show no evidence of any significant 

inter-annual variability or stock- or sex-specific differ- 

ences (WNAS: Buckland 1990, Barlow & Clapham 

1997; EAGVS and Group IV: current study). High 

(>0.90) and constant adult survival is a common char- 

acteristic of large mammal species (Gaillard et al. 

1998), suggesting that it is environmentally induced 

variability in female migration and juvenile recruit- 

ment that are the demographic factors significantly 

influencing humpback population dynamics. 

Management implications 

Associ.ated with the EAGVS population recovery 

over the last 10 yr has been an increasing demand for 

commercial whale-watching opportunities (Chaloupka 

1990, 1996). Clearly the EAGVS is recovering but at a 

slow and variable rate. Based on the CJS abundance 

estimates in the current study it is unlikely that the 

Group V stock has increased to more than 25 % of the 

pre-whaling stock assessment of >l0000 post-year- 

lings. There is no basis for relaxing existing regulatory 

mechanisms at this stage for non-consumptive use of 

EAGVS humpbacks in Queensland waters until a bet- 

ter understanding of population dynamics has been 

gained and the risks of whale-watching activities on 

population viability have been adequately assessed. 
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