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Abstract

Humpback whales breeding along the coast of eastern Australia and near islands of Oceania
(South Pacific) are thought to feed in Antarctic Areas V and VI (HOW to 120E). These
populations were subject to intensive exploitation by pelagic and coastal whaling operations
during the 20th century. Some known breeding populations, including those around Fiji and
those that migrate past New Zealand, virtually disappeared and have yet to show signs of
recovery. A Bayesian statistical method was used to estimate probability distributions for the
carrying capacity (K), maximum growth rate (Tmax) and current abundance (N2005)
parameters for whales breeding throughout eastern Australia and Oceania (El-t-E2+E3+F), as
well as for two divisions, represented by eastern Australia and New Caledonia (E1+E2) and
east Oceania (E3+F). A density-dependent (age- and sex-aggregated) logistic population
model was applied, incorporating the recently revised Antarctic catch series supplied by the
IWC Secretariat. Three prior distributions were imposed on growth rates for these analyses;
two informative (N[0.067, 0.042J), N[0.106, 0.032] and one uninformative U[0, 12.6%"].
Estimates of current abundance were bcised on capture-recapture models using individual
identification photographs collected for the years 1999-2004 (SPWRC 2006). Sensitivity' of
the model parameters to prior distribution choice, catch allocation (Naive, Fringe and
Overlap) and estimates of current abundance was investigated. Median posterior estimates of
carrying capacity for eastern Australia and Oceania ranged from 40,595-44,476. Current
recovery estimates (N2005/K) for the combined stocks were low (median, 0.16-0.26K; 95%
probability interval, 0.10-0.33K) across all models tested.

Introduction

Commercial fleets have been hunting humpbacks in the Southern Ocean from the start of the
20* century. Coastal whaling was also active in New Zealand, Norfolk Islands, East and West
Australia and locally across a number of the Pacific islands. While whaling officially ceased
in 1966, the Soviet Union continued illegal whaling throughout the Southem Ocean until
1973. Many of the regional populations of South Pacific humpbacks under\vent a severe
decline in abundance.

Pelagic catch data from the Soviet Antarctic whaling operation, detailing the magnitude and
location of catches made in the 1960s, have recently been made available (Yablokov et al.,
1998). The present updated catch senes (Allison 2006) represents the most comprehensive
catch information covering 20   century whaling in the Antarctic so far.
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Seven breeding populations of humpback whales are currently recognised in the Southern
Hemisphere (Figure 1). Breeding stock E encompasses animals breeding from eastern
Australia (El), New Caledonia (E2) and Tonga (E3), while breeding stock F encompasses
animals breeding in French Polynesia and the Cook Islands. These stocks are thought to feed
in Antarctic Areas V and VI. Discovery marks have linked eastern Australian stock E with
these areas, while the primary feeding areas of the other three stocks (E2, E3 and F) remain
uncertain. As a result, appropriate catch allocation is difficult for these stocks.

Recent analyses of the current recovery' of whales breeding in the South Pacific have focused
on eastern Australia (Johnston and Butterworth 2002, 2005). Shore-based counts along this
coast over the last 25 years have provided estimates of population growth of 10.6% ± 0,5%
(Noad et al., 2005). Recent Bayesian logistic analyses of this population (Johnston and
Butterworth 2005) suggest an even higher growth rate (rm^) estimate of 12.1% (95% CI =
10.6-12.6%). Recovery of this population in 2004 (relative to pristine) was estimated at 37%
(95% CI = 26% - 52%").

However, the final breeding grounds of whales migrating past east Australia remain unknown
and at present genetic and photo ID data are not available to link these whales with known
breeding grounds to the north and east. While it is almost certain that a proportion of these
migratory whales breed in the waters around NE Australia (Great Barrier Reef), the alternative
hypothesis that some of these migrants also travel to other breeding regions in Oceania, such
as New Caledonia, must be considered.

Here we explore a number of scenarios for allocation of catch, abundance estimates and
population stnicturing across the region.

Bayesian logistic modelling was used to provide a preliminary assessment of the status of
breeding stocks El, E2, E3 and F, following the approach of Zerbini (2004, 2005). Uniform
and nomially distributed priors on the maximum growth rate (r^ax) were imposed. The effect
of various stock allocation scenarios for east and west Oceania were explored. Three different
abundance scenarios were investigated for east Australia and west Oceania, (El, El + E2, El
+ E2 + E3) and two for east Oceania (E3 + F, F) under the Naive, Fringe and Overlap catch
allocation scenarios for Areas V and VI respectively.

Methods

Catch Data

In this paper we use the updated historical whale catches for high latitudes provided by
Allison (2006). Three catch allocation scenarios are analysed for the whole Oceania region
using the combined catch series' for Areas V and VI; Naive, Fringe and Overlap (as described
by the IWC, 1998). In addition, Naive and Overlap allocation scenarios were applied to
pooled breeding stocks for east Australia and west Oceania, exploring the effect of allocating
Area V catch to stock El, stocks El + E2, and stocks El + E2 +E3. Naive and Overlap
allocation scenarios were also applied to stocks with breeding grounds in west Oceania, and
the effect of including stocks E3 + F as opposed to F alone was explored.
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The effect of varying the catch series for Tonga was also explored (see Abundance Estimates
Section). Local whaling was ongoing in Tonga until 1978, but few records are available
(Dawbin 1997, Cook 1982). Since scant information exists as to the extent of these catches, a
conservative alternative Tongan catch series was generated (Scenario 4, Table 2), wherein 16
whales were added to the catch series for this region for each year from 1900-1956. Thereafter
3-4 whales were added every year from 1957-1978.
Abundance estimates

Abundance estimates from 2004 were used to provide realistic boundaries on recovery
calculations. A number of capture-recapture analyses have been reported, for Oceania in
combination, and by region (SPWRC 2006). The Mth closed capture-recapture model was
chosen to provide the abundance estimates used in this analysis (Table 1).
Oceania plus east Atistralia (E. El, E2. F)- Areas V and VI
Two abundance estimates were chosen for this analysis

1. Combined abundance scenario: This is a sum of the CRC Mth closed model estimate
for French Polynesia, Cook Islands, New Caledonia and Tonga (3,827, see Table 1)
with the east Australian count of 6,555 under the assumption that both estimates are
normally distributed. Under this scenario, east Australian counts are assumed to
encompass whales not already counted in the other breeding grounds in Oceania, and
so provides a maximal abundance estimate (Scenario 1; Table 2).

2. East Australian coastal count (Noad et al., 2005) only, which assumes that all whales
breeding in Oceania migrate past this region. A total count of 6,555 ± 389 whales
provides a minimal abundance estimate (Scenario 2; Table 2).

Eastern Oceania (E3. F)- Area VIplus coastal Tongan counts
1. Abundance of breeding stocks from Tonga, Cook Islands and French Polynesia was

estimated at 3,772 (CV 0.15) using the Mth capture-recapture model. The east Oceania
simulation was run twice with variation in the catch series detail for Tonga (as
described in the Catch Data Section). This estimate provides a maximal abundance
estimate of whales feeding in Antarctic Area VI (Scenarios 3 and 4; Table 2).

2. Abundance of French Polynesia alone was estimated at 1,057 (CV 0.22). This was
used to provide a minimal abundance estimate of whales feeding in Antarctic Area VI
(Scenario 5; Table 2). This is termed here the 'True Naive" scenario, as it encompasses
the only breeding ground found longitudinally within Area VI for which abundance
estimates are available. No data on abundance is currently available for the Cook
Islands and they are thought to represent a largely migratory, rather than breeding,
population.

Western Oceania and east Australia (El. E2. E3)-Area V
Three estimates of the abundance of stocks breeding on grounds from east Australia and west
Oceania were tested in order to explore the effect of including Tonga:

1. East Australian counts alone (6555 ± 389; Scenario 6 (Table 2)).
2. Combination of east Australian count estimates (6555± 389; Noad et al., 2005) and

capture-recapture estimates from New Caledonia under Mth (472, CV 0.18). This is
Scenario 7, Table 2.

NEATPAGEINFO:id=050A6BB4-AEB2-4A61-89E8-B5314DC7089B

NEATPAGEINFO:id=CAB03772-AA54-4561-8D16-8C28544E48B2



3. Combination of east Australian count estimates (6555± 389; Noad ct al., 2005) and
capture-recapture estimates from New Caledonia and Tonga under Mth (2236, CV
0.14). This is termed here the "Tnie Naive" scenario, as it encompasses all known SH
breeding grounds which are found longitudinally within Area V (Scenario 8, Table 2).

Population Dynamics Model

The logistic population dynamics model used in this study is the same as that presented by
Zerbini (2004). Integration of prior distributions on the parameters and the likelihood fiinction
was approximated using the Sampling-Importance-Resampling algorithm of Rubin (1988), as
described in Zerbini (2004). An initial sample of 40,000 parameter combinations from the
data was re-sampled 5,000 times in order to provide a random sample from the joint posterior
distributions of the model parameters.

Prior distributions

Three priors for the maximum growth rate were used: one uninformative (U[0.00-0.126]) and
two informative (N[0.067, 0.04 ] and N[0,106, 0.03^]). The uninformative prior upper bound
recognises that humpback growth rates over 12.6% are extremely unlikely (e.g. Brandao et al.,
2000). Prior N[0.067, 0.04^J is as used by Zerbini (2004, 2005) based on the average growth
rate estimated from a hierarchical meta-analysis of growth rates of large baleen whales
(Branch et al., 2004). Prior N[0.106, 0.03^]) approximates the current estimated growth rate
for east Australian humpbacks as determined by coastal counts (Noad et al., 2005).

The prior distribution on N2004 for combined estimates was Ufln(2000); ln(15000)]. For east
and west Oceania the prior distribution was set at U[ln(1000); ln(9000)].

Genetic constraints

Humpbacks of the South Pacific have maintained a notably large number of mitochondrial
haplotypes, and a high level of underlying haplotype diversity (Olavarria et al., in review). We
infer from this that the minimum female population size estimated from these trajectories
should remain greater than the number of haplot>pes present in the population (Baker and
Clapham 2004). A total of 79 mitochondrial haplotypes are found in populations from east
Australia, New Caledonia, Tonga, French Polynesia and the Cook Islands. The effective
female population size (Nd) is generally considered to be (at it's most conservative) an
estimate of 0.25N (where N is the total population size). In view of this, the effect on posterior
parameter estimates, when trajectories for which N1968 < 4Ne (316) were removed, was
quantified. Results are shown in Table 3.

Results

East Australia and Oceania (EL E2, E3, F)
Median estimates of carr\ing capacity for Oceania under the three scenarios described in
Table 2 ranged from 40,595 - 44,476 (95% probability range 36,642 - 66,129). A population
trajectory is shown in Figure 4. Despite lower median posterior K under the N[0.106| r^ax
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prior (Table 3), posterior estimates of K and current status (N20O5/K) for each scenario did
not conflict (i.e. 95% posterior probabilities overlapped) for Fringe, Naive and Overlap catch
allocations, the three abundance estimates and the three prior distributions for rmax. The
recovery status of the combined populations was estimated at 14.8-25.5% (95% probability
range 10.4 - 32.2%; Figure 3). For the normally distributed priors, posterior R^a.^ estimates for
all models were found to be close (>0.03) to the mean of the specified distribution, indicating
that this parameter is plastic for the given combinations of current abundance and catch series.
Removal of samples for which N1968 < 316 reduced the allowed range of this estimate,
however; growth rates of > 11.3% were rejected by this constraint for the higher abundance
estimate (Scenario 1). The effect of the N1968 constraint on median parameter estimates is
shown in red in Table 3. Despite the large median difference between N1968 estimates under
the N[0.106] prior and the other distributions, confidence intervals overiapped for both
scenarios. In summary, no one model rejected the output of any other model for this dataset.
Given the extensive intermixing of the populations under scrutiny, and the lack of a
designated fringe between Areas V and VI it is considered that the Overlap model of catch
allocation should provide a better model for the divided regions of Oceania than the Naive
model. For the combined estimates, the output estimates of the Fringe and Overlap models
cannot be distinguished from those of the Naive model, however.

East Oceania (E3. F vs F)
The median estimate of K within cast Oceania when Tonga, French Polynesia and the Cook
Islands are pooled (E3 + F; Scenarios 3 and 4) ranged between 6581-9721. The recovery
status of this combined population is estimated at between 41.2-61.5%. There was no conflict
between the estimates provided by these models, and the inclusion of a modified catch series
for Tonga did not significantly affect the estimates of key parameters in terms of probability
distributions. Given the evident intermixing of this population outside Area VI, the Overiap
model is considered to be most suitable IWC allocation here. The Overlap model provides a
median posterior K of 9,608 (CI 8,383-14,851) and median recovery status at 41.7% (CI 26.1-
56.5%) for the base case.

When the 'True Naive* hypothesis was employed, (Scenario 5; F alone), the 3-fold reduction
of input parameter N2004 relative to Scenarios 3 and 4 (Table 2) predictably reduced recovery
estimates by the same magnitude (Table 3). The effect of this allocation under the Overlap
model is shown in Figure 3. Posterior estimates of K were similar across all three scenarios,
with median range of 7302-9721. In constrast, Nmin and recovery (N2005/K) estimates were
significantly smaller under Scenario 5, when compared with Scenarios 3 and 4 (see Figure 2).

West Oceania (El. El rE2. El ^E2 + E3)
The median estimate of K for west Oceania ranged from 33.278 to 37,573. Median recovery
status for the Overiap model was 22% (CI 14.9-27,7%) under Scenanos 6 and 7 (El and El +
E2) and 28% under Scenario 8 (El + E2 + E3). The three abundance estimates provided
overlapping probability intervals under the various scenarios, again with no conflict between
estimates in terms of output parameter probability distributions.
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Discussion

Catch allocations across Oceania

Pelagic catch
Two alternative catch allocation schemes, under-reporting (all catch in the Naive region
increased by 20%) and mis-allocation (catch reduced by 20%), as explored by Zerbini (2004)
have not been considered in the current study but their impact on these analyses is likely to be
considerable, given the extremely heavy catch records documented for these Areas. An
additional limitation to the present analyses is the lack of a designated iWC Fringe region
between Antarctic Areas V and VI. It is hoped that this omission will be rectified in the near
future, as it will enable more appropriate allocation models for a region where high levels of
inter-population migration are apparent.

Coastal catch

The accurate allocation of coastal (north of 40°S) catches to breeding stocks El, E2 and E3 in
Oceania remains problematic, since the final breeding grounds of whales migrating past east
Australia and New Zealand (both regions of intensive shore-based whaling) are not known.
Comparison of genetic and photo ID data from these migratory regions with data from
Oceania will hopefully resolve this allocation problem in the near future.

Allocation of catch to Tonga (E3)
Tonga is the largest humpback breeding stock in Oceania, according to current abundance
estimates. Geographically it lies just west of the demarcation line (170W) between Antarctic
Areas V and VI, and so should be considered within Area V under an IWC naive model. This
study has demonstrated the impact of including the Tongan population in each Area, with
respect to abundance and recovery estimates. However, neither of the approaches taken here
are appropriate to account for the likely presence of this population in both feeding Areas
during the summer. Bayesian modelling approaches such as Johnston and Butterworth (2005),
wherein a prior is placed on the proportion of whales feeding in each Area for each breeding
stock, may enable us to approximate mixed feeding Area allocations more appropriately.

As noted in the Methods section, the whaling industry in Tonga cannot be fully accounted for
by the IWC (Allison 2006) due to a lack of records. Hence the current catch allocation for this
region is likely to be an underestimate.

Abundance estimates for Oceania
Overall abundance estimates presented in the current study are confounded a lack of
information as to the migratory destinations of whales counted in the eastern Australia coastal
surveys. A catalogue comparison between photos from this region and those from the rest of
Oceania will be underway by November 2006. This will hopefully enable more appropnate
abundance estimates to be made, encompassing east Australia and Oceania under one model
of capture-recapture in order to provide one estimate for the whole region, rather than the
combined approximates used in this study. It is also possible that the abundance estimates
reported here are slightly biased, as closed models were used, which do not take mortality
rates into account (thereby providing an upward bias). These models also fail to account for
heterogeneity of between-years estimates, and so will be downwardly biased by this omission.
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Whales unaccounted for in Oceania (those breeding outside the survey areas) may also
downwardly bias the overall abundance estimate.

Impact of whaling on small populations in Oceania
The impact of whaling on individual humpback breeding grounds in Oceania has not been
fully explored in this study. Breeding grounds are known historically from Fiji, for example,
and small numbers of humpbacks have also been observed in Nine. Kiribati and American
Samoa among others. In the absence of genetic data from these populations, it is very difficult
to quantify the true impact of whaling, since the numbers of recent colonisers from other
breeding grounds to these small populations (relative to the number of animals who show site
fidelity and would have undergone a recent bottleneck) is unquantified.

Impact of Western Australia
Genetic and capture-recapture evidence suggests that the Western Australia humpback
population (D) is large (N1999 = 8000-14000, Bannister and Hedley 2001) in comparison to
the stocks described in this study. Discovery mark data suggests that stock D shares feeding
Areas IV and V with humpbacks from group E regions. Johnston and Butterworth (2005)
modelled the mixing of groups D and El on feeding Areas IV and V. Under the assumption
that no humpbacks from other breeding stocks feed in these Areas, -32% of whales from
group D were estimated to feed in Area V and -28% of whales from group El were estimated
to feed in Area IV. We account for this catch allocation heterogeneity only in the IWC Fringe
and Overlap models. If the true overlap or shift in distributions of whales between feeding
Areas is much larger than these adjustments, it represents a shortcoming for these analyses.
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Table 1- Estimates of the 2004 abundance of humpback whales used in this study. Numbers
under the Model column indicate those regions (from the left-hand column) which have been
summed to generate a combined estimate. EA = east Australia, NC = New Caledonia, Tg =
Tonga

Region Model Year Estimate CV Reference

1.0ceania(E2, E3, F) Mth 1999-2004 3827 0.12 SPWRC report 2006
2. East Oceania (E3, F) Mth 1999-2004 3772 0.15 SPWRC report 2006

3. NC + Tg(E2+E3) Mth 1999-2004 2236 0.14 SPWRC report 2006

4. New Caledonia (E2) Mth 1999-2004 472 0.18 SPWRC report 2006

5. French Polynesia (F) Mth 1999-2004 1057 0.22 SPWRC report 2006

6. East Australia (El) Survey 2004 6555 0.06 Noad et al., 2005

7. EA +Oceania (E1,E2, E3,F) 1+6 2004 10390 0.12

8. EA + NC(E1+E2) 4 + 6 2004 7025 0.06

9. EA + NC + Tg (E1+E2+E3) 3 + 6 2004 8784 0.07

Table 2 - Scenarios tested for population assessments across Oceania. Numbers in brackets in
the 'Abundance' column relate to regional estimates detailed in Table I.** indicates the
scenario wherein Tongan catch was estimated as described in the methods section.

Scenario Breeding Stocks Abundance

(2004)
Feeding Area Allocation type

1

2
A11(E1,E2, E3, F)
A11(E1,E2, E3, F)

10390(7)
6555(6)

V and VI

V and VI
Naive, fringe, overlap
Naive, fringe, overlap

3

4

5

East Oceania (E3+F)
East Oceania (E3+F)
East Oceania (F- true Naive)

3772 (2)
3772 (2)
1057(5)

VI

VI**

VI

Naive, overlap
Naive, overlap
Naive, overlap

6

7

8

EA(El)
EA + West Oceania (E1+E2)
EA + West Oceania

(EI+E2+E3-true Naive)

6555 (6)
7025 (7)
8784(9)

V

V

V

Naive, overlap
Naive, overlap
Naive, overlap
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Table 3- Summar\ of posterior median estimates for five parameters across all scenarios, as
depicted in Figure 2. For more detailed infomiation see Tables 4-6. Numbers in brackets are
posterior median estimates after trajectories where N1968 < 316 have been removed. Note that
the Fringe model is not available for analyses of Areas V and VI individually.

Oceania Scenarios Rmax K Abundance 2005 N1968 Status 2003

1 Na'hc U 44476 11000 1233 24.6%

1 Naive (0.062) N(0.()67) (44546)44178 (10983)11019 1139 (24.5%) 24.8%
1 Naive (0.085) N(0.106) (41724)40595 (11243) 11332 412 (26.6%) 27.8%

1 Fringe N(0.067) 42727 11018 1137 25.7%

1 0\ crlap N({).()67) 42017 11016 1139 26.1%

2 Na'hc U 44267 6959 785 15.7%

2 Naive (0.054) N(0.()67) (46837)43799 (6908)6985 699 (15 2%) 15.9%
2 Niiive (0.074) N(0.106) (42768)40605 (7039)7160 272 (16.3%) 17.6%
2 Fringe N(0.()67) 42464 6975 713 16.4%

2 Overlap N(0.067) 41857 6971 735 16.7%

Area Scenarios Rmax K Abundance 2005 N1968 Status 2005

East Oceania (E3 + F)
3 Naive Area VI U 7209 4011 479 54.8%

3 Naive Area VI N(0.067) 7142 4024 440 55.6%

3 Naive Area VI N(0.106) 6581 4071 164 61.5%

3 Fringe Area VI N/A N/A N/A N/A N/A

3 Ovcriap Area VI N(().067) 9608 4048 417 41.7%

Variation in Tongan catch series
4 Naive Area VI                       N(0.067) 7302 4024 483 54.4%

4 CKcriap Area VI                     N(0.067) 9721 4049 451 41.2%

East Oceania (F) 'True' Area VI stocks
5 Naive Area VI N(0.067) 6978 1140 115 16,1%

5 Naive Area VI N(0.106) 6533 1166 43 17.7%

5 Overlap Area VI N(0.{)67) 9458 1142 117 11.9%

EA + West Oceania base case (El)
6 Naive N(0.067) 37142 6983 697 18.8%

6 Naive N(().106) 34376 7156 267 20.8%

6 Fringe N/A N/A N/A N/A N/A

6 0\ erlap N(0.067) 33257 6982 699 20.9%

EA + West Oceania (E1+E2)
7 Naive N(0.067) 37169 7483 747 20.1%

7 NiiiVe N(0.106) 34370 7666 283 22.3%

7 Fringe N/A N/A N/A N/A N/A

7 0\cHap N(0.067) 33278 7480 743 22.4%

EA + West Oceania (E1+E2+E3)- 'Tru<:' Area V stocks
8 Naive N(0.067) 37246 9352 924 25.0%

8 Nai\ e N(0.106) 34285 9570 334 27.9%

8 Fringe N/A N/A N/A N/A N/A

8 0\eriap N(().067) 33364 9344 927 27.9%
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current r K N2004 N2(M)5 N2020 Nmin/K      N2005/K      N2020/K       N1968

Overlap 0.067
median 0.065 0.065 9457.6 1070.4 1141.5 2870.5 0.012 0.119 0.303 117.0
mude 0.082 0.082 10755.7 969.9 1049.5 3332.0 0.007 0.116 0.369 60.6
mean 0.065 0.064 9731.4 1075.9 1145.1 3049.1 0.018 0.119 0.330 198.1
sd 0.031 0.031 1146.6 160.3 173.5 1288.6 0.017 0.024 0.165 215.0
2.5% 0.(X)7 0.007 8374.3 778.2 821.1 1134.6 0.003 0.076 0.090 22 2
97.5% 0.119 0.118 12901.2 1407.7 1504.8 5760.4 0.066 0.167 0.683 842.8
Table 5- Posterior estimates of key logistic parameters for Scenarios 3,4 and 5 (east Oceania)
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