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In the Southern Hemisphere, humpback whales (Megaptera novaeangliae)

migrate along the extended continental coastlines of Australia, South America,

and South Africa. This study reports on photo-identification capture–recapture

data from a long-term survey conducted in Hervey Bay, Queensland, where a

substantial proportion of the population stop over early in the southern

migration. Photo-identification data were collected over 10 weeks per year

from 1997 to 2009. The migration through Hervey Bay is dominated and led

by females with high fidelity to the site. Mature females, yearlings, and immature

whales use the Bay during August, while mature lactating females with calves

dominate during September and October. Complex social behaviours occur

throughout the season and differ between the early and late cohorts. We argue

that the composition of the two cohorts and their distinctively different

behaviours indicate that Hervey Bay is not simply a resting site but an area of

aggregation that serves important social and biological benefits. A multistate

open robust design model was fitted to capture–recapture data to estimate the

annual number of whales visiting the Bay, the permanent emigration rate,

proportions of the visiting population that do not enter the Bay each year, the

number present during each week, and their residency times. The number of

annual visitors to the Bay increased approximately linearly from 857 in 1997 to

2175 at the end of sampling in 2009 with two-thirds migrating through during the

first half of each season. The population rate of growthmay have been slowing by

2009, but there was considerable uncertainty in the trajectory and little basis for

projection into the future. While it is desirable to know the current status of the

Hervey Bay population and what has occurred since 2009, the cost and effort

required make further manual collection and matching of images unlikely. The

development of AI algorithmic matching software may enable further research

in future.
KEYWORDS

humpback whale, Megaptera novaeangliae, Hervey Bay, population dynamics,
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frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fmars.2024.1426248/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1426248/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1426248/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1426248/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2024.1426248&domain=pdf&date_stamp=2024-12-03
mailto:wally@oceania.org.au
https://doi.org/10.3389/fmars.2024.1426248
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2024.1426248
https://www.frontiersin.org/journals/marine-science


Brooks et al. 10.3389/fmars.2024.1426248
1 Introduction

Humpback whales, Megaptera novaeangliae (Borowski, 1781),

engage in long-distance, annual migrations from low-latitude

winter breeding grounds to high-latitude summer feeding areas in

both the Northern Oceans (see review in Clapham, 2000) and the

Southern Oceans (Dawbin, 1966, 1997; Meynecke et al., 2021). In

the Northern Oceans, humpback whales generally migrate through

open waters between breeding grounds and feeding areas

(Calambokidis et al., 2008; Smith et al., 1999). In the Southern

Oceans, however, humpback whales’ migratory pathways are

constrained by the geography of the ocean basins within which

they travel (e.g., Dawbin, 1966, 1997; Garrigue et al., 2015;

Andrews-Goff et al., 2023). Most Southern hemisphere humpback

populations migrate along extensive continental coastlines and

near-shore islands of Australia, Africa, and South America before

returning to widely dispersed Antarctic feeding areas (Dawbin,

1997; Barendse et al., 2010, 2013; Constantine et al., 2014;

Franklin et al., 2017a & b; Andrews-Goff et al., 2023). The

exceptions are whales that migrate through the open waters and

island chains of the South Pacific (Garrigue et al., 2011).

Hervey Bay (25°S, 153°E) is a broad, shallow embayment

(Ribbe, 2014) offering protection from the southeasterly winds

prevailing off the Queensland coast (Corkeron et al., 1994). It lies

just south of the humpbacks’ presumed northern overwintering

grounds encompassing areas of the Great Barrier Reef, which are

considered to stretch from 16°S to 23°S (Smith et al., 2012; Fariello

et al., 2024). A specific subgroup of whales (the Hervey Bay

subgroup) divert into Hervey Bay during their Southern migration.

Humpback migrations are segregated by age and sex (Dawbin,

1966, 1997; Franklin et al., 2018), including the migration through

Hervey (Corkeron et al., 1994; Franklin et al., 2018, 2021). Using a

large sample of data derived from commercial whaling, Dawbin,

1966, 1997, described the structure of the migratory procession

along Southern Ocean coastlines; mature females with new-season

calves are the first to leave Antarctic feeding areas followed and

travelling with the immature cohort of whales (aged 1 to 6 years),

mature males follow shortly after and preceding the last cohort to

leave, and pregnant mature females extend their stay in Antarctica

to feed prior to birthing in the Barrier Reef (Smith et al., 2012;

Fariello et al., 2024). Franklin et al. (2018) reported that the classes

and timing of humpback whales migrating through Hervey Bay

during the southern migration did not differ from the earlier reports

of Dawbin with the exception that few mature males enter

Hervey Bay.

The population of humpback whales migrating off eastern

Australia (E1, IWC, 2011) has increased rapidly (around 11% per

annum) since the early 1990s to 2015, when the last survey to

estimate abundance was conducted and abundance was estimated at

24,545 (95% confidence interval 21,631–27,851; Noad et al., 2019;

see review in Harrison and Woinarski, 2018). Noad et al. (2019)

reported an estimated historical K of 26,133 and pointed out that

the population may be seen as essentially having recovered by 2019

at this value of K (p.206).

Recent research in Hervey Bay has reported significant

differences in pod characteristics, classes of whales, and behaviour
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in August compared to September and October. Mature females,

including early pregnant females and females not calving in the

current year, use Hervey Bay during mid-July and August, socially

interacting with immatures (both males and females) (Franklin

et al., 2011, 2018, 2021; Franklin, 2012). During September and

October, mature lactating females with new calves dominate (from

3.6% of pods per week to 92.8% of pods per week, Franklin et al.,

2011) accompanied by a few escorts (Franklin et al., 2018). The sex

ratio of whales in the Bay is skewed towards females (2.9:1 female to

male, Franklin et al., 2018).

While this research has demonstrated that Hervey Bay is used

preferentially by female humpbacks and identified the classes and

timing of humpback whales using the Bay (Franklin et al., 2011,

2018), these studies used subsets of the available data consisting of

whales identified by age and sex, or analysed the data at the pod

level and did not quantify the total numbers of annual visitors, the

numbers present throughout the season, or how long they stayed in

the Bay. Here, we use all available individual data to investigate

these and other related questions.

Long-term capture histories of individual humpback whales

were obtained by systematic photo-identification sampling for 10

weeks each season over 13 years from 1997 to 2009. The data were

analysed with program MARK (White and Burnham, 1999) and

modelled using a multistate open robust design model (MSORD:

Pollock, 1982; Kendall et al., 1995, 1997; Kendall and Nichols, 1995;

Kendall and Bjorkland, 2001; Kendall et al., 2019). The parameters

estimated by the MSORD model are formally described

subsequently in Section 3.4 below.

These estimates are used to discuss the social and biological

functions of the Hervey Bay stopover, and the relationship between

the whales using Hervey Bay and the eastern Australian (E1)

population of humpback whales.
2 Methods

2.1 Study area

Hervey Bay, formed by K’gari (formerly Fraser Island) and the

Australian mainland, is located at 25°S, 153°E on the eastern coast

of Queensland (Figure 1). It is a wide, shallow embayment

approximately 4,000 km2 in area and is generally less than 16 m

deep, with a sand and mud bottom (Ribbe, 2014). K’gari is 126 km

long, it lies along a northeasterly axis, and its northern end bridges

the continental shelf. The most southerly islands of the Great

Barrier Reef are approximately 110 km north of Hervey

Bay (Figure 1).
2.2 Sampling, capture histories, and effort

Prior to the start of The Oceania Project’s research program in

Hervey Bay, earlier work established that the southern migration of

humpback whales began in late July with humpback whales using

Hervey Bay in early August to mid-October (Paterson, 1991;

Corkeron et al., 1994).
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A vessel-based photographic identification survey was

conducted for 5.25 days per week for 10 weeks per year over 13

years from 1997 to 2009 starting on the first Sunday after the 5th of

August each year. The method applied took advantage of

communication with commercial whale-watch vessels to travel to

the nearest available pod to maximise the number sightings. A

spatially random search pattern was unnecessary as it was not

intended to describe the spatial distribution of pods. The mobility of

both the whales and the tour boats throughout the sampling area

mitigated against the possibility of selectively sampling classes of

whales that may have preferred specific parts of it. This approach

aimed to take a random sample of whales rather than a random

sample of locations.

Photo-identification matching was undertaken using an

innovative categorisation method (for a comprehensive

description see, Franklin et al., 2020), and all photography

selected for matching was assessed for photo-quality using

established protocols (Calambokidis et al., 2008). Calves were not

included in the sample as they do not display permanent distinctive

natural marks. All whales in the sample were successfully identified

with good-quality photography. Daily capture histories were

collapsed into weeks for analysis to reduce the complexity of the

model used, and to ensure that there was good coverage of the study

area in each weekly sample. This yielded capture histories over 130

weeks (13 years × 10 weeks).
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An effort variable was calculated for each week based on the

number of full days (0700 till 1700) in each week. Saturdays, which

were used for reprovisioning and crew changes, and days lost to bad

weather or mechanical problems were counted as zero. Sundays

were counted as 0.75 days due to a later start and Fridays as 0.5 days

due to an earlier stop. This calculation yielded a value of 5.25 days

for a full sampling week and resulted in an overall average of 5.20

days per week.
2.3 Robust design models

The sampling design creates a hierarchical sampling structure

in which the intervals between samples occur at two scales: (1)

between years (primary samples) and (2) between samples (weeks)

within years (secondary samples).

Robust design models (Pollock, 1982; Kendall et al., 1995, 1997;

Kendall and Nichols, 1995) were designed to take advantage of

hierarchical sampling schemes where, in the classic case, the sets of

secondary samples were taken over periods of time short enough for

the population to be considered closed within primary samples

while being open between them (Kendall et al., 1995, 1997). In the

case of breeding grounds or migratory stopovers, whales may arrive

and leave the sampling area in sequence creating an open

population within each of the primary samples. The open robust
FIGURE 1

The location of Hervey Bay on the eastern coast of Australia and its geographic relationship to the reefs and inter-reef lagoon of the Great Barrier
Reef is shown in the left-side map. The primary overwintering and breeding ground for eastern Australian humpback whales is believed to be off the
Queensland coast within the Great Barrier Reef inter-reef lagoon between 16°S and 23°S (shaded). The study area and the original Hervey Bay
Marine Park boundaries are shown on the eastern side of Hervey Bay in the right-side map.
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design model (Schwarz and Stobo, 1997; Kendall and Bjorkland,

2001; Stauffer et al., 2013) was developed for this situation, and the

rates of entry into the sampling area and probabilities of apparent

survival between secondary samples may be estimated along with

abundance within primary samples.

Only apparent survival was estimated between primary samples

in early formulations of the model (Kendall et al., 1995), but

subsequent development has also incorporated estimation of

temporary emigration, i.e., the proportion of the population present

in one primary sample that is absent from the sampling area and

unavailable for capture in the next (Kendall et al., 1997). Temporary

emigration may be a random process in which the previous state of

an animal (present or absent) does not affect its subsequent state, or a

Markovian process in which it does. An example of Markovian

temporary emigration is when primary samples of females that breed

every second year are taken annually on breeding grounds and the

probability of presence varies by reproductive state.

Consequently, the model provides estimates of apparent

survival both between and within primary samples; the between

primary sample estimate describes the probability of remaining

alive and maintaining fidelity to (remaining part of the population

that visits) Hervey Bay (biological survival × fidelity) while the

within primary sample estimate describes the probability of

remaining in the sampling area between secondary samples

(related to residency or length of stay, Kendall and Bjorkland, 2001).

In the open robust design model, temporary emigration is

modelled in terms of state transition probabilities. In the basic

model, the states are present or ‘observable’ (P) and absent or

‘unobservable’ (A), and the possible transitions are present to absent

(PA) and absent to present (AP). A diagram depicting temporary

emigration is presented below in Section 3.4. Further states in

addition to present or absent may be included in the model, such as

capture locations (e.g., bay 1, bay 2, bay 3), maturity (e.g., juvenile,

adult), or breeding status (e.g., with, or without neonate), and the

transitions among them can be estimated (Stauffer et al., 2013). The

capacity to incorporate multiple states in the open robust design has

resulted in the model being described as the open robust design

multistate (ORDMS) or multistate open robust design (MSORD)

model. Analysis of the capture history data was undertaken with

program MARK (White and Burnham, 1999).
2.4 Parameters estimated by the multistate
open robust design model

Table 1 presents the parameters estimated by the

MSORD model.

2.4.1 Apparent survival
Capture–recapture studies typically yield an estimate of

apparent survival or the probability of both remaining alive and

available for recapture in the sample area. Estimates of the

probability of remaining alive (biological survival) must be made

by other means. If estimates of both apparent and biological survival

are available, however, an estimate may be made of the probability
Frontiers in Marine Science 04
of permanent emigration from the sample area. More formally, an

estimate of the probability of permanent emigration Ê may be

derived as Ê = 1 − f̂
Ŝ
where f̂ is an estimate of the probability of

apparent survival and Ŝ is an estimate of the probability of

biological survival. It should be noted that the notation used here,

although traditional, does not refer to the parameters estimated by

the MSORD where S is used to denote apparent survival at the

primary sample (years) level and f denotes apparent survival at the

secondary sample (weeks) level.

2.4.2 State transitions
The possible state transitions when there are only the two states,

present in Hervey Bay or elsewhere, are illustrated in Figure 2.

Of the four state transition possibilities only two, Y P :A
i and

YA : P
i , are directly estimated. The other two are their complements,

i.e., Y P : P
i = 1 −Y P :A

i and Y A :A
i = 1 −YA : P

i .

There are three forms that temporary emigration may take:
1. Markovian Y P :A
i and YA :P

i are separately estimated.
TABLE 1 Parameters of the MSORD model.

Parameter
name

Notation Interpretation

Probability of
apparent
survival

Si Probability of remaining alive between
primary samples (years) i and i + 1, and
present in the sampling area in primary
sample i + 1 or at some future time (see state
transitions below)

Probability of
transition
between states 1

Here the states
are present (P)
or absent (A)

YX,Y
i

Probability that an individual in state X in
primary sample i moves to state Y by
primary sample i + 1Individuals may move
between present in primary sample i and

absent in primary sample i + 1 ((Y P :A
i ),

absent in primary sample i and present in

primary sample i + 1 (Y A :P
i ), or stay where

they were (Y P : P
i or YA :A

i ) 2

Probability of
entry to the
sampling area 3

bji Probability that an individual will enter the
sampling area between secondary samples j
and j + 1 (weeks) of primary sample i

Probability of
apparent
survival 4

fji Probability that an individual present in the
sampling area in secondary sample jof
primary sample i remains alive and present
in secondary sample j + 1 of primary
sample i

Probability
of capture

pji Probability that an individual is captured in
secondary sample j of primary sample i

Derived parameters

Total
abundance

Ni Total abundance during primary sample j
(number of visitors to the sampling area in
a year)

Weekly
abundance

nji Abundance during secondary sample j in
primary sample i (number present during
a week)
1 This parameter is often referred to as psi.

2 The transitionsY P :A
i andYA : P

i describe temporary emigration and re-immigration after an
absence respectively.
3 This parameter is often referred to as pent.
4 This parameter is often referred to as phi.
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Fron
2. Random Y P :A
i = 1 −Y A : P

i = Y A :A
i such that YA :P

i is the

complement of Y P :A
i .

3. Even flow Y P :A
i = YA : P

i .
Note that 1 is necessary to allow for dependency between an

animal’s state at time i and time i + 1.
2.5 Model reduction—constraints on
parameter estimates

The probability of apparent survival between primary samples

(S) may be modelled as constant, as time varying, or as a function

of covariates.

The probability of transition from present to absent (PA) may

be specified as its complement PP (present to present), and AP

(absent to present) may be specified as its complement AA (absent

to absent). A model in which the transition probabilities PA and AA

= 1-AP are separately estimated is a Markovian temporary

emigration model, a model in which PA is constrained equal to

AA = 1-AP is a random temporary emigration model, and a model

in which PA is constrained to equal AP is an ‘even flow’ temporary

emigration model (Kendall et al., 1995, 1997). The transition

probabilities may be modelled as constant, as time-varying, or as

a function of covariates with an additional constraint being

necessary for identification of the parameter estimates when both

between primary sample apparent survival (S) and the transition

probabilities (psi) are estimated as time-varying. Specifically, the

last transition probabilities PA and AA must be set equal to the

transition probabilities PA and AA from some earlier interval.

The probabilities of entry, being the proportions of the total

number of visitors to the sampling area in a primary sample that are

present at the beginning of sampling and enter between the

secondary samples, must sum to 1 (the total). The software

employed for the analysis, program MARK (V8.1; White and

Burnham, 1999), does not explicitly estimate the proportion that

enter prior to the beginning of the last sample (sample k), but it may
tiers in Marine Science 05
be estimated as pentk = 1 − o
j=k−1

j=1
pentj, where j indexes the secondary

samples within a primary sample.

The probability of entry (pent), apparent survival (phi), and

capture (p) may be modelled in terms of primary samples (constant,

time-varying, or as a function of covariates), secondary samples

(constant, time-varying, or as a function of covariates), or a

combination of both.
2.6 Model comparisons

In Mark, the MSORD is estimated by maximum likelihood and

a set of alternative models (i.e., with different structures for, or

constraints on, the parameters) may be compared using an

information criterion such as Akaike’s information criterion

(AIC) which is adjusted for small samples for capture–recapture

models (AICc) and may be further adjusted for overdispersion

(QAICc, Burnham and Anderson, 2002). Models with smaller

values of (Q)AICc are considered better in the sense that they

balance the virtue of close fit of the model to data (smaller deviance

is better) with the vice of using many parameters to fit it (models

using fewer parameters are better). The ‘balance’ involved arises

because similar models with more parameters generally have

smaller deviances but may include separate estimates that vary

little relative to their precision and be less interpretable in terms of

theories about the underlying processes that generated the data

(Burnham and Anderson, 2002). (Q)AICc weights, which describe

the relative likelihoods of a set of models, may also be used in model

comparison, with larger (Q)AICc weights indicating better models.
2.7 Goodness of fit

Goodness-of-fit tests were performed on data collapsed to years

with program U-CARE (Choquet et al., 2009). Model comparison

statistics and estimates were adjusted for overdispersion by
FIGURE 2

Possible state transitions including temporary emigration and re-immigration.
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adjustment of the variance inflation factor c-hat in Mark. In the

event of significant overdispersion, a version of AICc for

overdispersed data (QAICc; Burnham and Anderson, 2002) was

employed for model comparisons. The variance inflation factor was

estimated as the ratio of the overall test statistic for the model from

U-CARE and the model degrees of freedom.
2.8 Estimates

When one model in a set has a clearly lower (Q)AICc than all

others and attracts the major proportion of the (Q)AICc weight, the

parameter estimates from this ‘best’ model may be reported; when

several models have similar (Q)AICc values and share the (Q)AICc

weight, model-averaging may be applied (Buckland et al., 1997)

whereby weighted averages of the parameter estimates from several

models are reported.
2.9 Data demands of the MSORD

With five parameter types and samples at both the primary and

secondary sample levels, and the potential for all to be time-varying

(with appropriate constraints on transition probabilities when

required), a very large number of parameters may theoretically be

estimated. In the present study, it is possible to specify but not

necessarily estimate 399 parameters with additional parameters,

such as abundance, derived from these. The number of parameters

it is possible to estimate in any case is dependent upon there being

sufficient data to support each separate estimate. The number of

different models (i.e., with different structures for [constraints on]

the various parameters) can be very large indeed. The MSORD is a

model for which prior expectations (theories) are very important in

guiding specification of constraints on the various parameters of a

set of models for comparison that are estimable and

meaningfully interpretable.
2.10 Prior expectations for the Hervey
Bay data

There is a regular within-year pattern to the humpback whale

movements through Hervey Bay, with several age-sex classes of

whale entering, staying for a period, and then leaving the Bay in

sequence throughout the season. The probability of capture by fluke

photograph may vary among classes due to their varying

propensities to make fluke-up dives. Capture probability may also

vary with the number of whales in the Bay, being smaller when

more whales are present. Indeed, with more whales in the Bay and a

limit to the total number that can be ‘captured’ in a day, the

probability of capturing any one of them may be smaller than when

there are fewer whales in the Bay. The total number of visitors is
Frontiers in Marine Science 06
very likely to have increased from year to year with growth in the

size of the migrating eastern Australian population (Noad et al.,

2019), while the number of humpback whales in the Bay appears to

decrease within the year from a maximum early in the season to a

minimum at the end.

While the different classes of whales may have different

probabilities of capture, the strong correlation of their presence in

the Bay with week means that, if capture probability is modelled as a

function of week, the heterogeneity that may otherwise be present

due to behavioural differences between classes would be largely

stratified out.

These considerations led to expectations that the probability of

capture may vary by both year and week within year. The

probabilities of entry (pent) and within-year apparent survival

(phi) are likely to vary by week but also by year with the timing

of the migration relative to the timing of sampling.

With 13 years by 10 weeks per year of data, there would be 130 p,

117 pent, and 117 phi parameters if all were estimated separately (i.e.,

year*week). It is likely, however, given the regularity of the pattern of

within-year entries and exits, that models which estimate the weekly

variation within year with an overall adjustment (offset) for year (i.e.,

year + week) will provide reasonable estimates of the variation in these

parameters and interpretable models. For these ‘additive’models, there

are 23 p, 22 pent, and 22 phi parameters. Multiplicative models

(year*week) are not included among the models considered here due

to their extreme complexity, with 297 fewer parameters for a model

with year+week rather than year*week structures for p, pent and phi.

Both the between-year apparent survival (S) and transition

parameters (psi) may vary by year, and temporary emigration

may be Markovian, random, display an even flow pattern or not

occur at all.

The most complex model considered had S varying by year, psi

displaying a yearly variable Markovian pattern (with constraint on

the last psi), and pent and phi varying additively by year and week

(year+week). The effort variable was also included in the model for

capture probability (year+week+effort).

As required for the MSORD model, S for the absent state is set

equal to S for the present state in each year, and p (absent), pent

(absent) and phi (absent) are set to zero (Kendall and Bjorkland, 2001).
2.11 Supplementary analyses

The rationale for model definition established an a priori set of

models for comparison to be ranked and from which to extract

parameter estimates. While the results reported here were extracted

from models in the a priori set, some additional MSORD models

were fitted to see whether there was any tendency for apparent

survival to reduce over time that was not represented in the

estimates from the better fitting [smaller AICc (or QAICc)]

models. These models were not included in the a priori set but

were suggested by results from models that were. The additional
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models included extra parameters that yielded separate estimates

for apparent survival for the first eight and last four inter annual

intervals, a linear trend and a quadratic trend. These models were

compared with the best fitting [smallest AICc (or QAICc)] of the a

priori models with likelihood ratio tests (see Buse, 1982). Estimates

of annual abundance are obtained as derived parameters. Linear,

exponential and quadratic regression models were fitted to the

series for comparison.
3 Results

3.1 Sampling and capture data in Hervey
Bay 1999 to 2007

There were 130 weeks of sampling from 1997 to 2009. Of the

weekly samples, there were 113 full weeks (5.25 days, 86.9%), 8

weeks of 4.75 days (6.2%), 4 weeks of 4.5 days (3.1%), and 5 weeks

of 4.25 days (3.8%).

A total of 2,708 individual humpback whales were each captured

between 1 and 17 times: 2,133 once, 382 twice, 96 three times, 41 four

times, 26 five times, 10 six times, 8 seven times, and 5 more than eight

times. There was a total of 3,717 captures over the 13 years from 1997

to 2009. The dates of beginning sampling each year and the number

of captures by week within year are summarised (Table 2). The

dataset used in analyses is provided in Supplementary Material:

Dataset_Supplmemtary_Information_R_File_HB9709W.inp.
Frontiers in Marine Science 07
3.2 Models

The goodness-of-fit test indicated that the data were

significantly overdispersed. The variance inflation factor was

estimated at 3.11, and program Mark adjusted the variances of

the estimates and the AICc values accordingly. QAICc (for adjusted

AICc) was employed for model comparison.

An initial set of 23 models was fitted following the prior

expectations for the patterns of visitation of whales to the Bay

outlined in 3.10 above. The four models with the lowest QAICc

accounted for 99.8% of the QAICc weight in the set, and the two

with the lowest QAICc accounted for 98.4%, so we present

information on only these two models. The parameter structures

of the two lowest QAICc models, a description of their temporary

emigration types, their QAICc values, QAICc weights, likelihoods,

numbers of parameters, and deviances are presented (Tables 3A, B).

Table 3A gives the model structures and descriptions of the

temporary emigration types, and Table 3B gives the statistics for

each model.

Between-year apparent survival was estimated as constant over

years. Models with apparent survival varying by year fitted poorly

and were eliminated from the set.

Temporary emigration varied by year and largely followed an

even flow pattern, although model 2 indicated some evidence of a

random pattern. An even flow pattern indicates that the

probability of a whale being absent in a year is equal to the

probability that a previously absent whale returns and is present in

that year.
TABLE 2 Sampling in Hervey Bay for years 1997 to 2009, start date in August, and number of captures of individual humpback whales by week.

Year
August

start date

Week

Total1 2 3 4 5 6 7 8 9 10

1997 10th 27 18 15 17 16 14 13 12 12 6 150

1998 9th 17 33 25 19 21 21 22 19 21 11 209

1999 8th 32 24 34 20 23 9 21 21 19 15 218

2000 6th 23 22 12 24 17 30 27 21 20 19 215

2001 12th 31 46 22 27 20 30 21 22 19 15 253

2002 11th 32 30 34 40 39 22 31 23 28 12 291

2003 10th 31 41 36 47 27 15 26 22 15 13 273

2004 8th 39 32 55 23 36 27 26 39 26 21 324

2005 7th 27 40 56 51 49 24 46 61 22 15 391

2006 6th 29 51 54 45 30 21 40 38 25 18 351

2007 5th 33 50 12 30 30 46 31 25 33 16 306

2008 10th 35 34 55 50 58 53 27 48 33 26 419

2009 9th 18 44 17 27 39 45 20 40 44 23 317

Total 374 465 427 420 405 357 351 391 317 210 3,717
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The probability of entering the Bay (pent) and within-year

apparent survival (phi, probability of remaining) were estimated as

functions of week in both two lowest QAICc models.
3.3 Model averaged parameter and
derived estimates

Model-averaged estimates from the best two (lowest QAICc)

models are reported below.

Also see Supplementary Table 4 - MSORD model-averaged

parameter estimates.

3.3.1 Capture probabilities [p(effort)]
Capture probability for a week in which there was full effort was

estimated at p = 0.11 (95% CI 0.08 to 0.15, SE 0.02), and capture

probability is constant over years. The estimates for weeks with less

than full effort were adjusted by use of the effort (survey

days) covariate.

3.3.2 Between-year apparent survival
[S(constant)]

Between-year apparent survival was estimated as constant over

years at S = 0.89 (95% CI, 0.85 to 0.93, SE 0.02).

A model with separate estimates for the first eight (1997–1998

to 2004–2005) and last four (2005–2006 to 2008–2009) inter

annual intervals estimated a slight decrease from 0.897 to 0.873

(likelihood ratio test compared to the best-fitting model,

(c2
1 = 0:840, p = 0:370). A linear trend model estimated a

slight decrease between the first interval (0.909) and the last

interval (0.872) (likelihood ratio test compared to the best-

fitting model, (c2
1 = 0:501, p = 0:479). A quadratic model
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found no evidence of curvature in the series (likelihood ratio

test compared to the best-fitting model, (c2
2 = 0:159, p = 0:927).

A slight decrease was estimated by all three of these models, but

none fitted significantly better than the best of the a priori models

by a likelihood ratio test (all p ≥ 0:370).

Point estimates of biological survival in humpback whale

populations are generally high, ranging from 0.925 to 0.984 pa

(Zerbini et al., 2010). With our estimate of apparent survival of

0.890 pa, permanent emigration is estimated at about 9% pa if the

higher estimate of biological survival is assumed or about 4% pa if

the lower estimate is assumed. The population of humpback whales

migrating off the east coast of Australia has been increasing rapidly

from as few as 100–500 individuals for about four decades (Bryden

et al., 1990; Noad et al., 2019; reviewed in Harrison and Woinarski,

2018). As humpback whales can live to almost a century

(Chittleborough, 1965), with an exponential growth rate of

approximately 11.0% pa (Noad et al., 2019) most whales have

entered the population more recently and the population

structure must be skewed towards younger whales, and biological

survival and permanent emigration are likely to be near their upper

ranges at about 0.984 pa and 9% pa, respectively.
3.3.3 Temporary emigration [even flow
+random (year)]

Two sets of estimates describe temporary emigration: the

probability that a whale which was present in the previous year

will be absent in the present year, and the probability that a whale

which was absent in the previous year returns to the Bay in the

present year. Due to an even flow pattern being dominant (model

1), these estimates are very similar. There is, however, a degree of a

random structure from model 2 in the estimates which account for

the differences. Figure 3 shows the estimates for emigrating and

returning. The point estimates of the number of temporary
TABLE 3A Model structures and description of temporary emigration type for the two lowest QAICc models.

Model Temporary emigration

1. S(.), psi(PA=AP year), pent(week), phi(week), p(effort) Even flow Year

2. S(.), psi(PA=1-AP year), pent(week), phi(week), p(effort) Random Year
S = annual apparent survival, psi = transition (A = absent, P = present), pent = weekly probability of entry, phi = weekly apparent survival, p = weekly capture probability (see Table 1
and Figure 2).
TABLE 3B QAICc, QAICc delta, QAICc weight, model likelihood, number of parameters, and qDeviance for the two selected models (arranged by
increasing QAICc values).

Model QAICc
QAICc
delta

QAICc
weight

Model
likelihood

Number of
parameters qDeviance

1 7,737.16 0.00 0.92 1.0000 33 7,670.55

2 7,742.14 4.98 0.07 0.076 33 7,675.53
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emigrants increased from about 17% from 1997 to 2005 to about

54% thereafter.

3.3.4 Proportion of visitors entering the Bay:
probability of entry [pent(week)]

The proportion of visitors entering the Bay varied by week, and

the weekly pattern was constant over years (Figure 4). The highest

estimated proportion of visitors entering the Bay was in week 1
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(0.15), which included the proportion of visitors in the sampling

area prior to commencement of sampling. The estimated

proportion of visitors in weeks 2 to 5 ranged from 0.11 to 0.14,

decreased in week 6 (0.09), and even further in weeks 7 and 8 (0.07)

before increasing slightly in week 9. Week 10 had the lowest

proportion and calculated as 1-sum (weeks 1 to 9) = 0.03 with

no SE.

3.3.5 Probability of remaining in the Bay:
probability of remaining [phi(week)]

Within-year apparent survival (phi, probability of remaining) was

estimated as a function of week. These estimates can be understood as

the probability of whales present at the beginning of a week

remaining in the Bay and being present at the end of the week.

The probability of a whale which was present at the beginning

of each week remaining in the Bay until the end of the week is

plotted by week in Figure 5.

The probability of remaining in the Bay varies by week and the

weekly pattern was constant over years (Figure 5). The probability

of remaining in the Bay ranged from 0.26 to 0.38 between weeks 1

and 5. The highest proportion remaining by week was in weeks 6

and 7 (0.50 and 0.62, respectively). In week 8, the probability of

remaining decreased to 0.24 and increased to 0.48 in week 9 with a

probability of only 0.11 remaining in week 10.

3.3.6 Estimated mean residency time
The estimated mean residency of humpback whales in Hervey

Bay was 1.53 weeks (SE = 0.22 weeks, LCI 1.09 week: UCI 1.96

weeks, see Kendall et al., 2019).

The mean residency time up to beginning of week 5 is 1.20

weeks; the mean residency time from beginning of week 5 to end of

week 10 is 2.05 weeks. As such, the residency time for the cohorts

that came in during weeks 5 to 10 was 171% of (71% greater than)

that for the cohorts that came in prior to week 5 (2.05/1.20 = 1.71).

3.3.7 Number of visitors to the Bay each year
(yearly abundance)

Yearly abundances (total number of visitors to the Bay) with

95% confidence intervals are presented in Figure 6.

Linear regression (growth rate = 118.3 whales per year, SE = 15.1,

RSQ = 0.848) was better fitting than an alternative exponential

regression function (RSQ = 0.835), which showed relatively large

negative residuals towards the ends of the series and positive residuals

in the middle. While from 1998 to 2004 the fit of the line to the

estimates was very close, the pattern from 2005 to 2009 was more

irregular. A quadratic model was fitted to assess whether there was

curvature in the series. Although the quadratic coefficient was not

significant (t =- 2.0, p = 0.073), there was slight tendency for the

growth rate to decrease towards the ends of the series but, such

curvature as there is, may be largely driven by the low estimate for

1997, and there is some uncertainty around the fit from 2005 to 2009.
3.3.8 Within-year abundance
Estimated weekly abundances in 2003 with 95% CI’s are

presented in Figure 7. The within-year pattern of abundance
FIGURE 3

Temporary migration Hervey Bay: by probability of emigration (A,
top panel) and probability of re-immigration (B, bottom panel)
where interval 1 represents between 1997/1998, 2 represents
between 1998/1999 … and 12 represents between 2006/2007, with
95% confidence intervals.
FIGURE 4

Proportion of visitors entering Hervey Bay by week within year with
95% confidence intervals.
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follows a regular pattern from year to year because of the weekly

structures (i.e., no effect for year) for pent and psi in the models, i.e.,

the pattern remained the same while the absolute abundances

increased as the population grew over years.

Two-thirds of the whales were estimated to be present in

Hervey Bay during the first 5 weeks, and a third were estimated

to be present during the last 5 weeks of the season, while only 9%

were estimated to be present in the last 2 weeks.
4 Discussion

The number of whales that visited Hervey Bay on their southern

migration showed a steady increase from 857 in 1997 to 2,175 at the

end of sampling in 2009. The rate of increase was approximately

linear with an average of 118 new whales joining the Hervey Bay

group each year. The annual estimates fitted closely to the linear

regression line until 2004, while those for the last 5 years from 2005
Frontiers in Marine Science 10
to 2009 were more irregular. The irregularity of the estimates for

this period leaves considerable uncertainty about the population

growth trajectory in the few years prior to 2009 and offers little

support for expectations of growth after that. Although these data

were taken earlier than the Eastern Australian population (E1) was

judged to have reached its historical carrying capacity (Noad et al.,

2019), it is possible that there may already have been a decline in the

growth rate of the migration and that this may have been reflected

in the number visiting Hervey Bay. However, we found no strong

evidence of the population growth curve levelling off towards the

end of the series, although the estimates for 2005 to 2009 are

consistent with a relatively flat trajectory when considered on

their own.

While the Hervey Bay group was growing approximately

linearly the Eastern Australian migration was growing at an

exponential rate. Noad et al. (2019) estimated the rate of growth

of E1 at 11% pa by fitting an exponential curve to a series of 10-hour

daily counts over 4 weeks during the peak of the annual northern

migration (see their section 3.3 and Figure 5). The difference

between E1 and Hervey Bay population growth rates is very likely

to be due to permanent emigration from the Hervey Bay group with

whales that permanently emigrate from this group ceasing to visit

Hervey Bay but likely to remain part of the Eastern Australian

population; substantial emigration from E1 is inconsistent with its

estimated growth rate with permanent emigration estimated at 9%

pa, and the expected rate of increase in Hervey Bay is a modest 2%

pa (11%–9%). We found no evidence of exponential growth even at

this modest rate, however, and the analyses suggest that the rate

may even have begun to slow rather than continue to increase

according to an exponential form.

While the proportion of the Eastern Australian migration that

enters Hervey Bay will inevitably decline over time, it has been

substantial. Noad et al. (2019) adjusted an early 2004 estimate to

make it as consistent as possible with later estimates made using

more thorough methods. The ratio of our Hervey Bay estimate

(2,361 whales) to their adjusted Eastern Australian estimate (7,819

whales) shows that about 30% of the Eastern Australian migration

visited Hervey Bay in 2004 just prior to the onset of irregularity in

the Hervey Bay estimates.

If the Hervey Bay population trajectory were indeed levelling

off, we might expect the estimated apparent survival estimates to

decrease and the estimated rate of permanent emigration to increase

toward the end of the series. Although not included among our a

priori set, a model fitted subsequently found only a trivial and non-

significant difference in the estimated apparent survival between the

first eight (1997–1998 to 2004–2005) and last four (2005–2006 to

2008–2009) inter-annual intervals. Similarly, a linear model found

no evidence of trend and quadratic model found no evidence of

curvature. If there were a decrease underlying the irregular pattern

of abundance estimates from 2005 to 2009, it seems unlikely that

this is due to a decrease in apparent survival.

There may be several sources of permanent emigration

including young males that cease migrating through Hervey Bay

as they mature, and whales that are not part of the high-fidelity

group may enter the Bay in association with a group member only

once or a few times and not return, including mature males that
FIGURE 5

Probability of remaining in Hervey Bay by interval between weeks
within year with 95% confidence intervals.
FIGURE 6

Yearly abundance estimates (total number of visitors to Hervey Bay)
from 1997 to 2009 with 95% confidence intervals, with a fitted linear
regression line.
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may escort mothers and calves into the Bay. With a female-to-male

ratio of 2.9:1 in Hervey Bay (Franklin et al., 2018), we estimate that

about two-thirds of males recruited into the population (i.e., 4% or

two-thirds of 6% = half of the 11% estimated growth rate of the

Eastern Australian population plus 1% deaths) emigrate at some

stage. While this may account for nearly half of the annual

emigrants, it is likely that most of the remainder emigrate from

the more abundant early cohort.

There was a sharp increase in the typical rates of temporary

emigration and reimmigration after 2005 with a mean of 17% being

absent and returning each year up to 2005 and 54% thereafter. As

with permanent emigration, temporary emigration in these data is

unlikely to identify a portion of E1 that do not embark on the

northern migration but a portion of the Hervey Bay subgroup that

remain with E1 rather than diverting through Hervey Bay on the

southern migration.

We note that the change in the rate of temporary emigration

corresponds to commencement of irregular annual abundance

estimates from 2005. The irregularity in the abundance estimates

might possibly be accounted for by rates of temporary emigration

and reimmigration not being equal each year as in our models.

Markovian models that might have shown this fitted poorly,

however, due to the large number of parameters required to

estimate them and were consequently eliminated from the final

set for comparison. Whether or not the irregularity in abundance

estimates from 2005 to 2009 may be due to irregularity in

differences between the rates of temporary emigration and return,

the average levels of these estimates were high with 54% of whales

that were present in the previous year being temporarily absent in

the present year and 54% of whales that were previously absent

returning. Some of this cohort may be females who use the Bay

when they have calves but rarely otherwise, but with less than one-

third of whales that visit the Bay in any year being mothers with

calves (see Section 4.3.7, see also Franklin et al., 2011); this can

account for only a small portion of the absences. With most visitors

migrating through the Bay in the first half of the season, most of the

temporary emigration must involve the mature females, yearlings,

and immature whales in the early season cohort. The even flow
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pattern—the probability of not returning after the presence on

current visit (temporary emigration) is equal to the probability of

returning after an absence (re-immigration)—suggests that a

subgroup of the whales that visit Hervey Bay began ‘taking turns’

to visit or skip the visit each year: i.e., some whales may be

remaining with the E1 southern migration or entering Hervey

Bay in alternate years.

It is possible that whales may be opting not to enter the Bay on

some occasions in response to the increased density. Alternatively,

it may be that resources were becoming limited in Antarctica as the

Southern Hemisphere humpback whale populations become very

large and whales may be embarking on the migration with less

energy reserves than previously and choosing to return to feed in

the Southern Ocean as soon as possible rather than spending time in

Hervey Bay.

The probabilities of entering the Bay fall and the probabilities of

remaining the week increase in week 6 (see Section 4.3.5)

corresponding with the transition from the presence of mature

females, yearlings, and immature whales to mothers with calves

(Franklin et al., 2018). Individual whales remain in the Bay for just

over a week in the first half of the season, whereas in the second half,

they remain for approximately 2 weeks (see Section 4.3.6). The

differential probability of length of stay, depending on the time in

the season when different classes of whales are present, was constant

over years and consistent with a regular annual migratory structure

(Dawbin, 1966, 1997; Franklin et al., 2018).

Hervey Bay is clearly an important stopover early in the

southern migration for mature females, yearlings, and immature

whales (Franklin et al., 2018) with a substantial proportion of the

Eastern Australian population visiting the Bay for a week or more

each year. Franklin et al. (2017b) argued that Eden, NSW, may be

used as a meeting point prior to dispersal in several directions. We

suggest that Hervey Bay similarly serves as a meeting point where

the onward migration of the Hervey Bay subgroup is organised.

That females with relatively young calves remain in the Bay for

around 2 weeks reinforces the conclusion that Hervey Bay is also an

important area for females with calves for physical and social

development of new-season calves (Franklin et al., 2011, 2018,

2021; Franklin, 2012).

Both classes of whales in the earlier and later cohorts are

involved in active and complex social behaviours. Franklin et al.

(2021) studied the behaviour of humpback whales in Hervey Bay in

terms of pod associations, competitive groups, and non-agonistic

social pods. The formation of newly associated pods was observed

as a greater proportion of observed pods in the first 4 weeks of the

season, and non-agonistic behaviours occurred in greater

proportion in the first 5 weeks, when the mature females and

immature whales’ cohort was present. In contrast, competitive

groups occurred most frequently in the last 5 weeks of the season

and typically consisted of a mother and calf and two or more

escorts. Typical interactions in non-agonistic social groups are calm

with no high-energy interactions or aggressive or competitive

behaviours. Such non-agonistic behaviours include head rising,

spy hops, rolling over ventral side up, pectoral fin extensions, tail

fluke extensions, breaching, pectoral fin slapping, lobtailing, and

milling. Competitive groups display such behaviours as lunging
FIGURE 7

Weekly abundance estimates within season in Hervey Bay for 2003
(numbers present each week, n-hat) with 95% confidence intervals.
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through the surface with throat pleats distended, high-speed chases,

and body strikes.

Stopover sites along Australian coastal migratory corridors

including Hervey Bay have been characterised as resting areas for

females with new calves (Carvalho et al., 2011; Meynecke et al.,

2013; Bruce et al., 2014; Bejder et al., 2019; Stack et al., 2020). We

suggest that characterisation of Hervey Bay as a ‘resting area’ is

inappropriate, as active and complex social behaviours occur

throughout the season (Franklin et al., 2021). Franklin et al.

(2018) reported mature females use ecological niche areas as

stopovers during the southern migration along the extended

coastlines of Australia and Africa, both on and off the migratory

corridor, for reproductive success and social development. Given

the marked differences in the behaviours observed in the early and

late cohorts, we suggest that characterisation of site-specific

stopovers along the long coastlines of eastern Australia and other

Southern Ocean continents should be based on the study of the

classes of whales using the stopover, their durations of stay, and the

behaviours observed during the stopover.

The task of assessing, selecting, andmatching images grew greatly

over the course of the study as the population grew and more years of

photographs were added to the catalogue, so that by 2009, it took

nearly the whole inter-season period to complete the photographic

analysis (e.g., see Franklin et al., 2020). This problem is particularly

acute when the population under study is growing, more images are

captured, and there are more images in the catalogue to be matched

to each year. There is a point at which continuing a capture–recapture

study may cease to be viable without a large and increasing

expenditure of time and resources. At least that was the case until

the relatively recent development of algorithmic matching

technology, e.g., HappyWhale.com (Franklin et al., 2020;

Cheeseman et al . , 2022, 2024; Patton et a l . , 2023) .

HappyWhale.com provides a platform for assembly, and accurate

algorithmic matching, of very large collaborative photo-identification

datasets (e.g., see Cheeseman et al., 2023). As of November 2023, the

HappyWhale.com Hervey Bay accumulated a dataset consisting of

9,239 individuals and 18,020 encounters (Personal Communication,

Ted Cheeseman). Availability of a very large collaborative photo-

identification dataset for Hervey Bay, including systematic and

‘Citizen Scientist’ data, will be crucial for assessment of future

humpback whale abundance and emigration, both permanent and

temporary. With the Eastern Australian population having grown

very large and difficult to study due to the geographic scale of their

migratory habitat, data collected in Hervey Bay may offer an

opportunity to identify responses to changing conditions in

Antarctica. Indeed, informative models like the Robust Design built

on Hervey Bay data may be the first opportunity to detect critical

changes in response to Antarctic conditions.

With no systematic surveys having been conducted in Hervey

Bay since 2009, we believe that now, with the Hervey Bay catalogue

of fluke images in HappyWhale having reached a substantial size

and growing, it is appropriate to extend the work we did in Hervey
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Bay up to the present to assess changes that may have occurred with

increasing density in Hervey Bay or growth of the East Australian

population past the estimated historical carrying capacity of its

Antarctic feeding grounds.
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