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Humpback whale (Megaptera novaeangliae) behaviour
determines habitat use in two Australian bays
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Abstract. Humpback whales (Megaptera novaeangliae) require a suite of essential habitats during their long
migration. Therefore, the identification of critical habitats is important for continuation of their successful recovery.
In this study we investigated the behaviours and habitat usage exhibited by humpback whales in two known aggregation
sites on the east coast of Australia. Using a combined 5400 humpback whale records collected from Hervey Bay between
1999 and 2009 and from the Gold Coast Bay between 2011 and 2018, we analysed different types of behavioural
categories. We found that humpback whales in Hervey Bay primarily exhibited surface travel and non-aggressive social
behaviour, whereas both sites appeared to be similarly important for resting. Our results suggest that the Gold Coast Bay
provides habitat for a wide range of critical humpback whale activities, in particular for resting mother—calf pairs, mature
males seeking copulation and socialising immature whales. Hervey Bay had a higher number of mother—calf pair
sightings, confirming the area as an important resting site. This study demonstrates that the two regions are critical
habitats for humpback whales during their annual migration, but for different essential activities, and should be

considered as a whale protection area.
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Introduction

Global environmental changes, including increases in water
temperature and decreases in sea ice cover (Learmonth et al.
2006), and anthropogenic threats, such as water (Bengtson Nash
et al. 2013) and noise (Rossi-Santos 2015) pollution, entangle-
ments (Groom and Coughran 2012) and ship strikes (Smith et al.
2020), are affecting cetacean species worldwide (Simmonds and
Eliott 2009; Derville ef al. 2018; Riekkola et al. 2019; Sousa
et al. 2019). Migratory species, such as humpback whales
(Megaptera novaeangliae Borowski, 1781), risk being highly
affected by these threats as they migrate past cities and shipping
channels, and may require access to alternative habitats for
breeding, feeding and during migration. It is therefore important
to better understand the habitat use of humpback whales along
their migration pathways.
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Recently, the focus of humpback whale research has shifted
from population estimates to understanding the habitat areas
used by this species (Cartwright and Sullivan 2009; Félix and
Botero-Acosta 2011; Franklin et al. 2018; Thums et al. 2018).
There are distinct temporal and spatial patterns in humpback
whale migration, depending on the sex, age and reproductive
status of the whale (Craig et al. 2003). Separate cohorts
(lactating females, immature whales, mature males, pregnant
females) will depart their feeding grounds at various times and
arrive in different habitat types at times, which increases their
reproductive success (Chittleborough 1965; Dawbin 1966,
1997; Burns 2010).

Different habitat types and environmental preferences of
humpback whales can be identified for breeding, calving and
resting grounds, aggregation areas and migratory pathways, and
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these can be classified by several environmental factors, such as
water depth, currents and water temperature (Reinke et al.
2016). Migratory paths are the ranges traversed by humpback
whales between their feeding and breeding grounds (Félix and
Guzman 2014; Clapham and Zerbini 2015). Breeding grounds
are typically identified by shallow, calm waters close to the
coast (Bruce et al. 2014; Irvine et al. 2018). Calving grounds are
expanses of suitable habitat for lactating mothers and their
calves (Irvine et al. 2018) and overlap with breeding areas as
they are in warm and sheltered waters (Bruce et al. 2014), with
shallow depths (<20 m; Ersts and Rosenbaum 2003). Calving
can occur in any area along the expanse of the migratory
corridor, wherever environmental conditions are suitable, rather
than in precise identified locations (Irvine e al. 2018). Protected
coastal waters with shallow depths and calm surface conditions
are preferred resting grounds, particularly for maternal females,
for protection against rough ocean conditions and to reduce
energetically expensive associations with competitive male
groups (Ersts and Rosenbaum 2003; Franklin et al. 2018).

Humpback whales engage in small, unstable groups that
typically have short periods of association and socialisation
(Tyack and Whitehead 1983; Baker and Herman 1984; Mattila
et al. 1994; Clapham 2000). Agonistic and non-aggressive
social behaviours occur along stretches of the migratory path-
ways, and may be influenced by the density of whales in an area
or the reproductive states of the mature whales involved (Baker
and Herman 1984). Comparing observed behaviours between
aggregation sites of humpback whales has not frequently been
used as a technique of identifying the function of habitats.
However, recent studies have shown that social organisation
can dictate the habitat types used by particular groups of whales,
and which behavioural patterns occur (Ersts and Rosenbaum
2003; Lunardi et al. 2010). Previous research has used hump-
back whale behavioural data to determine whether whale watch-
ing and vessel presence have effects on whale behaviour (Fiori
etal 2019; Schuler et al. 2019; Amrein et al. 2020) and to assess
how humpback whales change their communication in response
to increasing noise levels (Dunlop et al. 2010).

The population of humpback whales that migrates annually
along the east coast of Australia from its high-latitude feeding
grounds to low-latitude breeding areas (E1 population; Chittle-
borough 1965; see International Whaling Commission at https://
iwc.int/humpback-whale) was believed to be increasing at an
estimated rate of 10% per annum until 2015, and is predicted to
be at 30 000 humpback whales (Noad ez al. 2019). Most research
on the humpback whale aggregation areas along the E1 popula-
tion migration route has focused primarily on the pod character-
istics (Corkeron and Brown 1995; Franklin et al. 2011) and
migratory movements (Burns e al. 2014) of the whales. Several
recent studies have demonstrated that breeding and calving
behaviours have occurred outside recognised habitat areas for
humpback whale populations (Bruce et al. 2014; Lucena et al.
2016; Irvine et al. 2018; Torre-Williams ef al. 2019; Valani et al.
2020), underlining the need to further determine critical habi-
tats, which we define as any habitat relevant for maintaining a
stable population through feeding, breeding and resting.

Hervey Bay, on the east coast of Australia, has been recog-
nised as a vital resting habitat for humpback whale mother—calf
pairs (Chaloupka et al. 1999; Franklin et al. 2011, 2018;
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Martinez et al. 2015). It is estimated that ~34% of whales in
the E1 population deviate from their southern migration to enter
the bay (Chaloupka et al. 1999; Franklin 2014). The Gold Coast
Bay (GCB), in south-east Queensland, is a known aggregation
area for the E1 population (Department of Environment and
Heritage 2005). Few behavioural studies have been conducted in
this location to determine the use of the bay by humpback
whales (Meynecke et al. 2013; Reinke ef al. 2016; Valani et al.
2020) and there is still limited knowledge about its exact
function for socialisation and breeding. Recent research has
demonstrated that parturition occurs outside the stated breeding
grounds in the Great Barrier Reef, and evidence of newborn
calves in the GCB suggests it is a suitable calving ground (Torre-
Williams ef al. 2019; Valani et al. 2020).

The monitoring of Australian populations of humpback
whales has increasingly been done through citizen science to
find spatiotemporal and behavioural trends for this species
(Bruce et al. 2014; Thums et al. 2018; Torre-Williams et al.
2019), including in the GCB and Hervey Bay (Franklin et al.
2011; Meynecke et al. 2013; Valani et al. 2020). Due to the
limitations of systematic, long-term research (Silvertown 2009),
large-scale ecological studies are difficult to facilitate, and even
more so for migratory animals with a large spatial range (Dunn
et al. 2019). Citizen science can overcome these research
challenges and be used to enable the continuous and large-
scale monitoring of humpback whale populations (Tonachella
et al. 2012). Citizen science has been used to capture various
types of data on humpback whales, including abundance
(Bertulli ef al. 2018; Pirotta et al. 2020), distribution (Bruce
et al. 2014) and population dynamics (Franklin et al. 2018;
Torre-Williams ef al. 2019).

The aim of this study was to compare behavioural patterns
between Hervey Bay and the GCB along the migratory route of
the E1 population of humpback whales to identify the habitat
usage of the GCB. We hypothesised that the GCB functions as a
socialising area and resting ground for this population of
humpback whales and is an important habitat area along their
migration route, particularly for mother—calf pairs during their
northern and southern migrations.

Materials and methods
Study area
Gold Coast Bay

The GCB in south-east Queensland, Australia (Fig. 1), is an
open embayment reaching from Point Lookout, North Strad-
broke Island in the north (27.45°S, 153.55°E) to Tweed Heads in
the south (28.16°S, 153.55°E), then 15 nautical miles (~28 km)
offshore to the east from the Gold Coast Seaway (153.75°E). It is
a sickle-shaped, shallow bay that is open to the Coral Sea. The
bay has an annual sea surface temperature ranging from 20.4 to
28.2°C (see SeaTemperature.org at https://www.seatempera-
ture.org/australia-pacific/australia/). The water depth ranges
from 20 to 80 m, and decreases slowly over the narrow
continental shelf. During the winter months, from June to
October, the GCB experiences moderate- to high-energy south
to south-east swells, and a mean wave height of 0.8-1.4 m
(Strauss et al. 2007). The dominant winds are easterly to south-
easterly trade winds, and the area experiences a calm, mild dry
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Fig. 1. Map of the study locations of the population E1 of humpback whales Megaptera novaeangliae in the Gold Coast Bay (28.016°S, 153.40°E) and

Hervey Bay (25°S and 152.84°E) on the east coast of Queensland, Australia. The left side of the figure shows the location of the two study sites relative to
the Queensland coast. The striped polygons on the right side of the figure illustrate the study areas in Hervey Bay, located on the west coast of Fraser
Island, and within the GCB, between Jumpinpin and Tugun and 14 nautical miles (~26 km) from the coast. Contour lines are 5-m intervals.

season (May—October) and a windier, hot and humid wet season
(November—April).

Hervey Bay

Hervey Bay is a bowl- or U-shaped bay, situated on the south-
east Queensland coast (25°S, 152.84°E; Fig. 1), ~350 km north
of the GCB. Hervey Bay lies between mainland Australia and
Fraser Island. The bay opens ~80 km wide to the north and
narrows southward (Ribbe 2014), with an area of ~4000 km?
(Vang 2002). Hervey Bay has a mean depth of ~20 m (Ribbe
2014) and minimum and maximum sea surface temperatures
of 20 and 28.1°C respectively (see SeaTemperature.org at
https://www.seatemperature.org/australia-pacific/australia/).
The region has a dry winter and a humid, wet summer, and
experiences east to south-easterly trade winds (Ribbe 2014). The
study area was predominately the eastern side of Hervey Bay,
west of Fraser Island (Franklin ez al. 2018), where it the mainly
has a sand and mud bottom (Vang 2002).

Data collection
Ethical considerations

Under Australian animal ethics guidelines, the collection of
whale data from commercial whale watch vessels did not require
animal ethics approval from the Griffith University Animal Ethics
Committee because it did not involve the use of animals as defined
by the Australian Code for the Care and Use of Animals for
Scientific Purposes 2013 (National Health and Medical Research
Council 2013) and the Animal Care and Protection Act 2001
(QId). The Hervey Bay data are covered by permits associated
with previously published data (e.g. Franklin ez al. 2011).

Gold Coast Bay

Surveys were conducted aboard multiple commercial whale-
watching vessels from 2011 to 2018, during the whale migration
season (from the start of June to early November). The area
covered in the GCB was between Jumpinpin, South Stradbroke
Island (27.75°S, 153.44°E) and Tugun (28.15°S, 153.5°E), and


https://www.seatemperature.org/australia-pacific/australia/

1254 Marine and Freshwater Research

summed ~1125 km? (Fig. 1). Trained volunteers from Hump-
backs & High-Rises (HHR), a Gold Coast-based citizen science
research organisation, used platforms of opportunity to collect
data on the E1 population of humpback whales. The tour vessels
were motorised boats ranging from 12 to 30 m in length. The tours
were operated out of the Gold Coast Southport Seaway. Tour
departure times ranged between early morning (0730 hours) to
late afternoon (1500 hours), with each tour lasting an average of
3 h. Three HHR volunteer researchers would conduct a survey
every day of the humpback whale migration season (from the start
of June to the start of November on the Gold Coast), on one of the
whale watching company boats. However, occasionally surveys
were unable to be conducted daily due to poor weather or booked-
out tours. The research volunteers used the continuous scanning
method to locate humpback whales (Mann 1999). Volunteers used
this method throughout the whale watching tour until a humpback
whale pod was located, then data collection commenced.

Data collection began on a pod of whales when the vessel was
within 300 m. A this point, the date, global positioning system
(GPS) coordinates and time of location were recorded. The vessels
travelled alongside the pod for any length of time, ranging from
10 min to 2 h (on board commercial whale watching vessels this
was at the discretion of the skipper). Upon departure of a pod, the
time and GPS coordinates were recorded again. The pod size and
group composition (i.e. the presence or absence of calves) were
determined. Calves were considered any whale of a size less than
50% of the accompanying whale, with which it was maintaining a
constant and close relationship (Chittleborough 1965; Tyack and
Whitehead 1983). All other whales were classified as adults for
the purposes of this study, yet this did not imply sexual maturity.

Behavioural data were also collected on each pod, using a
standardised field data sheet (Mann 1999). This data sheet
included 22 widely recognised behavioural categories, as well
as dive and resting times (Meynecke et al. 2013). These
behaviours were grouped into categories for the purposes of
this study (Table 1). Behavioural data were collected for the
entire duration of the time spent with a pod and every activity
performed by the pod was tallied on data sheets.

In accordance with the Australian Environment Protection
and Biodiversity Conservation Act 1999, a distance of 100 m had
to be kept between the whales and the vessels, and 300 m
between the vessel if a calf was present or if three boats were in
the 100-m exclusion zone. In the GCB, the average time of each
survey at sea was 2.5 h, regardless of departure time.

Hervey Bay

Data were collected by a research organisation, The Oceania
Project, between 1999 and 2009 through semisystematic sur-
veys aboard four different motorised vessels that would under-
take 6 days of fieldwork per week. Surveys would begin in the
mornings in a random direction transect until the first pod was
spotted and observations commenced, or local whale watching
operators would alert the research team to an available pod.
Surveys were assisted by research students who were under-
graduates or graduates from an environmental or marine
sciences degree. As reported by Franklin ef al. (2011), hours
spent surveying in Hervey Bay varied between 6.5 and 10 h per
survey, and averaged 9 h per survey. The total area surveyed in
Hervey Bay was ~1050 km? (Fig. 1).
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Once a pod was located, data collection commenced, includ-
ing the date, number of whales and sex identification where
possible. Time and GPS locations were recorded upon locating,
every 15 min during observations and when departing a pod.
Behaviours were recorded using a yes or no response for the
presence or absence of particular behaviours observed. The
behaviour categories paralleled those collected in the GCB.
For detailed methods see Franklin ef al. (2011, 2018).

In both the GCB and Hervey Bay whale identification
photographs of individual humpback whale flukes were taken.
However, the purpose of the present study was to investigate the
relative behaviour between the two study sites, and studying
resighted individuals will be subject to further research.
Currently, there is no published work for resident times of
humpback whales on the Gold Coast; however, from anecdotal
reports based on fluke matching and resightings, the authors
suggest 1- to 2-day resident times for the GCB. By contrast,
humpback whales in Hervey Bay have a typical residency time
of 1.4-2.0 weeks (Franklin 2014).

Data preparation
Mother—calf pair sighting data

The data from the GCB and Hervey Bay were merged into
one dataset by collating the following variables: number of
mother—calf pairs, the date and time of data collection and the
start and finish times of each survey. These variables were
grouped into intervals of calendar week within a year. Unit effort
was found by summing the number of surveys conducted each
calendar week and then multiplying this by the average hours
spent on survey (i.e. mean daily survey times of 9 and 2.5 h for
Hervey Bay and the GCB respectively).

Behavioural data

Behavioural data were compiled into broader behavioural
categories (Table 1). The categories were widened to reduce
inflation of absence values and to allow better comparison of the
datasets, which did not include identical types of records for all
behaviour classes. Behaviours in the Hervey Bay dataset were
recorded using yes or no responses, whereas in the GCB the data
were tallied; consequently, all behavioural data had to be
converted to presence or absence records.

The decision as to which behaviour types would be desig-
nated into the behavioural categories was based on semantics
and current available knowledge (Table 1). It is recognised that
some behaviours, such as breaching and flippering, can repre-
sent communication between individuals or pods of humpback
whales (Frankel et al. 1995; Lunardi et al. 2010). Surface
behaviours that were observed during diverse social interactions
between humpbacks were grouped into social communication.
These behaviours have been identified as less aggressive and not
conducive to mating (Franklin 2012; Silber 1986) and include
lob tailing, fluke slapping and pectoral fin slapping. Previous
research has shown that pectoral fin slapping is performed by
mature females to encourage competition in male competitive
groups (Clapham 2000). However, it is also performed by
subadults as a form of socialisation and to increase their
development and coordination, as well as by males in attempts
to maintain non-agonistic associations with other males when
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Humpback whale (Megaptera novaeangliae) behavioural ethogram with behaviour types and descriptions within each behavioural category

Not all behaviours were recorded at both the GCB and Hervey Bay; in some cases, different names were given for certain behaviours (e.g. resting and logging

classify the same behavioural type)

Behavioural category

Behaviour types

Behaviour description References

Agonistic behaviour

Breach

Social communication

Bubbling

Non-aggressive social group

Resting

Surface travel

Competitive group

Head lunge
Inflated head lunge

Peduncle slap

Tail cocking

Motor boating

Tail thrash
Breach

Forward breach
Pectoral fin slap
Bubbling

Tail slap
Lobtail

Belly to belly
Belly up

Head rise

Lying on side
Roll over

Pectoral fin wave

Resting

Logging
Round out

Fluke up

Fluke down

A group of three or more whales exhibiting competitive
behaviour, usually including a female and varying
numbers of males

The head is rapidly brought above the surface while
lunging forward

The head is brought above the surface with the throat
inflated and enlarged, and the whale is lunging forward

The whale brings its caudal peduncle and the flukes out of
the water, then strikes the surface of the water with the
lateral side of its tail stock

The whale is upright in the water with its peduncle and
tail out of the water, the peduncle bent and flukes curled
down, then strikes the water surface

The whale swims rapidly at the surface of the water with
the head above the body

The whale strikes its tail side to side in the water

The whale propels at least two-thirds of its body out of the
water, typically onto its dorsal or lateral aspect

The whale propels at least two-thirds of its body out of the
water in a forward movement

The whale is rolling or lying on its side as it slaps its
pectoral fins on the surface of the water

The whale exhales continuous, controlled amounts of air
under the water

The whale forcefully slaps its tail stock and flukes onto
the water surface

Same behaviour as tail slap

Two or more whales present their bellies to each other

When the whale is rolling over, it remains with its belly
presented to the surface for a short time

The whale brings the tip of its head above the surface at a
45-90° angle (the eye is generally not exposed)

The whale is on its side at the surface of the water; often
displayed in association with pectoral fin wave

The whale spins on its long axis on the surface of the
water; no movement of pectoral fins

The whale lies on its side or back at the surface of the
water and waves one or both of its pectoral fins above
the surface of the water with no slapping motion

The whale remains still on the surface for extended
periods of time (=1 min) with very little activity

Same behaviour as resting

The whale arches its body to descend into a dive (after the
last inhalation)

Tail flukes are brought above the water, exposing the
entire ventral surface

Tail flukes are brought above the water but the ventral
surface is not exposed

Baker and Herman (1984), Garrigue
and Gill (1994), Lunardi ef al.
(2010), Clapham et al. (1992), Tyack
(1981), Tyack and Whitehead (1983)

Frankel ef al. (1995), Lunardi et al.
(2010)

Franklin (2012), Silber (1986),
Deakos (2002)

Herman and Tavolga (1980), Madsen
and Herman (1980), Tyack (1981),
Tyack and Whitehead (1983)

disaffiliating from competitive groups (Deakos 2002). Because
this behaviour was contingent on the age, sex and socialisation
state of the performers, it was included in the broader ‘social
communication’ category. ‘Breaching’ has been identified as a
signalling behaviour and used for intergroup communication
(Whitehead 1985; Dunlop et al. 2008). ‘Surface travel” included
behaviours that indicated a humpback whale surfacing for only

breath, generally associated with travelling. Male—male compe-
tition for reproductively mature females results in aggressive
behaviours in competitive groups (Baker and Herman 1984;
Clapham et al. 1992). Agonistic behaviours associated with
these groups include head lunges, physical displacement, charge
strikes, peduncle slaps and tail slashes (Tyack 1981; Tyack and
Whitehead 1983; Baker and Herman 1984; Garrigue and Gill
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1994; Lunardi et al. 2010). Any behavioural types in the data
that indicated aggression, displacement or whales in competi-
tion were grouped into ‘agonistic behaviour’. This study
included bubbling as a separate category from ‘agonistic behav-
iour’, despite it being identified as a common aggressive and
competitive trait (Tyack and Whitehead 1983), because it was
observed in cases that were assumed to be whales undertaking
precopulatory behaviours (two adults present, rolling, pectoral
waves). Like bubbling, other behaviours may be performed in
different circumstances depending on the age, sex and social
role of the whale (Deakos 2002). Behavioural patterns by
humpback whales have also been associated with non-
aggressive social behaviour and mating, and include rolling,
lying on their side, showing their ventral surface, flippering,
pectoral fin extensions, head rising and waving (Herman and
Tavolga 1980; Madsen and Herman 1980; Tyack 1981; Tyack
and Whitehead 1983). Any behaviours that inferred that pre-
copulatory actions occurred were grouped into ‘non-aggressive
social behaviour’. In the present study, ‘resting” was defined as
periods where the whales were stationary on the surface or not
travelling in any direction (e.g. logging behaviour).

Data analysis
Mother—calf pair sighting data

The number of whale sightings in both Hervey Bay and the
GCB was standardised to sighting per unit effort (SPUE). This
was achieved by dividing the total number of whales counted in
each calendar week by observation time at sea. The proportion
of mother—calf pairs recorded in Hervey Bay and the GCB was
calculated by dividing the number of mother—calf pair SPUE by
the total number of whale SPUE at each site. Mother—calf pairs
travelled either alone or within a larger pod.

Behavioural data

A cross-correlation (Pearson) was conducted on the set of
behavioural data. The correlations between behaviours assisted
in deciding the categories of behaviours. A correlation of » > 0.3
was considered significant for the purpose of attributing catego-
ries to the same group. Behaviours that had positive correlation
coefficients between 0.3 and 0.5 (Calkins 2005) and have been
previously reported as similar were assigned to the same
categories. The behavioural data were grouped into categories
to increase the power of analyses and to account for cross-
correlation. Categories from Hervey Bay and the GCB that
showed positive correlation values >0.3 and matched defini-
tions were joined. This included behaviours commonly associ-
ated with competitive groups exhibiting agonistic behaviours,
such as head lunge, inflated head lunge and high-speed chase
(Tyack and Whitehead 1983; Baker and Herman 1984; Garrigue
and Gill 1994; Lunardi ez al. 2010). Behaviours often observed
during non-aggressive social behaviour, including roll over,
belly up and lying on side, were also correlated. Behaviours
with similar appearances and definition, such as ‘side lobtail’
and ‘lobtail’, as well as ‘inflated head lunge’ and ‘head lunge’,
were highly correlated.

The behavioural dataset was analysed in R (ver. 1.3.1093,
RStudio, Inc., Boston, MA, USA). We used a mixed-effects
logistic regression model with a logit-link function (for binomial
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distribution) to analyse the likelihood of each behavioural
category being observed in Hervey Bay and the GCB. The
likelihood of observing the behavioural categories (‘agonistic
behaviour’, ‘breach’, ‘bubbling’, ‘non-aggressive social behav-
iour’, ‘resting’, ‘social communication’ and ‘surface travel’) at
the two locations (Hervey Bay and GCB) was modelled with
density (on a scale of 1 (lowest) to 3 (highest)), year and effort
(in minutes) as fixed effects and included weeks nested within
year as a random effect. Because data collection did not occur
during the same time period at both study locations, the
behavioural data were split between the two sites to analyse
them separately. The ‘effort’ variable was created by splitting
the duration of each survey into four categorical bins. Based on
the data, these bins were selected as low (=15 min), medium
(16-30 min), high (31-50 min) and extra-high (>50 min). The
density of whales at Hervey Bay and the GCB was calculated per
calendar week. Densities were sorted into three ordinal catego-
ries (1, 2 and 3). The number of whales counted each calendar
week was calculated, and the 33rd and 66th percentiles of
number of whales counted each calendar week were calculated
for both locations. Calendar weeks falling below the 33rd
percentile of the number of whales counted were grouped into
Density Category 1, those within the 33rd—66th percentiles were
grouped into Density Category 2, and those above the 66th
percentile were grouped in Density Category 3. To compare the
observations of behaviour between the two sites, a generalised
linear mixed model (GLMM) with a logit-link function was run
to analyse each behavioural category. This model used the same
behavioural categories as the mixed-effects logistic regression
model, but this time with density and effort (in minutes) as fixed
effects, and weeks as the random variable.

Results

The total estimated survey effort in the GCB was 1432 h over
672 days, with a mean of 2 h at-sea survey time. In Hervey Bay,
the total estimated survey effort was 4932 h over 533 days and a
mean survey time of 9 h, based on recorded start and end times.
The total number of whale sightings was 3610, including 555
calves, between 2011 and 2018 in the GCB, and 8885 whales,
including 1776 calves, between 1999 and 2009 in Hervey Bay
(Table 2). Hervey Bay had an estimated average of 8 whales per
km? over the 11-year study period within the study range. The
GCB had an estimated average of 4 whales per km? over 8 years
of study within the area of observation (Fig. 1). The GCB
recorded 32% of sightings as mother—calf pairs based on SPUE,
and Hervey Bay recorded 39% mother—calf pairs.

Behavioural data analysis

Results from the mixed-effects regression (see Fig. Al of
Appendix 1) showed that effort was the most common signifi-
cant predictor for observing behaviour categories in both the
GCB and Hervey Bay, with increased effort resulting in a higher
likelihood of observation. However, effort was not a significant
predictor of the likelihood of observing resting behaviour in
Hervey Bay. In all but resting and surface travel behaviour
categories, medium, high and extra-high effort was a significant
predictor of the likelihood of observing behaviour categories in
Hervey Bay. In the GCB, only high and extra-high effort
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Overview of the survey effort in the GCB and Hervey Bay, including years of study, total area covered and the duration of surveys, total number of pods, whales and mother—calf pairs

Table 2.

and the total count of behaviours in each behaviour category for both datasets

Count of behaviour categories

Bubbling

Number of
mother—calf

Number of

Number of

Area Effort Effort

(km®)

Survey
years

Study site

Resting

Surface

Social
communication

Non-aggressive

Breach

Agonistic

whales

(h) pods

(days)

travel

social

pairs

96
286

1364
3669

507
1008

414
1420

90
424

556

646

603

1117

1110
3552

3610

1566
3834

1432
4932

672

533

1125
1050

2011-18

GCB

8885

1999-2009

Hervey Bay

Marine and Freshwater Research 1257

increased the likelihood of observing all behaviours except for
bubbling (only extra-high) and surface travel (all effort levels).

In the GCB, density was not a significant predictor for any
behaviour categories. In Hervey Bay, there was a significantly
greater chance of observing resting behaviour at higher density
levels, and at the highest density level there was a significantly
lower likelihood of observing non-aggressive social behaviour.

Year was not a significant predictor of almost all behaviour
categories observed in the GCB, except in 2018, when there was
a higher likelihood of observing non-aggressive social behav-
iour. In Hervey Bay, there were more significant yearly varia-
tions in the data, with all behaviour categories except breach
having at least one year that was a predictor of the likelihood of
observing behaviour categories. Surface travel was the most
highly affected by year, where for 4 years (2004, 2005, 2006,
2008) there was a significantly lower chance of observing the
behaviour.

Non-aggressive social behaviour had a significantly higher
probability of observation with higher effort in Hervey Bay,
with close to a 75% chance of observing this behaviour when the
effort exceeded 50 min (Fig. 2). In the GCB, there was close to a
50% chance of observing a breach behaviour when the effort
was extra-high, and there was a significantly greater chance of
observing breaching behaviour in the GCB, particularly with
high and extra-high effort (Fig. 2). Resting behaviour had a
greater likelihood of observation in the GCB when the effort was
high (Fig. 2). There was a significantly greater chance of
observing agonistic behaviour in the GCB when the effort was
high or extra-high (Fig. 2).

The results of the GLMM showed very similar outcomes to
the mixed-effect regression. Breaching, social communication
and agonistic behaviour were more likely to be observed in the
GCB than Hervey Bay (Table 3). Conversely, surface travel,
non-aggressive social behaviour and bubbling were more likely
to be recorded at Hervey Bay (Table 3). The observed differ-
ences in resting behaviour between the two sites were not
significant. Density was a significant predictor of non-
aggressive social behaviour, resting and surface travel, but not
behaviours (Table 3).

Discussion

Using only behavioural data, this study demonstrates the
importance of the GCB as a critical habitat for the E1 humpback
whale population and confirms the role of Hervey Bay as a
habitat for nursing and courtship. Differences in the behaviour
categories observed show that both habitats have similarities in
their usage, particularly of resting behaviour, but also distinct
differences: more agonistic behaviour, breaching and social
communication in the GCB, and higher rates of non-aggressive
social behaviour displays in Hervey Bay. The evidence of a high
proportion of mother—calf pairs and observations of different
behavioural displays in the GCB over the entire season suggest
that the bay is used by all age classes of humpback whales. It
expands upon the evidence that the GCB is frequently used for
resting and agonistic behaviours, and is in line with previous
findings for the GCB (Meynecke et al. 2013; Torre-Williams
etal. 2019; Valani et al. 2020) that it also serves as a resting area
for the E1 population.
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Fig. 2. Probability of observing (a) agonistic behaviour, (b) non-aggressive social behaviour, (¢) breach behaviour and () resting behaviour at Hervey
Bay and the Gold Coast Bay with varying effort levels. Effort levels are categorical variables of the total survey time for each individual survey conducted at
either site and are binned into ‘low’ (15 min), ‘medium’ (16-30 min), ‘high’ (31-50 min), and ‘extra-high (X-high; >50 min).

Importance of behaviour in identifying habitat use

Trends in habitat preferences and distributions of species are
typically recognised by environmental parameters (Trudelle et al.
2016; Ona et al. 2017) or through the use of technologies such as
satellite tags (Guzman and Félix 2017; Bejder et al. 2019).
However, as we begin to better interpret specific behaviour dis-
plays and understand how and when they are exhibited
(Kavanagh et al. 2017), it is possible to interpret the use of a
habitat area through these behaviours, in conjunction with envi-
ronmental parameters and physiological requirements (Ersts and
Rosenbaum 2003). Behavioural data have previously been used

to assist with the identification of habitat use, with most marine
mammal studies focusing on foraging, travelling, resting and
socialising as the primary behavioural states (Karczmarski et al.
2000; Barendse and Best 2014; Noren and Hauser 2016). Less
frequently have specific behaviour categories been used to
describe habitat use and preferences (Geise et al. 1999).

Resting and mother—calf pairs

In this study we found that the occurrence of resting behaviour in
Hervey Bay and the GCB is very similar (Table 3). Research from
other breeding grounds has shown that lactating females spend,
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Table 3. Results of the generalised linear mixed models with logit link

Separate binomial models were run demonstrating the effect of site (Hervey Bay and GCB), density (from 1 (lowest density) to 3 (highest density)) and minutes (duration of each survey) on the observation of

each behavioural category. Significance levels are denoted by: *, P < 0.05; **, P <0.01; *** P <0.001. Var, Variance; Est, Estimate; f2, low density; 3, high density

Resting Bubbling

Social communication Non-agonistic social group  Agonistic behaviour

Surface travel

Breach

s.d.

0.098 0.31

Var
Est

s.d.
0.34
s.e.

Var

s.d.

0.004 0.06

Var
Est

s.d.
0.32
s.e.
0.14
0.08
0.15
0.16
0.04

Var

s.d.

0.06 0.24

Est
-0.69 0.11

Var

s.d.

0.07 0.27

Var

s.d.

0.06 0.24
Est

Var

Random effects

0.11

0.10

Est
—0.89

Week
Fixed effects

s.e.

Est
—3.42 0.28 —12.02%%**

s.e.

S.e.

s.e.
0.188 9.63%**

1.07 0.13  8.52%%**

0.11

Est

S.e.

—2.83 0.23 —12.43%%*

_6.0%**

-0.48 0.06 —7.29%**

0.17 0.10
0.16 0.09

-0.58 0.09
0.51

6.3k
6.49%**

_6.14%%*
—0.33 0.08 —4.42%%*

-0.00 0.13

1.81

—0.63 0.13 —4.73%%*

Site: Hervey Bay —1.08 0.08 —13.6%***

Intercept
Density: {2
Density: {3

0.65 0.14 4.83%**
025 0.25

-0.29 0.25

74

1.

026 0.14

0.52
0.07
-0.46

1.009
-1.17
10.65%**

2.77**

0.85 0.31

1.064
1.61
15.55%**

0.48
—2.83%*

-0.02
-0.80
13.59%**

0.87 0.23  0.507

0.41

-0.03 0.15

2.22%

1.

0.68 0.31

0.13

0.1

2.1

046 0.22

0.12 0.15

047 0.04

68

0.08 0.05

17.06%** 0.03

0.44 0.03 0.58

0.33 0.03 9.73*** (038 0.06 5.72%%**

Scale (min)
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on average, 35% of their time resting (Bejder et al. 2019).
Although it was not possible to measure the proportion of time
spent at rest in this study, previous studies from Hervey Bay have
shown its significance as a resting ground (Stack et al. 2020), and
the GCB is likely of similar importance to resting whales.

Resting behaviour is specifically important for lactating
females and their calves (Cartwright and Sullivan 2009).
Mother—calf pairs must ensure they maintain a low energy
expenditure over their migration to reduce decline in body
composition for the mother and optimise growth for the calf
(Bejder et al. 2019).

Hervey Bay is recognised as an important habitat ground for
resting humpbacks, particularly mother—calf pairs (Stack ez al.
2019). Studies have reported that more mother—calf pods are
observed there than in other regions (Franklin 2012), with the
proportion of all pods that included one or more calf to be 40%
(Franklin ef al. 2011), and mother—calf dyad pods representing
42.2% of all pods observed during September (Martinez et al.
2015). A recent study from the GCB found that up to 30% of all
humpback whales sighted over the migration season were
mother—calf pairs (Valani et al. 2020). The present study found
a similar proportion of mother—calf pairs observed in both Hervey
Bay and the GCB, despite the data collection occurring over
different time periods. In the GCB, over the 8 years of data
collection for this study, 39 calves were recorded in June, and
evidence of newly born calves migrating north have been
documented (Torre-Williams er al 2019). The number of
mother—calf pairs recorded in the GCB indicates a relatively high
presence compared with known resting and breeding grounds of
other populations, such as Madagascar (Ersts and Rosenbaum
2003), Ecuador (Scheidat et al. 2000), the Dominican Republic
(Mattila et al. 1994) and the West Indies (Mattila ef al. 1989).

Lactating humpback whales allocate significant periods of
time on their migration to rest in order to reduce their energy
expenditure (Bejder et al. 2019). Currently, the recognised
breeding and calving grounds of the E1 population of humpback
whales are situated in the southern Great Barrier Reef, south of
21°S (Simmons and Marsh 1986; Chaloupka and Osmond
1999); however, the exact parameters are ill-defined (Smith
et al. 2012). Evidence of expanded calving ranges, south of the
putative calving grounds, is becoming frequently documented
(Guidino et al. 2014; Thums et al. 2018; Torre-Williams et al.
2019). Habitat areas along migration routes have continuously
been recognised to be of more importance for humpback whales,
particularly for maternal care and resting (Bruce et al. 2014;
Guidino ef al. 2014). It is now clear that the habitat boundaries
have more plasticity than once believed, and it is very likely the
areas of suitability for breeding and calving will continue to
change (Derville et al. 2018). The large number of mother—calf
pairs observed in the GCB in this study indicates a resting area
for the E1 population. Consequently, the importance of the GCB
for resting behaviours in the latter half of the migration season
needs to be recognised and considered when managing conser-
vation of the area in the future.

Non-aggressive social behaviour

The population characteristics of humpback whales in Hervey
Bay are favourable to encourage mating behaviours. The
occurrence of non-aggressive social behaviour was recorded in
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both study locations; however, there was a greater likelihood of
observing these precopulatory behaviours in Hervey Bay
(Table 3; Fig. 2). There is temporal segregation of separate
cohorts entering the region, with mainly newly pregnant females
and immature whales present earlier in the season (Franklin
et al. 2018). Franklin (2012) found that most non-aggressive
social behaviours occurred earlier in the migration season,
coinciding with the arrival of immature males and females, and
likely pertaining to the development of courtship-related beha-
viours. Large numbers of mature male whales are absent in
Hervey Bay in August (Franklin ef al. 2018), so social interac-
tions and mating attempts can more easily occur, without large
competitive groups present. The results of the mixed-effects
regression showed that with higher densities of humpback
whales in Hervey Bay there was a predicted decrease of the
occurrence of non-aggressive social behaviours (Table 3). With
the arrival of lactating females later in the season, mature males
are taking advantage of more mating opportunities, with post-
partum oestrus occurring in a small percentage of females
(Chittleborough 1958). The GCB also recorded the presence of
precopulatory behaviours, and mating is known to occur over
the entire migration route (Brown et al. 1995). However, the
shallow nature of Hervey Bay (on average <20 m; Ribbe 2014)
is not conducive to competition in males, so large competitive
pods are less likely to occur, allowing for smaller pods of mature
whales to socially interact.

Agonistic behaviour and competitive groups

Previous studies largely agree on the suite of behaviours that
function as agonistic communication in humpback whale
populations (Baker and Herman 1984; Lunardi et al. 2010).
Surface activities that are interpreted as aggressive commonly
involve collisions or strikes between individuals (Silber 1986;
Garrigue and Gill 1994; Félix and Botero-Acosta 2012) and
include head lunges, displacement of other competing escorts,
side tail slashes and peduncle slaps (Baker and Herman 1984,
Lunardi et al. 2010). Some literature has discussed bubbling as
an aggressive behaviour (Tyack and Whitehead 1983; Lunardi
et al. 2010). It seems likely that bubbling behaviour, although
occurring in agonistic displays, may also occur during non-
aggressive social behaviour. Hervey Bay has been found to have
a low proportion of competition pods (6.3% of pods observed;
Franklin 2012), yet, in the present study, we reported a higher
probability of humpback whale bubbling behaviour (Table 3);
the recorded bubbling may have been in association with non-
aggressive social behaviour, as observed by us.

Our results suggest that there was a greater chance of
observing more agonistic behaviour in the GCB than in Hervey
Bay (Fig. 2). Competitive groups typically occur in deeper
waters (Herman et al. 2007) because they allow greater move-
ment within the water column and facilitate these aggressive
behaviours (Ersts and Rosenbaum 2003). Hervey Bay is very
shallow in nature (mean depth 20 m), making it a favourable
habitat for non-aggressive social behaviours and lower rates of
agonistic behaviour. The GCB is located on the continental
shelf, so has depths ranging from 20 to 80 m, encouraging
competitive groups to enter the GCB and allowing aggressive
behaviours in the deeper waters further away from shore.
Furthermore, competitive groups have been found to associate

S. McCulloch et al.

more with females without than with a calf (Lunardi ef al. 2010).
The greater presence of mother—calf pairs in Hervey Bay,
particularly later in the migration season (Franklin er al
2011), may discourage male-male competitive behaviours. In
addition, the closed embayment of Hervey Bay requires a
diversion from the migratory path.

The mating strategy of humpback whales shows seasonal
changes in levels of aggression between individuals, linked to
alterations in abundance and pod size (Baker and Herman 1984;
Lunardi et al. 2010). However, we did not find any significant
differences in the effect of density on agonistic behaviour,
similar to Kavanagh et al. (2017).

Breaching and social communication

Breaching behaviour is not thought to be associated with com-
petitive or non-aggressive social behaviour (Franklin 2012).
Previous research has shown that it is used for inter- rather than
intragroup communication (Dunlop et al. 2008) and acts to
accentuate communication signals (Whitehead 1985). Breach-
ing can be influenced by the spatial organisation of whales, with
the distance to the nearest pod altering the rate of this behaviour,
decreasing when whales are within 4000 m compared with
beyond that distance (Kavanagh ef al. 2017). The present study
did not find density to be a predictive variable for observing
breaching behaviour at either site, yet it was observed signifi-
cantly more in the GCB than Hervey Bay. In the GCB there was
a higher chance of observing agonistic behaviour and social
communication than in Hervey Bay, likely with more compet-
itive groups socialising together. Fluke slapping and pectoral fin
slapping are thought to be used during the splitting or joining of
groups (Deakos 2002; Kavanagh et al. 2017); therefore, there is
likely a much higher change of humpback whale groups in
the GCB, indicating the area’s importance for intergroup
communication.

Use of citizen science data

Although citizen science data is often the only available long-
term data, it has its limitations. Unlike systematic surveys, the
inability to synchronise the data collection time of citizen sci-
ence projects means data from different time periods may be
analysed. In this study, the datasets from the two locations were
analysed separately and, when evaluating year as a predictive
variable, there was no indication of a large shift in behavioural
observations over time. In addition, we are comparing the same
population of humpback whales and there were no major
changes in habitat use reported from the study sites between
1999 and 2018.

External factors, such as wind speed, sea state and back-
ground noise levels, can also affect humpback whale behaviour
(Whitehead 1985; Dunlop et al. 2010; Dunlop 2016). Humpback
whales use both vocal communication (songs and social sounds)
and surface-generated acoustic signals to communicate (Dunlop
et al. 2008). With increasing wind speeds and sea state, hump-
back whales switch from predominately vocal to surface-
generated communication (Dunlop ef al. 2010). It is possible
that environmental parameters can affect the rate of observation
of these surface behaviours. Taking into account both vocal
communication and environmental variables in future studies
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could provide a more comprehensive insight into humpback
whale social communication and behaviour in the study areas.
Another limitation is the effect that vessels may have had on
the behaviours performed by the whales. Humpback whale
behaviours can change in the presence of boats, including
horizontal avoidance, increased dive times, changes in path
predictability, decreased respiration rates or even approaching
vessels (Corkeron 1995; Schaffar et al. 2009, 2013; Stamation
etal. 2010; Garcia-Cegarra et al. 2019; Sprogis et al. 2020). Yet,
Amrein et al. (2020) found that some whales do not change their
behaviour in the presence of vessels. The data in this study were
collected aboard motorised vessels at both sites, so there is no
effect on the comparison of the data. Furthermore, collecting
data of this detail without the use of vessels in close proximity to
the whales would be difficult to accomplish. The potential
impact from diurnally varying behavioural patterns (Helweg
and Herman 1994) exhibited by the humpback whales may also
restrict the outcomes of this research. In the GCB, research was
conducted on commercial whale watching vessels so the timing
of daily surveys could not be controlled for and depended
entirely on the operators (data collection could take place
anytime between 0730 and 1800 hours). Humpback whale
behavioural patterns have been shown to vary diurnally
(Helweg and Herman 1994), which could affect the suite of
behaviours recorded. This could be remedied if funding for a
systematic study was granted. Still, the use of citizen science for
marine mammal monitoring has been proven effective on
numerous occasions (Foster-Smith and Evans 2003; Davies
et al. 2012; Tonachella et al. 2012; Ward et al. 2015; Bertulli
etal. 2018) and is potentially the only practical method to collect
long-term data needed to document ecological patterns and
broad-scale population trends (Dickinson ef al. 2010). Not only
can citizen science produce viable and beneficial information,
but it can also provide environmental education and encourage
the conservation of nature in participants (Kobori et al. 2016).

Conclusion

The increase in potential for human—animal conflict is particu-
larly concerning with the presence of many mothers and calves
in the GCB over the migration season. The E1 population faces
many anthropogenic pressures when migrating through the
GCB (e.g. whale watching tours, recreational and commercial
fisheries, expansion of tourism activities, shark nets from the
Queensland Shark Control Program). Humpback whales have
been shown to change their behaviour in the presence of vessels
(Corkeron 1995; Garcia-Cegarra et al. 2019), so increased dis-
turbance from commercial and recreational vessels poses a risk
to their fitness and survivorship (Stack et al. 2019). Disturbances
to this population’s typical behaviours can have significant
implications for socialisation and survivorship. Lactating
whales and their calves have to carefully manage their energy
expenditure and balance migration and movement with resting
periods to reduce the decline in body composition for the
mothers and to optimise the muscle development and motor
skills of the calf (Cartwright and Sullivan 2009; Sullivan and
Cartwright 2009; Bejder et al. 2019). Continued monitoring of
the interaction between this population and human activities is
important to maintain a healthy population. Identifying the
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function of these locations, particularly the GCB, is relevant
when considering management strategies and conservation
initiatives. This study has confirmed that the GCB is important
for the E1 population of humpback whales and is used for many
behavioural states: resting, calving, mating and socialising.

Further research into habitat use is particularly important in
light of climate change impacts (Derville et al. 2018), which
include variations in spatial distribution, timing of migration,
behaviour (Simmonds and Eliott 2009; Cartwright et al. 2019;
Sousa et al. 2019), reduced calving rates (Kershaw et al. 2021)
and likely increased mortality. The use of behavioural data
provides a unique opportunity to compare habitat use between
different regions along a migratory pathway, as well as between
separate populations. Fluctuations in habitat use demonstrate
how important it is to assess both the species’ and anthropogenic
use of these areas more regularly. Habitats are likely to change
as the dynamics of the population also alter in an evolving ocean
environment. Management policies and conservation strategies
must also evolve as rapidly to allow the continued protection of
humpback whales.
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Fig. A1. All results of the mixed effects logistic regression model. Effect plots show the probability of observing the different humpback whale

behavioural categories with density, effort and year variables: (@) agonistic behaviour, (b) breach behaviour, (c¢) bubbling behaviour, (d) non-
aggressive social behaviour, (e) resting behaviour, (f) social communication behaviour and (g) surface travel behaviour. Effort levels are categorical
variables of the total survey time for each individual survey conducted at either site and are binned into ‘a_short’ (=15 min), ‘b_medium’ (16-30 min),
‘c_long’ (31-50 min) and ‘d_xlong’ (>50 min). Density is split into three categories (1, 2 and 3), where 1 is the lowest density and 3 is the highest.
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Fig. A1l. (Cont.)
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