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Thesis abstract 

Whether dolphins are part of the ecological character of Ramsar-listed wetlands 

depends on their status as a biological component of the ecosystem (e.g., dolphin 

biomass, residency) and their involvement in ecosystem processes (e.g., energy and 

nutrient dynamics, species interactions). The aim of this thesis is to provide the 

scientific basis for deciding whether Indo-Pacific bottlenose dolphins (Tursiops 

aduncus) in the Peel-Harvey Estuary (PHE) in Western Australia should be considered 

part of the ecological character of the Ramsar-listed Peel-Yalgorup wetland system 

that the PHE is a part of. Dolphin photo-identification and behavioral data, as well as 

tissue samples, were collected during boat-based surveys in the PHE and adjacent 

coastal waters between 2016 and 2019. Social, spatial and isotopic (δ13C and δ15N) 

niche partitioning were investigated to identify population structure based on 

biologically meaningful criteria. Social structure, home range and stable isotope 

analyses confirmed a year-round resident, socially, spatially and isotopically distinct 

community of ~90 dolphins occupying the PHE. The estuarine community had a 

slightly negative population growth rate (-0.004, SD 0.062) with a low probability 

(0.010, SE 0.003) of extinction in 100 years. The community was closed to 

immigration, with changes in abundance driven by births and deaths and likely 

permanent emigration of immature males. Social clusters within the community were 

heterogeneous in their space use and diet. Detritivores, omnivores and herbivores and 

benthic omnivores and carnivores each contributed approximately a third and water 

column species 10%, to the annual fish biomass (~200,000 kg) removed by the 

resident dolphin community. The findings of this thesis provide strong empirical 

evidence that dolphins are functional biological components of the ecological 

character of the Peel-Yalgorup Ramsar site.  
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Chapter 1  

General introduction 
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Wetlands such as estuaries and rivers are commonly occupied by dolphins and 

freshwater dolphin species occur only in these habitats (Vidal et al. 1997; Smith et al. 

2001; Read et al. 2003; Zhang et al. 2003; Fury and Harrison 2008; Braulik et al. 2014; 

Urian et al. 2014; Chabanne et al. 2017a). As top predators, dolphins can have an 

important ecological function through the consumption of large biomass of prey (Bax 

1991; Bowen 1997) and by influencing behavior and distribution of prey species 

(Ohgushi et al. 2012; Morosinotto et al. 2010; Brown and Kotler 2004; Abrams 2000; 

Lima 1998). Additionally, they may be an important feature of a wetland for cultural 

(e.g., significance to indigenous people), aesthetic and economic (e.g., tourism) 

reasons (e.g., Alves and Rose 2008; Lee Long and O’Reilly 2009; RIS 2018).  

 Given their presence in wetland ecosystems, dolphins may form part of the 

‘ecological character’ of internationally significant wetlands listed under the 

Convention on Wetlands of International Importance especially as Waterfowl Habitat 

(the Ramsar Convention), e.g., the Indus dolphin (Platanista gangetica ssp. minor) in 

the Indus Dolphin Reserve in Pakistan (RIS 2001) and the Tucuxi (Sotalia fluviatilis) 

and Amazon river dolphin (Inia geoffrensis) in the Tarapoto Lakes complex in 

Colombia (RIS 2018). The ecological character of a wetland is defined by the Ramsar 

Convention as ‘the sum of the biological, physical and chemical components of the 

wetland ecosystem and their interactions, which maintain the wetland and its products, 

functions and attributes’ (COP7, Resolution VII.10, 1999). Whether dolphins are 

considered part of the ecological character of a wetland will depend on their status as 

a biological component of the wetland ecosystem (e.g., dolphin biomass, residency), 

their involvement in ecosystem processes (e.g., energy and nutrient dynamics, species 

interactions) and their contribution to ecosystem benefits and services (e.g., recreation, 

tourism and Indigenous culture; DEWHA 2008). If dolphins are recognized as part of
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1 The Commonwealth Department of Agriculture, Water and the Environment (current) is a federal regulatory agency that is 

currently responsible for developing and implementing national legislation and policy to protect and conserve Australia’s 

environment. This portfolio was previously held in the now dissolved Department of the Environment and Energy – DEE (2016 

– 20), Department of the Environment -DE (2013 – 16), Department of Sustainability, Environment, Water, Population and 

Communities – DSEWPC (2010 – 13) and Department of the Environment, Water, Heritage and the Arts – DEWHA (2007 – 10).  

 

 the ecological character of a wetland, then they will become a feature of monitoring 

and reporting of changes in the wetland’s ecological character (DEWHA 2008). 

 The ecological character description for a Ramsar site, usually at the time of 

listing, provides a baseline against which changes in the ecological character can be 

measured. The Ramsar Convention provides guidance on describing and maintaining 

the ecological character of listed sites (COP9, Resolution IX.1 Annex A, 2005). This 

guidance forms the basis of a national framework applied in Australia, developed by 

the Commonwealth Department of Agriculture, Water and the Environment (DEWHA 

2008)1. An important component of this framework is setting a Limit of Acceptable 

Change (LAC), i.e., a tool for assessing when the character of a wetland may have 

changed, for ecosystem components, processes and services (COP11, DOC.24, 2012). 

The LAC concept requires identification of measurable range of natural variation in 

ecological parameters, with values measured outside of their normal range potentially 

leading to changes in ecological character of a site (COP6, Resolution VI.1, 1996; 

DEWHA 2008). A LAC should be set in a way that changes may be monitored and 

evaluated against it.       

 The main goal of this thesis is to determine whether dolphins are part of the 

ecological character of a Ramsar listed Peel-Yalgorup System (PYS) in Western 

Australia. Following the framework applied in Australia (i.e., DEWHA 2008), their 

status as biological components of the system (i.e., biomass and site fidelity) and 

involvement in ecosystem processes (i.e., trophic interactions) will be evaluated. A 

combination of biological parameters (e.g., population structure and demographic 

parameters) will be used to provide baseline information for dolphins in the PYS. This 

baseline will provide the scientific basis for deciding whether dolphins are part of the 
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ecological character of the Peel-Yalgorup Ramsar site while also informing the 

development of an appropriate LAC and a long-term monitoring program. While of 

equal importance, evaluating how dolphins contribute to the site’s ecosystem services 

and benefits is outside the scope of this thesis. These parameters cannot be fully 

evaluated under a biological framework used here but require a separate framework 

that incorporates cultural, social and economic information.  

 This introductory chapter consists of two main parts. The first part will provide 

background information to the Ramsar Convention, how it is implemented in Australia 

and what the description of a site’s ecological character entails. The second part will 

give an overview of how dolphins have been included in the ecological character 

description of different Ramsar sites, methodology that I suggest could be used to 

determine whether dolphins are part of the ecological character of a site and finally an 

introduction to the study area and the structure of this thesis. 

 

1.1. Implementation of Ramsar Convention in Australia 

Signatories to the Ramsar convention are committed to conservation and wise use of 

wetlands and are responsible for describing, maintaining and monitoring the ecological 

character of listed sites (Ramsar Convention, Article 3). Additionally, contracting 

parties are required to report if a wetland’s ecological character has changed, is 

changing or is likely to change as the result of technological developments, pollution, 

or other human interference (Ramsar Convention, Article 3). 

The Strategic Plan of the Ramsar Convention provides guidance on how the 

contracting parties should focus their implementation of the Convention. The goals of 

the current Strategic Plan (2016-2024) are to address the drivers of wetland loss and 

degradation, effectively conserve and manage the Ramsar site network, wisely use all 
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wetlands and to enhance the implementation of the Strategic Plan (COP12, Resolution 

XII.2, 2015). While signatories to the Ramsar Convention work toward meeting these 

goals, they simultaneously contribute to meeting goals set by other international 

agreements such as the Convention on Biological Diversity (i.e., the Aichi Biodiversity 

targets), Paris Agreement on Climate Change and the UN Sustainable Development 

Goals.     

In Australia, although the management of Ramsar listed wetlands rests with the 

States and Territories, the Commonwealth is ultimately responsible for Australia’s 

compliance with the Ramsar Convention (i.e., maintain the ecological character of 

Ramsar listed wetlands). The Environment Protection and Biodiversity Conservation 

Act 1999 (Cth; the EPBC Act) implements the Commonwealth’s obligations to the 

Ramsar Convention. The EPBC Act focuses Australia’s environmental law and policy 

on matters of National Environmental Significance, which includes wetlands of 

international importance (i.e., Ramsar-listed wetlands). The EPBC Act prohibits, 

without an approval from the Minister, action that has, will have or is likely to have a 

significant impact on the ecological character of a declared Ramsar wetland (EPBC 

Act, Section 17B). It also establishes management principles that require any action 

that is likely to impact the ecological character of a listed wetland to be subject to 

impact assessment and approval process and a management plan, inclusive of 

ecological character description, to be developed for each site (EPBC Act, Sections 

332-335).  

 The management goal for Ramsar sites is to maintain the ecological character 

of each site (COP8, Resolution VIII.14, 2002; COP9, Resolution IX.1, 2005). 

Although the Commonwealth Government Department of Agriculture, Water and the 

Environment is the administrative authority on the Ramsar Convention, all levels of 
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government (i.e., Commonwealth, State and Territory) are committed to integrating 

wetland conservation and wise use into their policies, strategies and plans that relate 

to the use and management of natural resources (DEE 2019). The required 

management plans for Ramsar sites are often developed and implemented 

collaboratively by State government agencies and other stakeholders such as city and 

shire councils, industry, non-profit organizations, research institutions and 

community/interest groups. A Technical Advisory Group (TAG) comprising 

stakeholder representatives is typically established for each Ramsar site. The TAG is 

involved in collaborative management of a site, assessing its ecological health and 

reporting on monitoring results against management triggers (i.e., LACs) to the 

Commonwealth Government (i.e., Wetlands and Aquatic Ecosystems Sub 

Committee), which reports to the Ramsar Secretariat. 

 

1.2. Ecological character of Ramsar listed wetlands 

The Ecological Character Description (ECD) identifies and describes components 

(i.e., physical, chemical and biological), processes (e.g., species interactions and 

interactions between organisms and the non-living environment), benefits and services 

(e.g., benefits to humans) of a wetland while identifying those that are critical to 

determining the ecological character of a site (DEWHA 2008). At minimum a LAC 

should be set in the ECD for critical wetland components and processes (DEWHA 

2008). A change in ecological character is identified when critical parameters fall 

outside their normal range (i.e., a LAC is not met) and this resulting in impairment or 

imbalance in processes which maintain the wetland and its products, attributes and 

values (COP6, Resolution VI.1. 1996). It is important to note that not meeting, or 

exceeding, a set LAC for any one component does not necessarily indicate change in 
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ecological character for the whole site but will trigger investigation into whether the 

ecological character has changed, and management action is required.  

The ECD should also identify threats to the ecological character of a site, with 

a detailed risk assessment included in a site management plan (DEWHA 2008). The 

Ramsar Convention Wetland Risk Assessment Framework (COP7, Resolution VII.10. 

1999) identifies changes to water regime, water pollution, physical modification, 

exploitation of biological products and introduction of exotic species as categories that 

may cause adverse change to ecological character of a wetland. Further, the ECD is 

required to identify knowledge gaps, monitoring needs and important messages to be 

included in a communication, education and public awareness (CEPA) action plan.  

 

1.3. Dolphins in Ramsar listed wetlands  

Dolphins comprise a particularly important aspect of a wetland’s ecological character 

if they contribute to a wetland meeting one or more of the Convention’s ‘Criteria for 

Identifying Wetlands of International Importance’ (COP6, Resolution VI.2, 1996; 

COP9 Doc.17, 2005; Ramsar Information Paper no. 5, 2007). The criteria likely to be 

relevant to dolphins are Criterion 2, 3, 4 and 9 (Table 1.1). For example, the globally 

endangered status according to the International Union for the Conservation of Nature 

(IUCN) Red List of Threatened Species (hereafter IUCN Red List) of Indus dolphins 

(Platanista gangetica ssp. minor; Braulik et al. 2012, see also Braulik et al. 2021) and 

the ecological significance of the Indus Dolphin Reserve in Pakistan to the species, 

supports this Ramsar site 
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Table 1.1. Criteria for identifying Wetlands of International Importance under the Convention on Wetlands of International Importance 1 

especially as Waterfowl Habitat (1971) and the fulfillment of each criteria by the Peel-Yalgorup Ramsar site in Western Australia 2 

Criterion Description (COP6, Resolution VI.2, 1996; COP9 Doc.17, 2005; Ramsar 

Information Paper no. 5, 2007) 

Peel-Yalgorup Ramsar site (Hale and Butcher 2007) 

1 A wetland should be considered internationally important if it contains a 

representative, rare, or unique example of a natural or near-natural wetland type 

found within the appropriate biogeographic region. 

The site includes the largest and most diverse estuarine complex in south-

western Australia and examples of coastal saline lakes and freshwater 

marshes.  

2 A wetland should be considered internationally important if it supports 

vulnerable, endangered, or critically endangered species or threatened 

ecological communities. 

Supports critically endangered Lake Clifton Thrombolite community and 

vulnerable (IUCN Red List, BirdLife International 2018) fairy terns (Sternula 

nereis). 

3 A wetland should be considered internationally important if it supports 

populations of plant and/or animal species important for maintaining the 

biological diversity of a particular biogeographic region. 

The site is one of two locations in south-western Australia and one of very 

few in the world where living thrombolites occur in inland waters.  

4 A wetland should be considered internationally important if it supports plant 

and/or animal species at a critical stage in their life cycles or provides refuge 

during adverse conditions. 

The site supports >50 species of birds, fish and crustacea at critical life stages 

(e.g., migration, drought refuge, breeding and moulting). 

5 A wetland should be considered internationally important if it regularly 

supports 20,000 or more waterbirds. 

The site comprises the most important area for waterbirds in south-western 

Australia, supporting >20,000 waterbirds annually, with greater than 150,000 

individuals recorded in 1977. 

6 A wetland should be considered internationally important if it regularly 

supports 1% of the individuals in a population of one species or subspecies of 

waterbird. 

The site meets this criterion for 14 species of waterbird species (both 

international and Australian).  

 

7 A wetland should be considered internationally important if it supports a 

significant proportion of indigenous fish subspecies, species or families, life-

history stages, species interactions and/or populations that are representative of 

wetland benefits and/or values and thereby contributes to global biological 

diversity. 

n/a 

8 A wetland should be considered internationally important if it is an important 

source of food for fishes, spawning ground, nursery and/or migration path on 

which fish stocks, either within the wetland or elsewhere, depend. 

The site is important as a nursery and/or breeding and/or feeding ground for 

at least 50 species of fish and the Peel-Harvey Estuary is a migratory route for 

the Pouched Lamprey (Geotria australis).  

9 A wetland should be considered internationally important if it regularly 

supports 1% of the individuals in a population of one species or subspecies of 

wetland-dependent non-avian animal species. 

n/a 

3 
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2 Burrunan dolphin (Tursiops australis) is not widely accepted as a separate species (Jedensjö et al. 2017) and is not currently 

recognized by the Society for Marine Mammalogy (Committee on Taxonomy 2021). 

meeting Criterion 2 (on the basis that the site has consistently recorded over 500 

dolphins since the declaration of a reserve in 1974, RIS 2001). Similarly, the 

vulnerable Indo-Pacific finless porpoise (Neophocaena phocaenoides; IUCN Red List, 

Wang and Reeves 2017) in the Dong dongting hu Ramsar site in China (RIS 2013) 

and the endangered (IUCN Red List, da Silva et al. 2018; 2020) Tucuxi (Sotalia 

fluviatilis) and Amazon river dolphin (Inia geoffrensis) in Tarapoto Lakes (RIS 2018) 

contribute to these sites meeting Criteria 2 and 4. In Australia, a resident population of 

Australian humpback dolphins (Sousa sahulensis), listed as vulnerable (IUCN Red 

List, Parra et al. 2017), contribute to the Great Sandy Strait Ramsar site meeting 

Criteria 2, 3 and 4 (Lee Long and O’Reilly 2009; Cagnazzi et al. 2011).  

Criterion 9 by which ‘a wetland should be considered internationally important 

if it regularly supports 1% of the individuals in a population of one species or 

subspecies of wetland-dependent non-avian animal species’ was added to the listing 

criteria at the 9th Meeting of the Conference of the Parties in 2005 (COP9, DOC.17, 

2005). In terms of dolphins, it is more likely this criterion will be fulfilled for sites 

important for freshwater species, which have relatively small global populations and 

restricted habitat ranges (Reeves et al. 2003). For example, the Río Yata Ramsar site 

in Bolivia hosts more than 1% of the global population of the endangered (IUCN Red 

List, da Silva et al. 2018) Bolivian river dolphin (Inia geoffrensis ssp. boliviensis), 

contributing to the site meeting Criterion 9 (RIS 2012). In Australia, the Gibbsland 

Lakes Ramsar Site Management Plan (EGCMA 2015) suggests that based on the site 

being occupied by a population of Burrunan dolphins (Tursiops australis)2, that are 

genetically distinct from other known populations (Charlton-Robb et al. 2015), the site 

should also meet Criterion 9.
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Even if dolphins are not considered as a contributor to as why a wetland is 

listed under the Ramsar Convention, they may form part of a wetland’s ecological 

character and may be included in the ECD. The available information (e.g., residency 

patterns, abundance and distribution) on dolphins in wetlands influences the extent to 

which they are, or can be, included in the nomination of a site or its ECD. Similarly, 

setting a meaningful LAC for dolphins relies on sufficient information on how they 

use a Ramsar site, how reliant they are on a wetland and how they may influence its 

ecological character (e.g., Lee Long and O’Reilly 2009). Some Ramsar sites’ ECDs 

briefly mention dolphins using the area within the boundaries of a site (e.g., Hale and 

Butcher 2007; BMT WBM 2010; BMT WBM 2011a) but do not further discuss them 

as part of the site’s ecological character. Other sites’ ECD describes dolphins as 

important components that provide benefits and services to humans (e.g., dolphin 

watching: Lee Long and O’Reilly 2009; Kellogg Brown and Root 2010) and are 

important for local Indigenous culture (e.g., Lee Long and O’Reilly 2009).  

 To my knowledge, dolphins have not been identified as critical components of 

any Ramsar listed wetlands in Australia and are therefore not required to have a set 

LAC associated with them (DEWHA 2008). Regardless, some sites have set a LAC 

relating to dolphins (e.g., ‘a detectable decline in the population of Indo-Pacific 

humpback dolphins using the site’: Lee Long and O’Reilly 2009) while others have 

not (e.g., EGCMA 2015). In general, a LAC may remain undefined due to insufficient 

information available for a species (e.g., Lee Long and O’Reilly 2009) or dedicated 

ECDs and/or management plans not having been developed for a site (e.g., Auditor 

General for Western Australia 2006).  
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1.4. Assessing whether dolphins are part of a wetland’s ecological character  

There is no pre-described methodological framework to determine whether dolphins 

should be considered as part of the ecological character of a Ramsar listed wetland or 

as contributors to a site meeting criteria under which it can be listed as internationally 

important. Following the Ramsar Convention’s guidance (COP9, Resolution IX.1 

Annex A, 2005) and the framework used in Australia (DEWHA 2008), factors that can 

be considered include species’ conservation status (e.g., IUCN Red List) and 

measurable attributes such as how many individuals use a listed site, their site fidelity, 

reliance on wetland resources (e.g., for food or reproduction) and their influence on a 

site’s defined ecological character. For a comprehensive assessment, dolphins’ 

contribution to ecosystem services (e.g., culture, aesthetics, tourism) should also be 

evaluated, however, this thesis focuses only on dolphins as biological components of 

the wetland and their involvement in ecosystem processes. As such, the methodology 

considered here only relates to gathering scientific information to evaluate biological 

and ecological parameters.   

 How many dolphins use a Ramsar wetland can be estimated using standard 

distance sampling (see Buckland et al. 2015) or capture-recapture methods based on 

photo-identification (e.g., Urian et al. 2015). Here, only the latter is considered as 

distance sampling methods do not allow individuals to be identified and therefore the 

resulting data cannot be used to investigate individuals’ site fidelity or population 

social or demographic structure. Photo-identification refers to a method where 

individuals can be identified and distinguished from each other from photographs of 

their unique natural markings (e.g., nicks and notches on dolphins’ dorsal fin, Würsig 

and Würsig 1977; Würsig and Jefferson 1990). This allows encounter histories, which 

capture where, when and with whom an individual was observed, to be created for 



 

12 

 

individuals. Photo-identification data also enables individuals’ site fidelity and 

association patterns (i.e., population social structure) to be investigated (Whitehead 

2008a).  

Bottlenose dolphin (Tursiops spp.) populations are often spatially and socially 

structured (Urian et al. 2009; Wiszniewski et al. 2009; Titcomb et al. 2015; Chabanne 

et al. 2017a). This makes photo-identification methods useful in both determining 

population partitioning based on biologically meaningful criteria (e.g., population 

spatial or social structure) and identifying whether a particular site (e.g., a Ramsar-

listed wetland) is occupied by a distinct group (e.g., a social community) of dolphins. 

To understand whether social and spatial population partitioning is relevant in relation 

to an area of interest, it is important to include areas beyond the boundaries of the area 

of interest in the study design. 

Whether a wetland is an important area to dolphins can be investigated by 

studying their behavioral activity (e.g., foraging, resting, socializing, travelling, 

mating, or calving) while they are present in the area. As such, behavioral observations 

may confirm how wetland areas are used by dolphins. However, as dolphins are often 

observed for a relatively short period of time during surveys with potentially long 

temporal gaps between observations and are mostly not observed at night, behavioral 

observations may not be sufficient in concluding whether individuals or populations 

are dependent on a wetland. Organisms that are part of the trophic structure of a 

wetland typically show higher carbon stable isotope (δ13C) values than organisms in 

more pelagic habitats (e.g., McCluskey et al. 2020). This provides a useful way of 

investigating whether dolphins that may move freely between habitats (e.g., from an 

estuary to coastal waters and into deeper pelagic waters) depend on wetland resources. 

A remote biopsy system developed for small cetaceans (Krützen et al. 2002) allows 
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for skin samples to be collected from individuals for stable isotope analyses. Further, 

investigating stable isotope composition (δ13C and δ15N) of both consumer (e.g., 

dolphins) and prey (e.g., fish) will aid in understanding the diet of the predator and as 

such inform on their interaction with other species (e.g., Semmens et al. 2009).  

If the above methods provide justification for dolphins to be considered part of 

the ecological character of a wetland (i.e., as a biological component involved in 

ecosystem processes), in context of the Ramsar Convention there is a requirement to 

maintain them as such. Additional information is then required to provide a baseline 

for measurable parameters that can inform the setting of a LAC and to develop an 

appropriate monitoring program. When a population’s full range extends beyond the 

boundaries of a listed Ramsar site, the number of animals using or being supported by 

the site in a defined time period may form a baseline and be used to determine the LAC 

(e.g., waterbirds, Hale and Butcher 2007; humpback whales, Lee Long and O’Reilly 

2009). However, if a Ramsar site encompasses a population’s full range, demographic 

parameters such as population size, survival and reproductive rates may be used as 

measurable baseline parameters. The observed variation in these parameters over time 

can be used to inform a LAC and to establish an appropriate monitoring framework to 

detect changes in the population.     

 

1.5. Indo-Pacific bottlenose dolphins in the Peel-Harvey Estuary 

The Peel-Yalgorup Ramsar site (~265 km2) in Western Australia includes the largest 

estuarine system in south-western Australia, the Peel-Harvey Estuary (PHE), coastal 

saline lakes and freshwater marshes (Fig. 1.1). The site is part of the East Asian-

Australasian flyway, which represents collective water- and shorebird migration routes 

between their breeding grounds in the Arctic tundra and non-breeding areas in the 
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southern hemisphere (Hansen et al. 2016). The Peel-Yalgorup System (PYS) is an 

important feeding and breeding ground for birds, supporting >100 species (Hale and 

Butcher 2007) and was designated a ‘Wetland of International Importance’ under the 

Ramsar Convention in 1990 (RIS 1998). The site currently meets seven of the nine 

criteria (COP6, Resolution VI.2, 1996; COP9 Doc.17, 2005; Ramsar Information 

Paper no. 5, 2007) for identifying Wetlands of International Importance (Table 1.1).  

A comprehensive ecological character description (ECD) for the PYS was 

completed in 2007 (Hale and Butcher 2007). The ECD describes the critical 

components, processes and services of the wetland, quantifies a LAC for them, 

identifies water quality objectives and defines likely threats that may adversely impact 

the ecological character of the system (Hale and Butcher, 2007). The management of 

the site is shared by multiple Western Australia State Government agencies (e.g., 

Department of Water and Environmental Regulation, Department of Primary 

Industries, Department of Biodiversity, Conservation and Attractions) and other 

stakeholders (e.g., Peel-Harvey Catchment Council - PHCC) including the Traditional 

Custodians of the land, the local Noongar communities (Hale and Butcher 2007; 

PHCC 2009; 2017; DWER 2020). The aim of the management plan is to protect and/or 

restore the ecological character of the PYS and promote the wise use of the wetland 

by fostering roles and responsibilities of local stewards (PHCC 2009). Guided by the 

management plan, a CEPA strategy has been developed for the site (PHCC 2017). It 

aims to encourage government, community and industry to become more involved in 

the care and protection of the PYS in the face of the increased pressure from urban and 

industrial development. Since the PYS was listed under the Ramsar Convention, the 

population of Mandurah has increased by ~70% and is forecast to increase by a further 

~44% by 2036 (Australian Bureau of Statistics 2021). This will add pressure on the  
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Figure 1.1. Boundary of the Ramsar-listed Peel-Yalgorup Wetland in Western 

Australia 

 

wetlands through increased recreational use, nutrient and contaminant loads, 

groundwater extraction and development (Hale and Butcher, 2007). The PYS has been 

recognized as critical for the region’s economy for its tourism and recreational value 
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(e.g., fishing, crabbing, bird watching, water sports, boating, Hale and Butcher 2007; 

PHCC 2017). It is also of cultural and spiritual significance to the indigenous Noongar 

people (Hale and Butcher 2007; DWER 2020). 

The PHE (~130 km2), which forms a large part of the PYS, is a microtidal (tidal 

range ~0.5) estuary with two shallow basins (<2 m), the Peel Inlet and the Harvey 

Estuary (Fig. 1.1). Three rivers (the Serpentine, Murray and Harvey rivers) discharge 

into the Estuary, which is connected to the Indian Ocean via a natural opening 

(Mandurah Channel) and an artificial opening (Dawesville Channel). The Dawesville 

Channel was constructed in 1994 in response to adverse impacts of eutrophication in 

the system (Brearley 2005; Elliott et al. 2016). The opening of the Dawesville Channel 

has resulted in the estuary becoming more marine, which has led to changes in the 

ecological character of the estuary (Hale and Butcher 2007; Potter et al. 2016; Hallett 

et al. 2018; Valesini et al. 2019).   

 Currently, high phytoplankton productivity (Thomson 2019) together with 

macroalgae and seagrass, dominated by seagrass species Ruppia megacarpa 

(Krumholz, 2019), support a diversity of hyperbenthic and infaunal communities 

(Valesini et al. 2009; Wildsmith et al. 2009), >80 species of fish (Valesini et al. 2009; 

Potter et al. 2016) and >100 species of wetland dependent birds in the estuary (Hale 

and Butcher 2007). 

Although not explicitly considered as components of the ecological character 

of the Peel-Yalgorup Ramsar site, the ECD for the site (Hale and Butcher 2007, page 

61) mentions dolphins, noting that: 

Although not well studied, there is anecdotal evidence that the Peel-Harvey 

Estuary supported a small population of bottlenose dolphins (Tursiops 

truncates {sic}). Animals were observed feeding in the estuary and travelling 
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up the Serpentine River as far as Goegrup Lake. It is suspected that they were 

not residents in the estuary but using the estuary for feeding travelling between 

the estuary and the ocean via the Mandurah Channel. 

Historical stranding records also indicate that dolphins regularly use the PHE with a 

relatively high number of live strandings recorded between 1981 and 2010 (Groom 

and Coughran 2012). Dolphins are sighted year-round in the Mandurah Channel 

(Raeside 2012) and are recognized as a tourism attraction, with a tour operator, 

Mandurah Cruises (www.mandurahcruises.com), providing dolphin-watching cruises 

in the waterways. Considerable citizen science effort in the past few decades by the 

Mandurah Volunteer Dolphin Rescue Group further suggests that dolphins use the 

PHE year-round with individuals showing high site fidelity to the area. As such, 

although anecdotal information is available, it is not sufficient to evaluate whether 

dolphins are part of the ecological character of the site.  

 

1.6. Thesis aim and structure 

The overall aim of this thesis is to provide the scientific basis for managers to decide 

whether dolphins should be considered part of the ecological character of the Peel-

Yalgorup Ramsar-listed wetland. The described methodological framework will be 

applied to evaluate whether Indo-Pacific bottlenose dolphins (Tursiops aduncus) are a 

component of the ecological character of the site and involved in ecosystem processes. 

The suggested methodological framework (see section 1.4) allows for estimating how 

many dolphins use the PHE, their site fidelity and dependence on estuarine food 

sources. The measured parameters will form a baseline for dolphins using the site, 

which can be used to develop a LAC and a monitoring program for dolphins. This 

thesis does not consider dolphins’ contribution to ecosystem services and benefits, 
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which are likely to be significant for this site. Therefore, this thesis does not allow for 

full evaluation whether dolphins are critical components of the ecological character of 

the site, nor does it provide sufficient information for a comprehensive LAC to be set. 

In addition to contributing to the primary aim of this thesis, the data chapters 

individually contribute to our knowledge on bottlenose dolphin population ecology, 

sociobiology and behavior, while specifically investigating intrapopulation 

partitioning according to multiple (i.e., social, spatial and isotopic) niche dimensions. 

This thesis will follow a structure where data chapters (Chapters 2, 3 and 4) are written 

as standalone manuscripts two of which have been submitted for publication. The 

specific aims of each chapter are detailed below. 

 

Chapter 2 investigates Indo-Pacific bottlenose dolphin population structure and 

partitioning according to social, spatial and isotopic niche dimensions in Western 

Australia State waters inclusive and adjacent to the Peel-Harvey Estuary. Niche 

partitioning based on the above dimensions will inform whether the Peel-Harvey 

Estuary is occupied by a distinct population of dolphins based on ecologically 

meaningful criteria. This chapter will inform whether dolphins should be considered 

as a biological component of the ecological character of the Peel-Yalgorup Ramsar 

site. 

 

Chapter 3 characterizes the social structure, demographics and viability of the Peel-

Harvey dolphin population. The results of this chapter will provide a baseline against 

which changes in the population can be measured and will inform the development of 

a Limit of Acceptable Change (LAC) and a monitoring program for dolphins. 
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Chapter 4 investigates dolphin trophic interactions within the Peel-Harvey Estuary. 

The proportional contribution of fish feeding guilds to the diet of dolphins will be 

quantified and the annual fish biomass removed from the estuary by the resident 

dolphin population estimated. Intra-population isotopic niche partitioning 

corresponding to social structure will be examined. This chapter will inform on the 

consumptive effects of dolphins in the estuary (i.e., their involvement in ecosystem 

processes). 

 

Chapter 5 draws together the results from the data chapters to evaluate whether 

dolphins are a biological component of the Peel-Yalgorup Ramsar site and whether 

they are involved in ecosystem processes to an extent that they can be considered part 

of the site’s ecological character. The contribution of the established baseline 

information to determine the LAC for dolphins will be discussed and a monitoring 

program to detect changes in the population suggested.        

 

Data 

The data used in this thesis was collected on systematic boat-based photo-

identification surveys conducted year-round between 2016 and 2017. Additional effort 

was conducted in 2018 and 2019. Dolphin tissue samples were collected between 2016 

and 2018. To investigate trophic interactions, fish samples were collected as part of a 

separate study (2016 and 2017) documenting the fish community structure of the Peel-

Harvey Estuary (Hallett et al. 2018). Data on dolphin births and deaths were 

supplemented by observations by the Mandurah Volunteer Dolphin Rescue Group and 

a local tour operator Mandurah Cruises.



 

20 

 

Chapter 2 

Social, spatial and isotopic niche partitioning identify an 

estuarine community of bottlenose dolphins as a discrete 

management unit 

 

 

 

 

 

 

This chapter has been accepted as a co-authored paper: Nicholson, K., Loneragan, N., 

Finn H. and Bejder L. In review. Social, spatial and isotopic niche partitioning identify 

an estuarine community of bottlenose dolphins as a discrete management unit. Aquatic 

Conservation: Marine and Freshwater Ecosystems. 
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2.0. Abstract 

Investigations of population structure across multiple niche dimensions can enable the 

identification of discrete management units within populations. This study examined 

social, spatial and isotopic niche partitioning in Indo-Pacific bottlenose dolphins 

(Tursiops aduncus) across ca. 600 km2 of coastal and estuarine waters in south-western 

Australia, to evaluate whether estuarine dolphins should be treated as a discrete 

management unit. Photo-identification data and tissue samples were collected in 2016 

and 2017 in a study area covering the Peel-Harvey Estuary (PHE) and adjacent coastal 

waters. A total of 1038 dolphin groups were encountered, and 481 individuals were 

identified. Tissue samples for stable isotope (δ13C and δ15N) analyses were collected 

from 96 individuals. Social structure and complexity analyses were conducted, home 

ranges for individuals and identified communities were estimated and differences in 

stable isotope composition among individuals and communities were examined. A 

socially, spatially and isotopically distinct dolphin community occurred in the PHE. 

The coastal waters contained four socially and spatially, but not isotopically, distinct 

communities, as well as a substantial number of dolphins (n = 185) who were sighted 

infrequently and therefore were not assigned to any community. The estuarine 

community had significantly higher mean δ13C and significantly lower mean δ15N 

values in their skin than any of the coastal communities. There is a strong scientific 

basis for treating the PHE community as a discrete management unit. The estuarine 

and coastal communities occupied different social environments, with coastal 

individuals sharing space with more transient individuals. This study shows the value 

of integrating information from multiple niche dimensions when identifying 

managements units and the need to consider all encountered individuals in 

management planning. 
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2.1. Introduction 

Bottlenose dolphins (Tursiops spp.) occur in temperate and tropical coastal and 

estuarine waters, often with an apparently continuous distribution across adjoining 

coastal and estuarine systems within the species range (Wilson et al. 1997; Zolman 

2002; Fury and Harrison, 2008; Hammond et al. 2012; Urian et al. 2014; Braulik et al. 

2019). These continuous distribution patterns can make it difficult to identify discrete 

population segments that may require greater management attention because of 

anthropogenic pressures or other factors (Chabanne et al. 2017a; Chabanne et al. 

2017b). Investigations of population structure using intraspecific partitioning in 

multiple niche dimensions (Hutchinson 1957) provides a potential basis for identifying 

management units.  

Many bottlenose dolphin populations are socially and spatially structured 

(Urian et al. 2009; Wiszniewski et al. 2009; Titcomb et al. 2015; Chabanne et al. 

2017a). This has implications for how a ‘population’ is defined (Thomas and Kunin 

1999) and for the identification of pressures (e.g., resource competition and predation) 

and threats (e.g., disturbance, habitat loss and pollution) affecting it. Further, the 

complex nature of such structuring means that, depending on the management 

objective(s), the scientific basis for identifying management units within populations 

(e.g., Chabanne et al. 2017a; Giménez et al. 2018) should consider not only population 

genetic structure (Moritz, 1994; Palsbøll et al. 2007), but also niche partitioning based 

on population social structure (e.g., Urian et al. 2009; Wiszniewski et al. 2009) (social 

partitioning), temporal and spatial distribution of individuals (e.g., Titcomb et al. 2015; 

Genov et al. 2019) (spatial partitioning) and partitioning based on trophic ecology 

(e.g., Giménez et al. 2018) (isotopic partitioning). Such information can assist in 
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evaluating whether population segments are sufficiently socially, spatially and 

isotopically distinct to warrant their treatment as discrete management units. 

 Analyses of social partitioning proceeds on a basis that social species occupy 

a social niche, which can be defined as a set of social environments, constructed by 

social interactions with conspecifics (Saltz et al. 2016). Individuals that belong to the 

same social group overlap at least to a degree in their space use and thus encounter the 

same resources and likely have similar diets (Darimont et al. 2004; Semmens et al. 

2009). The interplay between the social and ecological environment, however, is 

difficult to separate. As such, combined, the two can be referred to as a socioecological 

environment where the ecological environment may affect the social environment and 

the social environment may determine individual space use patterns (Webber and 

Vander Wal 2018). Within the socioecological environment, individuals make 

decisions on both sociality and space use to maximize their fitness (McLoughlin et al. 

2006; 2010; Silk 2007; Farine et al. 2015). This, in turn, results in heterogeneity in 

sociality and space use within populations. Therefore, the social niche concept 

provides a biologically meaningful criterion for discriminating between population 

segments. 

Individuals’ social niche can be investigated by studying interactions among 

conspecifics. Bottlenose dolphins live in complex social systems with fission-fusion 

dynamics where individual decision-making causes groups to frequently fission and 

fuse in response to conflicting or shared interests of group members (Connor et al. 

2000; Sueur et al. 2011). Typically, such dynamics reflect heterogeneous 

environments, both social and ecological, where individual association patterns and 

habitat selection vary spatiotemporally (Aureli et al. 2008; Webber and Vander Wal 

2018). An evolutionary trajectory by which this kind of grouping pattern may have 
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arisen assumes extended associations to be advantageous for an individual. As a result, 

a society grows structured (Hinde 1976) with cohesive groups that fission and fuse due 

to ecological pressures, such as predation risk and access to mates (Connor et al. 1992; 

Connor et al. 2001; Heithaus and Dill 2002). Temporal demographic patterns (i.e., 

transience and temporary emigration, Silva et al. 2009) may further define population 

structure by allowing individuals that are spatially and temporally segregated, to 

associate with each other. Although individuals of Tursiops spp. occupy different 

social niches, they are typically part of socially distinct communities within a larger 

population (Urian et al. 2009; Wiszniewski et al. 2009; Chabanne et al. 2017; Genov 

et al. 2019).  

Spatial partitioning also provides a useful criterion for identifying management 

units, particularly when applied in coordination with social partitioning information. 

For example, social communities can represent appropriate population segments (or 

‘local populations’) for environmental impact assessments where the range of the 

community substantially overlaps with an area to be affected by a proposed 

development or activity (Chabanne et al. 2017a). However, a social community may 

not contain all the individuals that use the affected area. Methodologies to ensure the 

unbiased allocation of individuals into social communities often require sighting data 

to be truncated to exclude individuals sighted less than a specified minimum number 

of times. This truncation often leads to the exclusion of >50% of encountered 

individuals from social analyses and therefore from identified social communities 

(e.g., Wiszniewski et al. 2009; Titcomb et al. 2015; Chabanne et al. 2017a). This may 

lead to misidentification of critical habitat as well as underestimation of the number of 

animals affected by a proposed development or activity. As such, intra-population 

social community structure together with consideration of space use of individuals 
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outside of identified communities should be considered for environmental impact 

assessments and other management decision-making. 

Individuals’ ecological niche may be partly identified by stable isotope ratios 

in consumer tissues as they provide information on nutrient assimilation and 

consequently, individual resource and habitat use (Newsome et al. 2007b; Newsome 

et al. 2012). Carbon (δ13C) ratios identify sources of primary production and remain 

similar between producer and consumer reflecting individual’s recent foraging habitat 

(De Niro and Epstein 1978; Fry and Arnold, 1982) while nitrogen (δ15N) ratios 

increase with the length of the food chain and reflect the trophic level an individual 

occupies (Post 2002; Tollit et al. 2010). In aquatic ecosystems, organisms in estuaries 

and near coastal areas typically show higher δ13C ratios than organisms in further 

offshore habitat (e.g., McCluskey et al. 2021). Therefore, stable isotope analyses 

provide a useful tool in identifying whether individuals are reliant on estuarine (i.e., 

more benthic) or coastal (i.e., more pelagic) food sources (e.g., Troina et al. 2020). In 

particular, stable isotope analyses can complement observational data (e.g., social 

interactions and individuals’ locational records) on wide-ranging species, such as 

dolphins, for which information may often be scarce across temporal scales.  

This study examines social, spatial and ecological niche partitioning in Indo-

Pacific bottlenose dolphins (Tursiops aduncus) across ca. 600 km2 of coastal and 

estuarine waters in south-western Australia, to evaluate whether estuarine dolphins 

should be treated as a discrete management unit. To support the evaluation, this study 

aims to determine whether the Peel-Harvey Estuary (PHE) is occupied by a social 

community or communities that can be considered spatially and isotopically distinct 

from any identified coastal communities and from any grouping of more transient 

individuals who are not part of any identified community. Findings on local dolphin 
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population structure will assist decision-making about future development or activity 

that may affect dolphins in the PHE and adjacent coastal waters and will help 

contextualize dolphin abundance and other population demographic parameter 

estimates for the region. 

 

2.2. Methods 

2.2.1. Study area 

The study area covered approximately 600 km2 of Western Australian (WA) State 

waters including the PHE and adjacent coastal waters (Fig. 2.1). The PHE is connected 

to the Indian Ocean through two entrances: a natural opening (Mandurah Channel) and 

a man-made channel (Dawesville Channel). Three rivers, the Murray, Serpentine and 

Harvey, flow into the estuary from a catchment area of approximately 94,000 km2 

(Valesini et al. 2019). Although the rivers were not part of the dedicated study area, 

the Murray and Serpentine were visited opportunistically ~7.5 km upstream during the 

study. The study area included coastal waters extending ca. 25 kilometres north and 

south of the Mandurah Channel with the WA State water limit determining the 

offshore boundary (i.e., ~ 5.6 km from the coast). 

 

2.2.2. Sampling design and photo-identification 

Data collection was designed specifically for dolphin population demographic capture-

recapture analyses based on individual animal photo-identification. The temporal and 

spatial sampling design was developed to optimize the probability that consecutive 

sampling occasions were independent and that individuals in the study area had an  
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Figure 2.1. The polygon shows the coastal boundary of the dedicated study area, 

which includes State waters (3 nm from coast baseline) of Western Australia. The 

displayed transect is one of the 37 and 28 differently placed transects in the Peel-

Harvey Estuary (PHE) and coastal waters, respectively.  Transect routes were followed 

while searching for Indo-pacific bottlenose dolphins (Tursiops aduncus) for photo-

identification surveys conducted in the PHE and adjacent coastal waters off Mandurah. 

Dolphin sighting locations within the dedicated study area between January 2016 and 

December 2017 are displayed. 
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equal probability of capture on each sampling occasion. Due to the complex shape of 

the estuary, a different transect design was applied in the PHE than in coastal waters. 

The PHE transects were ~40 km in length and followed a similar route each time, apart 

from in the Peel Inlet where a unique ‘zig-zag’ route was followed on each sampling 

occasion (see Fig. 2.1 for an example). The coastal transects also followed a ‘zig-zag’ 

pattern and were designed using Distance 6.2 software (Thomas et al. 2010). The 

position of the initial transect segment, which determined the position of the parallel 

segments, was selected at random from a coverage grid of points (points separated by 

a survey coverage width of 600 m) created over the study area. Each point in the 

coverage grid was available for selection for each transect (i.e., sampling with 

replacement). Balancing logistics and the ability to complete a coastal transect between 

one and three days (to optimise probability of closure within a sampling period), the 

transect line was designed to be ~120 km in length. Therefore, for each transect the 

parallel lines were set 9 km apart and in a 15° angle south to an East-West axis. The 

parallel lines were connected by additional segments to create a continuous ‘zig-zag’ 

design to ensure no ‘off effort’ transit between start and end points of transect 

segments. This process was repeated for each coastal transect.  

To optimise the probability that all dolphin groups available for detection 

would be sighted, data collection only commenced in low wind and swell conditions 

with Beaufort Sea State (BSS) ≤2 and swell <1.5 m. If commenced, data collection 

continued in BSS = 3. A minimum of three transects covering the entire study area 

were conducted each austral season (summer: January-February; autumn: April-May; 

winter: July-August; and spring: October-November) in 2016 and 2017. Transects 

were conducted on a 5.6 m research vessel equipped with a 100 hp outboard engine at 

a speed of 8 to 10 knots. Four observers searched for dolphins out to 300 m on either 
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side of the transect line, resulting in a 600 m ‘survey zone’. To increase sighting 

frequency for social analyses, in addition to dedicated transects, opportunistic dolphin 

group data were collected during sightings of groups encountered during transit to and 

from transect start and end points, as well as during fieldwork days when data were 

collected for other purposes (i.e., biopsy sampling and stereo-laser photogrammetry, 

van Aswegen et al. 2019). All data were collected and processed using the same 

protocols described below.  

 All dolphin groups encountered were surveyed. Group membership was 

defined by a ‘10-m chain rule’, where individuals within 10 m of each other were 

considered part of the same group (Smolker et al. 1992). A survey consisted of a 

minimum of five min ‘snapshot’ of the group during which GPS location, predominant 

behavior, group size and composition were recorded. Additionally, each dolphins’ 

dorsal fin was photographed for individual identification (Würsig and Würsig 1977; 

Würsig and Jefferson 1990) using a digital camera fitted with a 100-400 mm telephoto 

lens. Individuals were assigned as either independent individuals (i.e., adults and 

juveniles) or dependent calves according to visual inspection of their size and 

consistent association of a smaller individual (i.e., a calf) with an adult individual. 

Calves were estimated to be < 6 months old if foetal folds or lines were prominent on 

both sides of their body. Independent individuals therefore consist of juveniles, sub-

adults and adults. A survey was considered completed once a good quality photograph 

(i.e., where individual’s dorsal fin was fully visible, in focus, perpendicular to the 

camera and filled a large proportion of the camera frame, e.g., Urian et al. 1999; 

Nicholson et al. 2012), was obtained of all group members. This was not always 

achieved due to the behavior of the animals, or when there was uncertainty over how 

many individuals were present in the group.  
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 Photographs of each individual’s dorsal fin were compared with all others in 

the catalogue established for this study and to catalogues established by photo-

identification studies conducted north and south of the study area, the Coastal and 

Estuarine Dolphin Project (CEDP, Chabanne et al. 2017a; Chabanne et al. 2017b) and 

the South-West Marine Research Program (SWMRP, Smith et al. 2012; Sprogis et al. 

2018), respectively. All matches were confirmed by two independent observers. If 

there was no match, a minimum of four people searched all catalogues for a match 

before a unique identification code was given and the individual added to the 

catalogue.  

 

2.2.3. Social analyses 

To maximise sample size for social analyses, all individuals with confirmed identity 

(i.e., two independent observers agreed) from photographs, regardless of the 

photographic quality or fin distinctiveness, were included in the dataset. All social 

analyses were carried out using software program SOCPROG 2.9 (Whitehead 2009). 

Association indices (AIs) estimate the proportion of time two individuals spend 

together and were calculated for each dyad in the dataset. Individuals were considered 

associated if they were observed in the same group during a sampling period defined 

as a day. This ‘gambit of the group’ approach is commonly used when studying 

cetaceans (e.g., Gowans and Whitehead 2001; Lusseau et al. 2003). It assumes that 

interactions take place within groups, all individuals in a group interact similarly with 

every other member and the proportion of time two individuals spend in the same 

group correlates with the rate of interaction between individuals. Individuals 

encountered <5 times were excluded from analyses as this was the threshold at which 

the coefficient of correlation between true and estimated AIs suggested an adequately 
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representative pattern of true social structure (see below). Dependent calves were 

excluded from all analyses as high association rate between mother and calf would 

cause an upward bias in the resulting overall association indices for females.  

In this study we used the half weight index (HWI) of association, which is 

considered least biased when a pair of individuals is more likely to be sighted apart 

than together and all associates of a given individual are not identified (Cairns and 

Schwager 1987). The HWI is typically chosen over other association indices when 

studying cetaceans as it accounts for observation bias inherent in photo-identification 

methods (e.g., Smolker et al. 1992; Cagnazzi et al. 2011; Chabanne et al. 2017a). The 

HWI was calculated for each dyad as 𝑋/ (𝑋 + 𝑌𝐴𝐵 +
1

2
 (𝑌𝐴 + 𝑌𝐵)) where X is the 

number of sampling periods in which two individuals, A and B, were recorded as 

associated; YAB the number of sampling periods in which A and B were observed in 

the same sampling period in different groups; YA the number of sampling periods in 

which just individual A was identified; and YB the number of sampling periods in 

which just individual B was identified.  

A Pearson’s correlation coefficient (PCC) with likelihood approximation was 

calculated between the true and estimated HWIs to measure how accurately social 

structure could be represented by the AIs (Whitehead 2008a). The PCC indicates the 

strength of the analyses to detect true social structure. A high correlation coefficient 

value (near 1.0) indicates that data are sufficient for excellent representation of true 

social structure. A value of ~0.8 indicates good and ~0.4 moderate representation of 

true social structure (Whitehead 2008b). The PCC was calculated first including all 

individuals in the data set and then excluding individuals who have been observed 

more than once, more than twice, more than three times and so forth until the PCC 

reached >0.4. 
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To investigate social differentiation, identified as the degree to which a pair of 

individuals within a population differ in their probability of association, the coefficient 

of variation of the true AIs was estimated (Whitehead 2008a). A coefficient of 

variation < 0.3 indicates a homogeneous society, while a value > 0.5 indicates well-

differentiated society and a value > 2 is indicative of extremely differentiated society 

(Whitehead 2008a; Whitehead 2008b).  

Permutation tests (Bejder et al. 1998; Whitehead 1999; Whitehead et al. 2005) 

were carried out to determine whether observed associations between individuals 

differed from that of a randomly associating population. Individuals within groups 

were randomly swapped (or ‘flipped’; Bejder et al. 1998), keeping group size and the 

number of times an animal was seen the same as in the original dataset. Flips were 

made within sampling periods (i.e., a day) within which there is likely to be little or 

no additions or deletions to the population due to the immigration/emigration and 

birth/death processes (Whitehead 1999). Using this approach, we ensure significant 

preference/avoidance is not detected due to some pairs of individuals being present in 

or absent from the study area (Whitehead et al. 2005). Subsequently, HWI were 

calculated for the new data matrix and the process repeated, always starting with the 

previously generated matrix. As a result, each data matrix was only slightly different 

from the previous one and none of the matrices (including the original one) were 

independent of each other. The difference in mean standard deviations between the 

observed and permuted HWI values was used as a test statistic (p-value) to determine 

whether the observed AI values were significantly different from the permuted values. 

The number of permutations required was determined by increasing the number of 

matrix permutations until the p-value stabilized (Bejder et al. 1998).  
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An eigenvector network algorithm (Newman 2004; 2006) was used to identify 

whether the study population could be divided into communities based on their 

association patterns (i.e., HWIs). Generally, AIs are considered high among 

individuals within the same community and low between individuals in different 

communities. A maximum modularity, which is the difference between the observed 

proportion and the expected proportion between the sum of the AIs within 

communities, was used to determine divisions of the population into communities. A 

Mantel test with 1,000 permutations was carried out to test whether AIs within and 

between communities were different.  

Binomial mixture models (Weiss et al. 2019) and the Shannon’s information 

index (Shannon and Weaver 1949) were used to quantify population social complexity. 

The social complexity can be defined as the diversity of relationships experienced by 

individuals (Weiss et al. 2019). It assumes that the AIs, quantifying the proportion of 

time a pair of individuals are associated with each other, belong to one of many 

relationships classes each of which comprise of similar relationships described by the 

HWI. Models were run with maximum of seven mixtures (i.e., relationship types) with 

Integrated Completed Likelihood used for model selection. Standard errors were 

calculated by jack-knifing on each sampling period. 

 

2.2.4. Spatial and temporal distribution 

Sighting locations of individuals assigned to a social community were pooled to 

represent the home range for each community. Following Royle et al. (2014), home 

range was defined as an area utilized by dolphins within the study area during the 

defined study period and is from here on referred to as an activity space. A non-

parametric fixed kernel method (Silverman 1986; Worton 1989) was used to estimate 
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utilization distribution (UD) for each community. To ensure inaccessible areas (i.e., 

land) were not considered as part of the animals’ activity space, kernel density 

estimates (KDE) were derived using a kernel interpolation with barriers module in the 

spatial analyst toolbox in ArcMap 10.4 (e.g., MacLeod 2013, Sprogis et al. 2016). The 

UDs were estimated over a grid (cell size 200 m x 200 m) created over the study area. 

A smoothing parameter (i.e., bandwidth), h, changes the shape of the kernel depending 

on distance to data points that are allowed to contribute to a density estimation at a 

particular location. This parameter was set to 6,000 after visual inspection of kernels 

from varying values of h. To investigate whether some areas were utilized more 

frequently, both 50 and 95 percent volume contours (PVC) were calculated. The 50 

PVC represents a core activity space for a community, containing 50% of all the 

locational records for community members. The 95 PVC represents a full activity 

space within the study area, containing 95% of all the locational records for community 

members. Overlap in communities’ activity spaces was calculated as a percentage of 

area overlap, rather than a probability of encountering community members in another 

community’s activity space. Sighting locations of individuals observed on <5 sampling 

occasions and therefore not assigned to any identified social community, were plotted 

separately to investigate space utilization by these individuals. 

 

2.2.5. Stable isotope analyses 

Tissue samples of blubber and skin were collected using a remote biopsy system 

(PAXARMS modified .22 calibre biopsy rifle) developed for small cetaceans (Krützen 

et al. 2002). Biopsy sampling was attempted on independent dolphins (i.e., not 

dependent calves) encountered when individual or group behavior was deemed 

suitable. To ensure an unbiased sample, when targeting an individual to biopsy, no 
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preference was given to well-marked individuals over those who had relatively few 

marks, or better-known individuals over less frequently sighted ones. Samples were 

placed in an empty vile and stored in ice for transport into storage in -80°C freezer 

until processing for analyses.  

The variability in tissue lipid content can alter bulk tissue δ13C values (Logan 

et al. 2008; Newsome et al. 2018) as lipids have more negative δ13C values relative to 

other biochemical compounds (DeNiro and Epstein, 1997). As recommended by 

deLecea and Charmoy (2015) and Gimenez et al. (2016), for accurate measurements 

of both δ13C and δ15N, δ13C was analysed in lipid free samples and δ15N in bulk (i.e., 

untreated) samples. The bulk samples were oven-dried at 60°C for 24h and powdered 

with a mortar and pestle. The other aliquot underwent lipid extraction with three 

consecutive 24h soaks in 2:1 choloform:methanol solvent solution (Newsome et al. 

2006; Newsome et al. 2018). These samples were then rinsed in deionised water, oven-

dried and powdered as per the bulk samples. All samples were weighed to the nearest 

10-2 μg, packed into tin capsules for δ13C and δ15N measurements and sent to the West 

Australian Biogeochemistry Centre at the University of Western Australia for analysis. 

Samples were analysed for δ13C and δ15N, using a continues flow system consisting of 

a Delta V Plus mass spectrometer connected with a Thermo Flush 1112 via Conflo IV 

(Thermo-Finnigan/Germany). See analytical details in Skrzypek and Paul (2006).  

All sampled individuals were assigned to groups based on the social 

community they belonged to. If a sampled individual did not belong to any of the 

identified social communities (i.e., individuals sighted <5 times), it was assigned to 

either a ‘coastal’ (i.e., individuals sampled in coastal State waters) or an ‘offshore’ 

(i.e., individuals sampled in Commonwealth waters) group. Tissue samples collected 

from members of social community E were combined with the ‘coastal unknown’ 
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group for the analysis of variance due to low sample size (n = 3) in this group. The 

null hypothesis that there is no difference in mean δ13C and δ15N values between the 

groups was tested with the non-parametric Kruskal-Wallis test. The Shapiro-Wilk test 

was used to test for normality and the Brown-Forsythe for homogeneity of variance in 

the data. Where the null hypothesis was rejected, Dunn Test with Bonferroni adjusted 

p-values was used to determine which groups were significantly different from each 

other.  

 

2.3. Results 

2.3.1. Search effort and group encounters 

Between January 2016 and December 2017, 222 days or part thereof, amounting to 

1,281 h, were spent in the study area searching for and surveying dolphin groups. 

Thirty-seven transects were completed in the PHE and 28 in coastal waters.  A total of 

1,038 dolphin group surveys were conducted with 404 of the groups encountered on 

effort (i.e., along a transect line) and 634 off effort (i.e., not along a transect line; Fig. 

2.1). A total of 980 dolphin group surveys were included in analyses after sightings 

with no identified individuals were removed. The average group size for groups 

encountered in the study area was 6.36 (SD 6.23, range 1-45, mode 2, median 4). 

A total of 481 individuals were identified during the study: 374 independent 

individuals (i.e., adults and juveniles) and 107 calves, of which 39 were <6 months old 

during this study. Individuals had heterogeneous sighting frequencies (mean 11.23, 

SD 15.10, range 1-78, mode 1, median 5).  
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2.3.2. Social analyses 

The strength of analyses to detect true social structure was considered adequate based 

on PCC of 0.46 (SE 0.02) between the true and estimated HWIs. The society was well-

differentiated, with a coefficient of variation of the true HWI estimated at 1.19 (SE 

0.02). This indicates that there is high variability in the degree to which pairs of 

individuals within the study area differ in their probability of association. 

After restricting data to exclude dependent calves and individuals seen on <5 

sampling occasions, 189 individuals were retained for analyses of community 

structure. When testing for preferred/avoided associations, the standard deviation of 

the mean observed HWI was significantly higher (P <0.001) than for the randomly 

permuted mean for all individuals. This indicates that individuals associated 

preferentially and/or avoided each other overall. 

The eigenvector network algorithm identified five communities (modularity 

0.61) in the study area. A modularity of >0.3 is a useful division of the data (Newman 

2004). Out of the 189 individuals retained for analyses, 61 individuals were assigned 

to community A (Peel-Harvey), 51 to community B (Shoalwater), 21 to community C 

(Comet Bay), 39 to community D (Dawesville Channel) and 17 to community E 

(Coastal South; Fig. 2.2b). HWIs between and within identified communities were 

dissimilar, with within community HWI 16 times higher than those between 

communities (Mantel test permutation P <0.001, Mantel test analytical approximation 

P = <0.001, T = 66.52, r = 0.57; Table 2.1). Each community comprised of a mixture 

of adults, juveniles and calves of both sexes. 

The mixture model that best fitted the data suggested three relationship classes 

for dolphins utilizing the study area, with association complexity of S = 0.98 (SE 0.03). 

Majority of relationship (78%) were classed as extremely low (mean HWI 0.006) 
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association relationships, a small proportion (16%) as low association (mean HWI 

0.12) relationships and some (4%) as relatively strong (mean HWI 0.43) association 

relationships. 

 

Table 2.1. Observed Half Weight Indices (HWI) of association for five Indo-Pacific 

bottlenose dolphin (Tursiops aduncus) social communities identified in estuarine and 

coastal waters off Mandurah, Western Australia. Individuals dependent on their 

mother and observed on <5 sampling occasions were excluded from these calculations. 

Community Observed mean 

HWI (SD) 

Observed mean of 

maximum HWI (SD) 

Observed mean 

number of 

associates HWI 

(SD) 

Overall 0.04 (0.02) 0.60 (0.23) 8.49 (3.51) 

Within 0.16 (0.10) 0.60 (0.23) 7.45 (3.20) 

Between 0.01 (0.01) 0.12 (0.09) 1.03 (1.02) 

A (Estuarine) 0.12 (0.05) 0.55 (0.21) 8.33 (2.80) 

B (Coastal) 0.09 (0.04) 0.54 (0.21) 5.71 (2.03) 

C (Coastal) 0.27 (0.09) 0.68 (0.23) 6.36 (1.73) 

D (Coastal) 0.25 (0.09) 0.66 (0.22) 10.36 (3.36) 

E (Coastal) 0.20 (0.10) 0.69 (0.28) 4.45 (1.77) 

 

 

2.3.3. Spatial and temporal distribution 

The size and distribution of the full and core activity spaces (95% and 50% utilization 

distributions, respectively) varied among communities (Table 2.2, Figs. 2.2a and 2.3).  

One of the communities, community A (Peel-Harvey), showed year-round site fidelity 

to the PHE with its range extending only slightly into coastal waters (Fig. 2.2a). The 

other four communities (B, C, D and E) resided in coastal waters, with their core 

activity spaces including one, or both, of the estuary mouths in at least one season (Fig. 

2.3). All communities, apart from B and E, which occupied the northern and southern 

ends of the study area respectively, overlapped in space use. Only community A’s core 

activity space overlapped with the core activity space of all other communities. This 

is due to community A’s core activity space including both estuary mouths, while the 
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Figure 2.2. Full activity space (a) of five Indo-Pacific bottlenose dolphin (Tursiops aduncus) social communities identified in coastal and estuarine 

waters off Mandurah, Western Australia. The social network diagram (b) depicts social structure of dolphins using the study area with each node 

representing an individual (n=189) and colour representing the social community each individual belongs to. Lines between nodes depict 

individuals’ social links to others. Only associations with a half weight index (HWI) of association > 0.12 are presented as this was identified the 

mean HWI for low level association relationships. Carbon (δ13C) and nitrogen (δ15N) stable isotope (SI) ratios in skin tissue of sampled dolphins 

(c). Colours represent the social community each individual belongs to with additional shapes showing SI ratios for individuals not identified as 

part of any social cluster. 
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core activity space of all other communities included only one or the other entrances 

to the estuary. The core areas of community B and C were discrete from core areas of 

communities D and E (Table 2.2, Fig. 2.3). 

 

Table 2.2. Total area (km2) and percentage overlap in full and core activity spaces 

(95% and 50% utilization distributions, respectively) of five Indo-Pacific bottlenose 

dolphin (Tursiops aduncus) social communities off Mandurah, Western Australia. 

Rows indicate the percentage overlap in relation to communities’ estimated activity 

space size. 

Community  
(total/core area in km2) 

A 

Estuarine 

B 

Coastal 

C 

Coastal 

D 

Coastal 

E 

Coastal 

A (102.0 / 28.7) - 12.5 (18.9) 17.0 (2.4) 25.9 (16.4) 14.6 (2.4) 

B (222.6 / 32.5) 5.7 (16.8) - 23.8 (8.7) 1.3 (n/a) n/a (n/a) 

C (92.9 / 2.9) 18.7 (84.6) 57.1 (96.6) - 14.1 (n/a) 12.5 (n/a) 

D (54.2 / 8.8) 48.7 (53.3) 5.5 (n/a) 24.1 (n/a) - 77.4 (50.2) 

E (104.0 /9.2) 14.3 (6.1) n/a (n/a) 10.8 (n/a) 40.1 (48.0) - 

 

 

 Temporal variation in communities’ activity space with seasons was observed. 

Autumn was the only season where all communities’ core activity spaces included one 

of the mouths of the estuary (Fig. 2.3). In winter, community E, which utilizes the 

southern part of the coastal area, was absent altogether. In fact, no dolphins were 

observed south of the Dawesville Channel during winter. All other communities’ core 

activity spaces still included the mouths of the estuary during winter. In spring and 

summer, the core activity space of community B shifted to exclude Mandurah Channel 

and the estuarine community A shifted to exclude Dawesville Channel. Each season 

the core activity spaces of communities A and C included Mandurah Channel, while 

the core activity space of community D included of Dawesville Channel. 

A total of 185 independent individuals were observed on <5 sampling 

occasions and were therefore not assigned to any of the five identified social 

communities. Of these, 87 individuals were seen once, 39 individuals twice, 32  
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Figure 2.3. Temporal (a = summer, b =autumn, c = winter, d = spring) and spatial 

distribution of core activity space of five Indo-Pacific bottlenose dolphin (Tursiops 

aduncus) social communities. Core activity spaces are based on 50 percent contour 

volumes calculated from kernel density estimates and represents areas of higher use 

within a community’s total activity space. 
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individuals three times and 27 individuals four times during the study period. Of the 

total sightings of these individuals (n = 447), 28% were observed in summer, 32% in 

autumn and 20% in both winter and spring. All these individuals were observed in 

coastal waters or in Dawesville Channel. 

Some of the individuals (n = 38) observed in the study area were also 

photographed outside of its boundaries. Eleven individuals were encountered north of 

the study area (Chabanne et al. 2017a; Chabanne et al. 2017b). For example, one of 

these individuals, A4 (Fig. 2.4), was observed in the study area only once but was 

identified by Chabanne et al. (2017a) as being part of a community occupying a coastal 

bay, Owen Anchorage, to the north of the study area (Chabanne, 2018, unpublished 

data). Additionally, four individuals were sighted off Bunbury ~100 km south of the 

study area (Smith et al. 2012; Sprogis et al. 2017). One of these individuals, A5, was 

observed once in the study area in May 2016 and prior to this, it had been sighted off 

Bunbury on six occasions between 2009 and 2015 (Symons, 2018, unpublished data). 

As part of the Mandurah Dolphin Research Project effort, additional to that detailed in 

this study, one individual, A2, encountered in the dedicated study area was also sighted 

on the northern side of Rottnest Island. Additionally, at least 22 individuals sighted in 

the study area were also sighted to the west, outside the study area boundary in 

Commonwealth waters (see examples of locational records for select individuals in 

Fig. 2.4). 
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Figure 2.4. Sighting locations for five Indo-Pacific bottlenose dolphin (Tursiops 

aduncus) individuals observed only once in the defined study area (dedicated study 

area boundary indicated by the polygon) off Mandurah, Western Australia. These 

individuals were sighted outside the study area during research effort (not detailed in 

this study) for collecting tissue samples of dolphins for stable isotope and genetic 

analyses and during research effort by the South-West Marine Research Program and 

the Coastal and Estuarine Dolphin Project.   
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2.3.4. Stable isotope analyses 

A total of 96 tissue samples were collected and analysed for δ13C and δ15N 

concentrations (Table 2.3, Fig. 2.2c). Samples from members of social community E 

were combined with the ‘coastal unknown’ group for the analysis of variance with the 

mean δ13C for this group -29.07 (SD 1.93) and mean δ15N 11.13 (0.58). The Kruskal-

Wallis test detected a significant difference in δ13C (X5
2 = 65.076, P <0.001) and δ15N 

(X5
2 = 69.678, P <0.001) values between the groups. The post-hoc Dunn test revealed 

that community A (i.e., the estuarine social community) had significantly higher δ13C 

(P <0.01) and significantly lower δ15N (P <0.001) values than all other communities 

and the ‘coastal unknown’ and ‘offshore’ groups (Table 2.3, Fig. 2.3c, Appendix A 

Table A1). The mean δ13C value for community A was -15.41 (SD 0.74), while the 

mean for all coastal communities combined was -17.63 (SD 2.15; Table 2.3). The 

mean δ15N value for community A was 9.86 (SD 0.65), while the mean for all coastal 

communities combined was 10.86 (SD 0.83). 

 

Table 2.3. Mean carbon (δ13C) and nitrogen (δ15N) stable isotope values for five social 

communities and two groups based on sampling location of Indo-Pacific bottlenose 

dolphins (Tursiops aduncus) identified in coastal and estuarine waters off Mandurah, 

Western Australia. 

Community/Group n Mean δ13C (SD) Mean δ15N (SD) 

A (Estuarine) 39 -15.41 (0.74) 9.86 (0.65) 

B (Coastal) 10 -17.62 (1.02) 11.03 (0.39) 

C (Coastal) 8 -17.84 (0.71) 11.18 (0.35) 

D (Coastal) 19 -17.65 (1.24) 10.96 (0.22) 

E (Coastal) 3 -21.17 (0.51) 10.72 (0.58) 

Coastal unknown † 10 -18.70 (1.60) 11.31 (0.55) 

Offshore ‡ 7 -20.40 (0.74) 11.71 (0.34) 

Coastal (combined) 57 -17.63 (2.15) 10.86 (0.83) 
† = individuals sampled in WA State waters but not assigned to any social community 

‡ = individuals sampled in Commonwealth waters and not assigned to any social community 
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2.4. Discussion 

This study identified a socially, spatially and isotopically distinct community of Indo-

Pacific bottlenose dolphins residing in the Peel-Harvey Estuary (PHE). Four socially 

and spatially distinct coastal communities were also identified; however, no significant 

isotopic differences were detected among these. Coastal communities were distributed 

in a north-south axis along the coast with one community showing high year-round 

site-fidelity to one of the entrance channels to the estuary (i.e., Dawesville Channel). 

All communities used one or both entrance channels during autumn. The identified 

niche partitioning in multiple dimensions provides a strong scientific basis for treating 

the estuarine community (A) as a discrete management unit to coastal communities 

(B, C, D and E). 

 

2.4.1. Social partitioning 

Five socially distinct communities were identified during this study. Social complexity 

was characterized by individuals maintaining three classes of relationships, 

corresponding to extremely low association relationships connecting the social 

communities and generally low but also a small proportion of high association 

relationships observed within the communities. Similar social partitioning has been 

identified in other bottlenose dolphin (Tursiops spp.) populations (e.g., Gubbins 2002; 

Wiszniewski et al. 2009; Titcomb et al. 2015; Chabanne et al. 2017a; Genov et al. 

2019; Pleslić et al. 2019) with fine scale social structure arising from males and 

females, as well as adults and juveniles, having generally contrasting association 

patterns (Smolker 1992; Connor et al. 1992; Connor et al. 2000; Gero et al. 2005; 

Wells 2014; but see Lusseau et al. 2003). Males form temporally stable alliances 

(Connor et al. 1992; Connor et al. 2011; Owen et al. 2002; Wells 2014; Connor and 
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Krützen 2015; but see Genov et al. 2019), females vary from being solitary to having 

a large network of affiliates (Smolker 1992; Wells 2014) and juveniles, free from 

mating system constraints, may form relatively short-term and behaviorally specific 

associations that may mirror adult associations (Gero et al. 2005; Galezo et al. 2020; 

Gerber et al. 2020). The small proportion of high association relationships observed in 

this study represents or occurs within social clusters identified as individuals that 

associate at a higher rate with members of their own rather than other social clusters 

within their social community.   

As in this study, Chabanne et al. (2017a) identified socially and spatially 

distinct dolphin communities in a location directly north of the study area and detected 

stronger associations between individuals of the same community than between 

individuals of different communities. Therefore, we believe that increasing the spatial 

extent of this study would identify additional social communities while the described 

social complexity (i.e., three levels of relationships) would remain the same. Although 

association strengths across different levels of social structure may vary among 

populations (e.g., Wiszniewski et al. 2009; Chabanne et al. 2017a), we hypothesize 

that the three classes of differentiated relationships (i.e., associations between 

communities, within communities and within social clusters) identified here represent 

the general patterns of associations and social complexity for T. aduncus. 

Although individuals in all communities showed similar patterns of 

association, the results of this study suggest that the PHE community and collectively 

the coastal communities occupy different social environments. Only five coastal 

individuals that were part of the identified communities were observed in the PHE 

(excluding the entrance channels), while all individuals (n = 185) not assigned to any 

identified community (due to their low sighting frequency) were observed in coastal 
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waters. As such, members of coastal communities need to navigate a social 

environment with higher number of less familiar conspecifics, while members of the 

estuarine community consistently encounter individuals that they are more familiar 

with. This needs further investigation, however, as here it is assumed that individuals 

that are transient or nomadic in the study area are also unfamiliar to the individuals 

showing high site fidelity to the study area. Given bottlenose dolphins show life-long 

(at least 20 years) social recognition of conspecifics (Bruck 2013), individuals 

perceived as transient and nomadic due to the short temporal scale of this study, may 

in fact be regular visitors to the area and therefore not unfamiliar to members of the 

coastal communities. 

 

2.4.2. Spatial partitioning 

The spatial distribution of the identified social communities clearly corresponded to 

estuarine and marine habitats. Although many studies have reported dolphins regularly 

using estuaries, individuals that enter them are often also found in coastal waters (e.g., 

Urian et al. 2014; Smith et al. 2016; Sprogis et al. 2016) with movement in and out of 

some estuaries related to tidal phases (Harzen 1998) or seasons (Wilson et al. 1997). 

Like this study, Chabanne et al. (2017a), identified a distinct social community of 

dolphins that occupied the Swan-Canning Estuary in Western Australia. That 

community’s activity space, however, extended further into coastal waters than the 

activity space of the PHE dolphin community. Other studies have focused on estuarine 

dolphins but have not included coastal waters in their study design (e.g., Fury and 

Harrison 2008; Wiszniewski et al. 2009) or related social structure to individuals’ 

space use (e.g., Young and Phillips 2002; Brooks et al. 2017; Passadore et al. 2017; 

Arso Civil et al. 2019). This makes it difficult to assess whether niche partitioning 
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according to social structure in bottlenose dolphin populations generally corresponds 

to marine and estuarine habitats.  

In this study, coastal communities were latitudinally distributed, with all but 

two communities that used the opposite ends of the study area overlapping in their full 

activity space. This sympatric, isolation by distance community distribution is typical 

for coastal and estuarine dolphins (e.g., Titcomb et al. 2015; Chabanne et al. 2017a) 

and is likely shaped by intraspecific competition between individuals or social 

communities (Wilson et al. 1997). 

The communities’ overlapping core activity spaces identified the two estuary 

mouths as favoured regions by dolphins within the study area. Relatively narrow 

channels with strong currents are known to be preferentially used by bottlenose 

dolphins (Wilson et al. 1997). They may concentrate prey moving from estuary to 

marine waters, or vice versa and attract prey due to the hydrodynamics and tidal 

currents (Loneragan et al. 1986; Loneragan et al. 1989; Valesini et al. 2009; Potter et 

al. 2016). Additionally, there may be an increase in feeding efficiency that outweighs 

energy expenditure as dolphins can utilize currents (Shane 1990; Bailey and 

Thompson 2010) and use structures such as channel and canal walls and dead ends to 

herd fish against, as has been observed in the study area (Chapter 4).  

All communities’ core areas were inclusive of either Mandurah Channel or 

Dawesville Channel, or both in the case of community A, in autumn. The channels are 

likely to have larger quantity of high calorific value fish, such as Pelates octolineatus 

and Arripis truttaceus (McCluskey et al. 2016), available during this time. 

P. octolineatus is relatively abundant in the PHE (Loneragan et al. 1986, Potter et al. 

2016) and mature individuals emigrate through the channels to spawn in the marine 

environment in autumn (Veale et al. 2016). In contrast, adult A. truttaceus migrate 
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north along the West Australian coast in autumn and early winter to spawn with 

schools entering bays and estuaries along the coast (Gomon et al. 2008). During this 

study, dolphins were observed in and around the channels feeding on both these 

species mainly in April and May (austral autumn; Nicholson, 2021, unpublished data). 

Although, in general, individuals’ spatial patterns are likely related to foraging 

behavior and opportunities (Hastie et al. 2004), the observed temporal overlap in 

communities’ distribution also coincides with peak mating and calving season 

(Chapter 3). The overlapping core areas for communities in autumn likely reflects an 

increase in foraging opportunities in the channels, which in turn may facilitate mating 

opportunities across communities.  

Although spatial overlap was observed between the estuarine and coastal 

communities seasonally, this study did not investigate fine scale temporal patterns, 

which may occur, in space use. Bottlenose dolphin communities may partition 

spatiotemporally within a day, with members of different communities using the same 

area at different times of the day (Genov et al. 2019). There is a risk of conflict should 

members from different communities encounter each other in the same area. This may 

lead to avoidance of areas mainly occupied by a particular community (Genoves et al. 

2018) or to stratified movement of all individuals in response to increase in number of 

dolphins in an area (Wilson et al. 1997). Stratified movement was not detected in this 

study, but coastal individuals did not frequent the estuarine habitat and the estuarine 

individuals did not frequent the coastal habitat beyond the entrance channels or coastal 

areas directly adjacent to them.  

Coastal individuals that were not part of community D were commonly 

observed in Dawesville Channel while community D was present. Community D had 

a smaller overall range compared to other communities and an apparent strong year-
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round site fidelity to the Dawesville Channel. This community shares approximately 

50% of its overall and core area with community A and E and is a sole occupant of 

only a small part of its range in winter, when community E is absent from the study 

area. Community D occupies Dawesville Channel in all behavioral states (i.e., resting, 

foraging and socializing) whereas members of other communities are typically 

observed in Dawesville Channel either while foraging, socializing, or travelling 

through (Nicholson, unpublished data). While foraging behavior and opportunities and 

competition between individuals or social groups may shape the spatial distribution in 

the population (Wilson et al. 1997; Hastie et al. 2004), when prey is abundant, 

individuals may engage in scramble competition with less antagonistic behavior 

expected between conspecifics (Whitehead and Rendell 2014). This may explain the 

co-existence of individuals from different communities in the channel areas. 

The core areas of community A and B were bimodal suggesting two distinct 

areas are important for these communities and individuals potentially having 

heterogeneous space use patterns within their range. In bottlenose dolphins, such 

heterogeneity has been linked to sexual segregation in ranging patterns (Owen et al. 

2002; Krützen et al. 2004; Tsai and Mann 2013; Sprogis et al. 2016) and individual 

variation in foraging tactics (Mann and Sargeant 2003; Sargeant et al. 2007). The core 

area of community B was in the very northern part of the study area year-round but 

also extended to just outside the Mandurah Channel in autumn and winter. It appears 

that only particular individuals venture south during these seasons while others do not 

(Nicholson, unpublished data). Similarly, in community A, some individuals more 

frequently use Mandurah Channel while others prefer the Peel Inlet or Harvey Estuary 

(Chapter 4). This could also explain the absence of coastal community E in winter. 

Individuals belonging to community E may be part of a larger community with a core 



 

51 

 

area south of the study area. A cohort of this community may venture further north 

(i.e., into the study area) seasonally for foraging or mating opportunities. Therefore, it 

is likely that individuals who socially link the communities, are ones who show 

preference to habitat in the peripheral range of their community. 

 

2.4.3. Isotopic partitioning 

The estuarine community was isotopically distinct from the coastal communities with 

significantly higher mean δ13C and significantly lower mean δ15N values. The higher 

δ13C values indicate a greater contribution of benthic carbon in the estuarine 

environment in contrast to the contribution of plankton carbon in coastal environments 

(e.g., McCluskey et al. 2021). This is consistent with findings from other studies as, 

generally, individuals showing high site fidelity to estuaries or near coastal areas have 

higher δ13C values than the gradually lower values observed the further from coast the 

individual’s activity space is located (Holyoake et al. 2011; Barros et al. 2010; Gibbs 

et al. 2011; McCluskey et al. 2021). Although the relative δ13C values suggest 

members of the estuarine community rely on estuarine primary production and are part 

of the estuarine food web, the high variability in δ15N values suggests considerable 

intra-community partitioning in their diet. 

Similar to some studies (Barros et al. 2010; Gibbs et al. 2011) and in contrast 

to others (Holyoake et al. 2010; McCluskey et al. 2021), this study found dolphins 

with high site fidelity to estuaries to feed at a lower trophic position than their coastal 

counterparts. Differences in δ15N values may reflect variability in trophic level 

occupied by dolphins in different ecosystems but may also reflect variation in nitrogen 

isotope values of basal resources (Fry 2006; Phillips 2012; Lorrain et al. 2015). Like 

Kiszka et al. (2012), this study did not find significant differences in carbon and 



 

52 

 

nitrogen stable isotope ratios among spatially adjoining coastal communities. 

Although the complexity in trophic ecology makes generalizations difficult (Schmitz 

2010), it is likely that contrasting habitat within dolphins’ range leads to higher 

intraspecific partitioning in resource use (e.g., Sargeant et al. 2007; Patterson and 

Mann 2011).   

 

2.4.4. Management implications and recommendations 

Evidence of community niche partitioning in social, spatial and isotopic dimensions 

provides a strong scientific basis for treating the estuarine community (A) as a discrete 

management unit within a coastal and estuarine area covering 600 km2 that includes 

four coastal communities (B, C, D and E) and dolphins that occur more transiently 

within coastal waters. The use of social, spatial and isotopic partitioning to identify the 

estuarine community (A) as a management unit is consistent with the definition of a 

management unit as a geographical area with restricted interchange of the individuals 

of interest with adjacent areas (Taylor and Dizon 1999) and with previous studies that 

identified management units based on social communities and their space use 

(Chabanne et al. 2017a) or ecological tracers (Barros et al. 2010; Giménez et al. 2018).  

The study area contained the full extent of the estuarine community’s 

distribution to the west (i.e., coastal boundary) but not to the east (i.e., riverine habitat). 

Stranding records indicate that dolphins travel further upstream than the extent of the 

search effort in this study (Groom and Coughran 2012; Nicholson et al. 2019). As 

coastal individuals did not frequent the estuary, individuals with habitat preferences 

for the eastern shores of the estuarine system are not expected to interact with members 

of coastal communities. As such, community A represents the true size (in terms of 
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juveniles and adults) and distribution of a biologically meaningful community of 

individuals.  

Although coastal communities (B, C, D and E) were identified as socially and 

spatially distinct, considering them separate management units from each other may 

be inappropriate. The study area covered the coastal communities’ range in terms of 

individuals’ use of the estuary but did not encompass the full home range of all coastal 

individuals as many were sighted outside the study area’s offshore boundary. The 

number of individuals in the identified coastal communities does not necessarily 

reflect the true number of individuals in these communities or the number of 

individuals using the study area given that approximately half of all encountered 

individuals in coastal habitat were not assigned to communities. For the purposes of 

environmental impact assessments, the total number of individuals who might be 

affected by new developments or activities in coastal waters may therefore be 

underestimated if only relying on information on number of individuals in identified 

communities. The information provided on the coastal community structure and 

distribution should be considered where appropriate, however, caution is 

recommended as further study is required to fully understand the social, spatial and 

ecological dynamics of dolphins occupying coastal areas adjacent to the PHE.  

The estuarine community and the coastal communities collectively are exposed 

to different pressures and threats. The estuarine dolphins overlap to a greater extent 

with anthropogenic activities as the PHE is heavily used for recreational activities and 

supports both recreational and commercial fisheries for fin fish and blue swimmer crab 

(Portunus armatus; Hale and Butcher 2007; Gaughan et al. 2019; Obregón et al. 2020). 

The estuary has also been identified as a bottlenose dolphin live stranding hotspot 

(Groom and Coughran 2012). Given that all (n = 6) but one dolphin who were recorded 
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live stranded during this study were identified as members of the estuarine community 

(Nicholson, unpublished data), dolphins residing in the estuary are hypothesised to 

have a higher probability of stranding than coastal individuals. In contrast, coastal 

dolphins are likely influenced by a higher degree of predation pressure, which is 

evident from shark bite injuries and scarring observed in coastal individuals but not on 

the estuarine ones (Nicholson, unpublished data).  

This study was relatively short in duration compared with the multi-decadal 

lifespan of delphinid species. The social, spatial and isotopic structure of the identified 

communities is likely to be dynamic in response to extrinsic (e.g., prey availability and 

habitat modification) and intrinsic (e.g., changes in demographic structure) factors. For 

appropriate short-term management of the estuarine community, further work is 

required to evaluate the status (e.g., declining, increasing, or stable abundance) of the 

community. For long term management, a natural progression of this research is to 

analyse population genetic structure. Continued monitoring in the estuarine 

environment, inclusive of the entrance channels, to encompass all communities’ core 

areas is recommended. This approach would capture how individual, estuarine and 

coastal, continue to use and depend on the PHE over time and allow dolphins to be 

used as estuarine and marine ecosystem sentinels (e.g., Wells et al. 2004) 

 

2.4.5. Conclusions 

The investigation of population structure in multiple niche dimensions allowed a 

socially, spatially and isotopically distinct dolphin community to be identified in the 

Peel-Harvey Estuary. The examination of sighting patterns of all encountered 

individuals confirmed that the members of the estuarine dolphin community occupied 

a different social environment than members of the identified coastal communities 
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who shared space with more transient individuals. The defined size and spatial range 

of the estuarine dolphin community reflects its true size and range allowing the 

estuarine community to be defined as a management unit that should be considered 

separate to coastal communities. 
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Chapter 3  

Demographics, age structure and viability of an estuarine 

population of Indo-Pacific bottlenose dolphins 
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3.0. Abstract 

Effective management relies on demographic parameter estimates, which are required 

to assess population status, predict trends and evaluate risk of extinction. This study 

investigated age, sex and social structure of a community of Indo-Pacific bottlenose 

dolphins (Tursiops aduncus) resident to the Peel-Harvey Estuary in Western Australia 

and whether demographic parameters (i.e., apparent survival, mortality, immigration 

and reproductive rates) are heterogeneous according to these attributes. A Population 

Viability Analysis (PVA) was used to assess current community status. Additional 15 

PVA models were run to explore the impacts of carrying capacity, reduced adult 

female and yearling mortality and increased reproductive rate on the community 

growth rate. Systematic boat-based photo-identification surveys (n = 483) were 

conducted in the estuary between 2016 and 2019. The community comprised 88 (SD 

4.43) individuals organised in social clusters whose age and sex structure corresponded 

to typical bottlenose dolphin association patterns. Demographic parameters were 

heterogeneous according to age, sex and social cluster. The community is closed, with 

no immigration and population demographic changes driven by births, deaths and the 

likely permanent emigration of juvenile males.  The PVA forecasted a slowly declining 

community (r = -0.004, SD 0.062) with a low probability (<1%) of extinction in the 

next 100 years. Management action should prioritize reducing adult female and 

yearling mortality while maintaining the relatively high reproductive rate in this 

community. This may be achieved by ensuring zero human caused mortality and 

ensuring adverse impacts to the population are considered in future development 

planning.  
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3.1. Introduction 

Wildlife managers require reliable population demographic parameter estimates so 

that they can assess population status, predict trends and evaluate vulnerability to 

threats and risk of extinction (Taylor 1995; Thomas and Kunin 1999; Coulson et al. 

2001). However, managers often face several practical and methodological challenges 

in acquiring such information. First, demographic parameter estimates, as well as their 

accuracy and precision, vary depending on the temporal and spatial scale at which a 

population is observed (Thomas and Kunin 1999). This variability makes these 

parameters challenging to obtain for taxa, like delphinids, that are wide-ranging, long-

lived, slowly reproducing and often distributed across space without clear population 

boundaries. Second, although abundance, apparent survival (i.e., no distinction 

between death and permanent emigration) and temporary emigration estimates are 

available for several delphinid species (e.g., Slooten and Davies 2011; Nicholson et al. 

2012; Tyne et al. 2014; Zanardo et al. 2016), it is not always clear how the population 

in focus for management is (or should be) defined and therefore how the resulting 

estimates should be interpreted. Third, managers commonly rely on population 

declines as a criterion to trigger management action for delphinids (e.g., Lee Long and 

O’Reilly 2009), even though there is often a low statistical power to detect population 

declines in a timeframe that allows for management interventions to halt or reverse a 

decline (Taylor and Gerrodette 1993; Taylor et al. 2007; Tyne et al. 2016; Symons et 

al. 2018).  

Given these challenges, it may often be more appropriate for managers to base 

decision-making on Population Viability Analysis (PVA) that allows for the 

estimation of population growth rate and extinction probability based on population 

demographic parameters (Lacy 1993; 2000; Thompson et al. 2000; Lacy et al. 2005). 
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A PVA allows managers to apply a precautionary approach depending on the projected 

trend for a population (Thompson et al. 2000; Manlik et al. 2016). The demographic 

parameters used as model inputs must be reliable if the population trajectory is to be 

modeled properly and they must be interpretated based on a suitable definition of the 

population in question. 

 Population demographic parameters (e.g., reproductive, mortality, emigration 

and immigration rates), which are required to estimate population growth rate, 

commonly vary by age (Arso Civil et al. 2019) and sex (Stolen and Barlow 2003; 

Sprogis et al. 2016). Both these parameters are difficult to determine for all individuals 

in delphinid populations. This leads to difficulty in determining population age 

structure, which influences population growth rate, and in accounting for age- and sex-

specific patterns in mortality and dispersal when forecasting population trends (e.g., 

Araújo et al. 2014; Manlik et al. 2016; Blaźquez et al. 2020). Although approximate 

birth dates (Galezo et al. 2020; Gerber et al. 2020), sighting histories (Wells 2014) and 

growth layers in teeth (Hohn et al. 1989) can be used to infer an individuals’ age, visual 

inspection of body length is commonly used to assign individuals into broad age 

classes (Smolker et al. 1992; Parra et al. 2006). This approach, however, may not just 

result in incorrect assignment of age classes for individuals but also lead to 

demographic parameters being estimated for adults only (Zanardo et al. 2016) or for 

all independent (i.e., non-calf) individuals combined (Nicholson et al. 2012; Smith et 

al. 2012; Passadore et al. 2017). Fortunately, recent methodological advances using 

non-invasive stereo-laser photogrammetry to infer the length of individuals allows 

more detailed population age structure to be estimated and individuals to be assigned 

to age classes more reliably (Cheney et al. 2018; van Aswegen et al. 2019). This 

enables demographic parameters to be estimated separately for different ages or age 
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classes. Designating individuals as either male or female also often relies on either 

visual observation of their genitalia, the presence of a dependent calf (Smolker et al. 

1992; Mann et al. 2000) or confirmation from molecular analysis (Krützen et al. 2004; 

Möller and Beheregaray 2004). For some species/populations, dorsal fin markings 

have also been used to infer individuals’ sex (Rowe et al. 2009; Brown et al. 2016). 

Regardless of the method(s) used, the ability to investigate age- and sex-specific 

patterns in demographic parameters allows more refined input parameters to be used 

in forecasting population trends over time.  

 Demographic parameters also vary based on population social structure and 

individuals’ habitat use (Frère et al. 2010; Chabanne et al. 2017). Individuals who are 

closely associated are more likely to use the same area, encounter the same resources 

and have similar diet (Darimont et al. 2004; Semmens et al. 2009). This leads to highly 

associating individuals, or those using the same habitat, being exposed to the same 

threats, such as exposure to toxins or other human stressors (Wells et al. 2005; Yordy 

et al. 2010; Twiner et al. 2011; Chabanne et al. 2017a; Kemper et al. 2019; Senigaglia 

et al. 2019). These, in turn, may cause intrapopulation heterogeneity in demographic 

parameters like survival and reproductive rates (Donaldson et al. 2010; Atkins et al. 

2016; Senigaglia et al. 2019). Investigating variation in demographic parameters 

according to social structure and habitat use, will aid in identifying threats to 

individuals across population structure and identifying priorities for management 

action.   

 Bottlenose dolphins (Tursiops spp.) live in complex social systems with 

fission-fusion dynamics where group size and composition changes frequently 

(Connor et al. 2000; Aureli et al. 2008). Many populations are comprised of socially 

and spatially distinct communities with some associations occurring among members 
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of different communities (e.g., Urian et al. 2009; Wiszniewski et al. 2009; Titcomb et 

al. 2015; Chabanne et al. 2017a). Within communities, members form higher-level 

associations (i.e., social clusters) that often reflect sex- and age-specific association 

patterns for Tursiops spp. (Connor et al. 2000). Adult association patterns are 

influenced by mating system constrain, while juvenile association patterns reflect adult 

reproductive strategies with individuals also forming behaviorally specific 

associations (Gero et al. 2005; Krzyszczyk et al. 2017; Galezo et al. 2020; Gerber et 

al. 2020). Adult female associations are influenced by foraging strategies (Smolker et 

al. 1997; Mann and Sargeant 2003; Krützen et al. 2005) and reproductive state (Wells 

1987; Möller and Harcourt 2008; Smith et al. 2016; Diaz-Aguirre et al. 2020). As such, 

high variability is observed in female association patterns within and among 

populations, ranging from solitary individuals to individuals with a large network of 

affiliates (Wells 1991; Smolker et al. 1992). In contrast, male association patterns are 

driven by competition and access to estrous females which has led to male alliances 

forming in many populations (Wells 1991; Connor et al. 1992; Owen et al. 2002; 

Connor et al. 2011; Wiszniewski et al. 2012; Ermak et al. 2017). The most complex 

multi-level alliances have been recorded in Shark Bay, Western Australia (Connor et 

al. 1992; Connor et al. 2011; Connor and Krützen 2015). In contrast, long-term 

alliances are absent from some bottlenose dolphin populations (Lusseau et al. 2007; 

Baker et al. 2020). Given age- and sex-specific association patterns lead to social 

structure within communities (or populations), which may correspond to individuals’ 

space and resource use (Chapter 4), investigating how demographic parameters vary 

by age and sex allows more realistic population trajectories to be modeled.   

 The Peel-Harvey Estuary (PHE) in Western Australia is occupied by a year-

round resident Indo-Pacific bottlenose dolphin (Tursiops aduncus) community, which 
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is socially, spatially and isotopically distinct from identified communities in adjacent 

coastal waters (Chapter 2). This study investigates community age, sex and social 

structure, in particular whether identified social clusters correspond to typical age- and 

sex-specific patterns described for bottlenose dolphins elsewhere. Demographic 

parameters (i.e., apparent survival, mortality, immigration, emigration and 

reproductive rates) will be calculated and heterogeneity according to age, sex and 

social cluster in these parameters explored. The population trajectory (i.e., stable, 

declining or decreasing) based on the current demographic parameter values will be 

assessed using a PVA incorporating population age structure and age- and sex-specific 

mortality rates. It is hypothesized this community is a closed population where 

population changes are largely determined by birth and death processes (Thomas and 

Kunin 1999).  

   

3.2. Methods 

3.2.1. Study area 

The Peel-Harvey (~130 km2) is the largest estuary in south-western Australia and is 

part of the Ramsar-listed Peel-Yalgorup wetland system. It is a shallow (mainly < 2 m 

deep) microtidal (tidal range ~0.5 m) estuary connected to the Indian Ocean via two 

openings: Mandurah Channel and Dawesville Channel (Fig.3.1). Three rivers, the 

Murray, Serpentine and Harvey, flow into two basins, the Peel Inlet and the Harvey 

Estuary. The estuary supports migratory and other waterbirds (Hale and Butcher 2007) 

and functions as an important nursery, breeding and feeding ground for numerous fish 

species (Loneragan et al. 1986; 1987; Potter et al. 2016; Hallett et al. 2019). The City 

of Mandurah, with a population of ~85,000 people (Australian Bureau of Statistics  
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Figure 3.1. The Peel-Harvey Estuary, Western Australia, study area with an example 

of a transect route for boat-based photo-identification surveys targeting Indo-Pacific 

bottlenose dolphin (Tursiops aduncus). 
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2020), is located on the estuary with the foreshore along Mandurah Channel and 

Dawesville Channel, in particular, extensively modified by development (e.g., canals, 

breakwalls, jetties). The waterways are used extensively for recreational activities and 

are important for both recreational and commercial finfish and blue swimmer crab 

(Portunus armatus) fisheries (Gaughan 2019; Obregón et al. 2020).  

 

3.2.2. Data collection and photo-identification 

Boat-based photo-identification surveys for dolphins were conducted between 2016 

and 2019 throughout the estuary. A minimum of three predetermined transects (Fig. 

3.1) during each Austral season (summer: Dec – Feb, autumn: Mar – May, winter: Jun 

– Aug, spring: Sept – Nov) were run between January 2016 and November 2018 on 

board a 5.5 m vessel. Transects were completed within a day and followed the same 

route apart from in the Peel-Inlet where a unique ‘zig-zag’ pattern was followed on 

each sampling occasion (see example in Fig. 3.1).  The Serpentine and Murray Rivers 

were not part of the study design but were visited at least once every season to ~7.5 

km upstream. The Harvey River was inaccessible due to shallowness of the southern 

parts of the estuary. 

When dolphins were encountered, a minimum five-minute survey was 

conducted to record the location, behavior and group composition of sighted 

individuals. Group membership was defined by a ‘10-meter chain rule’ where 

individuals are part of the same group if they are within 10 m of any other group 

member (Smolker et al. 1992). The dorsal fin of each individual was photographed for 

unique markings (e.g., nicks and notches) allowing for individual identification 

(Würsig and Würsig, 1977). Dorsal fin shape and additional markings, such as scarring 

and lesions, were used to aid in identification of individuals that had not acquired 
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sufficient dorsal fin nicks and notches visible from both sides of the dorsal fin. 

Photographs were checked prior to leaving a group to ensure a good quality 

photograph (i.e., dorsal fin fully visible, in focus and perpendicular to the camera: 

Urian et al. 1999; Rosel et al. 2011; Nicholson et al. 2012) was obtained of each 

individual. Occasionally, a survey was terminated prior to obtaining good quality 

photographs due to the behavior of dolphins or when it was uncertain how many 

individuals were present in a group. The same survey protocol was applied during 

additional research effort conducted within the estuary between 2016 and 2019 to 

collect tissue samples for genetic analyses and stereo-laser photogrammetry data for 

aging individuals (van Aswegen et al. 2019).  

The best quality photograph of each individual’s dorsal fin obtained during 

each encounter was graded for quality as per Nicholson et al. (2012). Dorsal fin 

photographs were compared to others in the catalogue established for individuals 

encountered in the estuary and adjacent coastal waters. A match was confirmed by two 

independent observers. If there was no match, four independent observers searched the 

catalogue for a match prior to the individual being assigned a unique identification 

code and added to the catalogue. Only individuals identified from excellent quality 

photographs (as per Nicholson et al. 2012) were added to the catalogue. To maximise 

sample size for analyses, individuals whose identity was confirmed by two 

independent observers, regardless of photographic quality or fin distinctiveness, were 

included in subsequent analyses. 

Data collected in 2016 and 2017 were used for social structure analyses while 

data collected between 2016 and 2019 were used to calculate demographic parameters. 

Supplemental information on births and deaths in the estuarine dolphin community, as 

well as photographic confirmation of resident individuals being alive and present in 
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the estuary, came from monitoring effort by the Mandurah Dolphin Volunteer Rescue 

Group and a tour operator Mandurah Cruises.  

 

3.2.3. Age and sex determination 

For some individuals, minimum age was inferred based on a consistent association 

with a reproductive female and/or dependent calf or, when known, the approximate 

birth dates. Dolphin live stranding records since 1990 (Groom and Coughran 2012) 

were also used to estimate the minimum age of some individuals. Individuals >10 years 

of age were considered sexually mature (i.e., adults) based on information on wild 

(Wallen et al. 2017) and captive (Wells et al. 1987; Brook et al. 2000) animals 

elsewhere. Juveniles were identified as sexually immature based on visual inspection 

of their length, them not being recorded with a calf and/or being estimated to be <10 

years of age by laser-photogrammetry methods. Calves were defined as presumed 

offspring (>1 year old) of an adult female they consistently associated with. Calves 

who were <1 year old are referred to as yearlings. Visual confirmation from 

photographs of genitalia and the consistent presence of a calf were used to identify 

individuals as male or female. 

Approximate age of individuals was estimated from an available growth curve 

for the population developed as part of a separate study using data collected in the PHE 

and Bunbury (~90 km south of the study area) where the age of many individuals is 

known (van Aswegen et al. 2019). The growth curve was developed using remote 

stereo-laser photogrammetry (i.e., two lasers fixed to a camera reflecting two points at 

a known distance (10 cm) apart on the dolphin’s body when taking a photograph). The 

distance between a dolphin’s blowhole and dorsal fin insertion has proven to be a 

valuable proxy measurement for total body length and can be used to infer approximate 
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age of individuals when validated against the length of known aged individuals 

(Cheney et al. 2018; van Aswegen et al. 2019). The age of immature individuals at any 

given length derived from the growth curve is approximate due to the variability in 

size of similarly aged individuals (van Aswegen et al. 2019). Age estimates may be 

biased for sexually mature individuals as at physical maturity (12 – 15 years) growth 

ceases due to the fusion of vertebral epiphyses (Cockcroft and Ross 1990). 

 

3.2.4. Social structure analyses 

Social analyses were conducted on SOCPROG 2.9 (Whitehead 2009). To investigate 

association patterns within the estuarine community, an association index estimating 

the proportion of time two individuals spent together, was calculated for each dyad. A 

half weight index of association (HWI) was used as it is considered least biased when 

all associates of a given individual are not identified (Cairns and Schwager 1987). The 

HWI accounts for inherent bias introduced through photo-identification methods when 

all individuals of a group may have not been identified during a photo-identification 

survey. Individuals were considered associated if they were observed in the same 

group during a sampling period defined as a day (Gowans and Whitehead 2001; 

Lusseau et al. 2003). Dependent calves were excluded from all social analyses. 

 A Pearson’s correlation coefficient (PCC) with likelihood approximation was 

calculated between true and estimated HWIs to test whether the HWIs were 

representative of true social structure (Whitehead 2008a). The PCC was first calculated 

including all individuals encountered and then progressively for sub-sets of individuals 

observed more than once, more than twice, more than three times and so forth until the 

threshold for adequate representation (PCC > 0.4) was reached (Whitehead 2008b). A 

coefficient of variation of true HWIs was estimated to investigate the degree of social 
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differentiation within the community (Whitehead 2008a). Permutation tests were then 

conducted to determine whether the observed HWIs differed from that of randomly 

associating individuals (Bejder et al. 1998; Whitehead 1999; Whitehead et al. 2005). 

The difference in mean standard deviation between observed and permuted HWIs was 

used as a test statistic to determine whether the observed HWIs were significantly 

different from the permuted HWIs. A Mantel test with 1,000 permutations was used 

to test whether strength of association differed between sex and age classes. 

To test whether dyadic association patterns correlated with dyadic overlap in 

space use, an asymmetric matrix of proportional overlap in activity space for each pair 

of individuals was calculated. First, a 95% utilization distribution (UD) was estimated 

for each individual using the Epanechnikov kernel function (Epanechnikov 1969) with 

an ad hoc (href) smoothing parameter (Worton 1989; Silverman 1986) over a grid (cell 

size 100 m x 100 m) created over the study area. The R (R Core Team 2020) package 

adehabitatHR version 0.4.18 (Calenge 2020) was used for spatial analyses. As this 

package does not support highly irregular shapes, like the PHE, as boundaries that 

animals cannot cross (e.g., Sprogis et al. 2016; Barry and McIntyre 2011) when 

estimating the UD, land was removed from UDs post hoc using a boolean land mask. 

Utilization distribution overlaps between dyads were calculated as the proportion of 

activity space of one individual covered by the activity space of another individual. A 

Mantel Z-test with 1000 permutations was used to test for correlation between HWIs 

and activity space overlaps. 

 Null and Lagged Association Rates (NLARs and LARs, respectively) were 

calculated to investigate temporal patterning of associations within the population. The 

NLAR is the expected LAR if individuals are associating randomly and the LAR is 

the probability that two individuals associating at a given time are also associating 
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later, with various time lags (Whitehead 1995). All individuals regardless of how many 

times they were encountered were included in this analysis as restricting data to 

frequently observed individuals is likely to positively bias the LARs (Baird and 

Whitehead 2000; Lusseau et al. 2003). A jackknife procedure with a grouping factor 

of one (jackknifing on each sampling period) was used to assess the precision of the 

estimated LARs (Efron and Stein 1981). Eight predetermined models describing 

temporal patterns of association were fitted to the LARs. The set of models are 

explained by one, or a combination, of the following (1) ‘constant companions’, which 

form temporally stable associations; (2) ‘casual acquaintances’, which associate for 

some time, disassociate and may reassociate and (3) ‘rapid disassociations’ which 

describes individuals disassociating within one time period. Estimated model 

parameters include the proportion of ‘constant companions’ (𝛼), proportion of first and 

second level ‘casual acquaintances’ (𝛾 and 𝜑, respectively) and rate of disassociation 

between first and second level ‘casual acquaintances’ (𝛽 and 𝜀, respectively). The 

estimated duration of association among first and second level ‘casual acquaintances’ 

was calculated as 1/𝛽 and 1/𝜀, respectively. The Quasi Akaike Information Criterion 

(QAIC), which compensates for over-dispersed count data when using Poisson or 

binomial models, such as LAR models, was used as a measure of relative model fit. 

The model with the lowest QAIC was selected as best describing the temporal 

patterning of associations.  

 An average linkage hierarchical cluster analysis, which calculates a cophenetic 

correlation coefficient (CCC), was carried out to investigate whether the dolphin 

community comprised social clusters (i.e., individuals that associate at a higher rate 

with individuals within their cluster than with individuals in other clusters) reflecting 

fine scale social structure within the community. A Mantel test with 1,000 
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permutations was used to test whether HWIs within and among clusters differed 

significantly.  

 

3.2.5. Population viability analysis and demographic parameters 

Population Viability Analyses (PVAs) were conducted using VORTEX software 

version 10.2.9 (Lacy and Pollak 2017). VORTEX models wildlife population 

dynamics via age-based Monte Carlo simulations of deterministic and stochastic 

effects and estimates the population growth rate (r) and extinction probabilities under 

different scenarios (Lacy 1993). It treats population processes (e.g., breeding and 

death) as discrete, sequential events, with probabilistic outcomes and calculates a mean 

population growth rate based on a cohort life-table with mean birth and age specific 

death rates that are determined by the user. Population demographic parameters (e.g., 

population size, age and sex structure, annual mean reproductive and mortality rates), 

required as input parameters for the model, were calculated for the dolphin community 

using data collected between 2016 and 2019 (see Table 3.1). The VORTEX models 

were run with 1000 iterations for 100 timesteps (i.e., years) with extinction defined as 

only one sex remaining in the population. 

The initial population size for the models was determined by the number of 

individuals alive in the estuarine social community in 2016. Known (i.e., from birth 

records), estimated (i.e., from stereo-laser photogrammetry measurements) and best 

guess (i.e., from calving or live stranding records) ages were used to create a 

population age distribution for both sexes in 2016. This was used as the initial age 

distribution for the model (Appendix B, Fig. B.1). Immature individuals, based on 

visual inspection of their length, whose age was not known or estimated, were assigned 

to be six years old (i.e., the age at midpoint in the 
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Table 3.1. Demographic parameters used for a Population Viability Analysis for a 

resident community of Indo-Pacific bottlenose dolphins (Tursiops aduncus) occupying 

the Peel-Harvey Estuary in Western Australia. Parameter estimates reflect population 

structure in 2016. Notations: F = Female, M = Male, SDEV = Standard deviation due 

to environmental variance. 

Model parameter Input value 

Initial population size 86 

Carrying capacity 150 

Age class distribution (%)  

Yearlings F = 8.14 M = 3.49  

Calves F = 5.81 M = 11.63 

Juveniles F = 11.63 M = 15.12  

Adults F = 29.07 M = 15.12  

Reproductive system  

Age of female maturity  10 years 

Age of male maturity 10 years 

Maximum age 40 years 

Sex ratio at birth 50:50 

Reproductive rate 38.54 (SDEV 14.37) 

Males in breeding pool (%)  56.51 

Weaning age  3 years   

Mean annual mortality rates  

Yearlings (males and females combined) 24.76 (SDev 1.51) 

Calves (males and females combined) 0 .00 (SDev 1.51) 

Juvenile males 12.70 (SDEV 1.51) 

Juvenile females 8.87 (SDEV 1.51) 

Adult males 6.28 (SDEV 1.51) 

Adult females 5.05 (SDEV 1.51) 
1 Estimate of males in breeding pool was taken from Krützen et al. 2004a 

 

juvenile age class). Unknown age adults were assigned to be 23 years old (i.e., the age 

at midpoint in the adult age class). The maximum age of reproduction was set to 35 

years for both sexes based on the oldest individual, a female, observed in the system 

living to at least 33 years old (assuming she was at least 10 years old when she had her 

first calf) while producing a calf at 32 years old and the oldest male estimated to have 

died at 35 years old, based on being at least 6 years old at first live stranding 

(Nicholson, unpublished data).  
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The carrying capacity (K) for dolphins in the PHE is unknown and may vary 

among years and seasons in response to primary production or prey availability 

(Young and Phillips 2002). To allow for population expansion, the carrying capacity 

for the base model was set to 150 individuals.  

An annual reproductive rate was calculated by dividing the number of sexually 

mature females by the number of calves born in the community within a given calendar 

year. The mean annual reproductive rate was used as an input parameter for the base 

model. As death and permanent emigration could not be fully separated, annual 

mortality rates were calculated as the proportion of individuals that were confirmed 

deceased or disappeared (i.e., not observed over two sampling seasons) from the 

community during a calendar year. Mean annual mortality rates were calculated 

separately for each age and sex class and were used as input parameters for the PVA: 

yearling mortality rate was applied to ages from zero to one, calf mortality rate from 

one to three, juvenile mortality rate from three to ten, and adult mortality rate from age 

ten onwards. Standard deviations due to environmental variance (SDEV), which refers 

to variation in demographic parameters due to random fluctuations in the environment 

(e.g., weather, prey availability, predation pressure), were calculated for reproductive 

and mortality rates. Environmental variation was modelled by drawing random 

numbers from binomial distributions with user-specified mean and SDEV to determine 

the percentage of females reproducing and individuals dying each year (Lacy 1993; 

Lacy et al. 2017). Given the short duration of this study and low interannual variability 

in non-yearling mortality rates, it was not possible to separate SDEV for adult, juvenile 

and calf mortality rates. As such, the SDEV for yearling mortality rate was applied to 

all mortality rates. Alternative SDEV values were trialled by decreasing and increasing 

SDEV by 0.5 increments up to the value of total observed variation while keeping all 
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other input parameters the same. Given the similarity in estimated population growth 

rates and extinction probabilities (Appendix B Table B.1), the alternate SDEV values 

are not considered or discussed further. Environmental variation in reproduction and 

mortality were modelled independent from each other.  

There is no population specific information on genetic structure, including 

inbreeding, and the proportion of males that contribute to the gene pool; both 

parameters can be incorporated in the PVA. Given members of the estuarine 

community interact with members of coastal communities (Chapter 2), which likely 

facilitates gene flow between communities, inbreeding depression was not considered 

in the model. Following Manlik et al. (2016) the proportion of males contributing to 

the gene pool was set to 56.6%, which is a midpoint of possible values between 13 and 

100% reported by Krützen et al. (2004) for bottlenose dolphins in Shark Bay, Western 

Australia. 

To explore the effect of carrying capacity (K) on the estimated population growth 

rate, two additional models were run: one with K = 86 individuals (i.e., system is at 

carrying capacity) and one with K = 100 (i.e., to allow for slight population expansion). 

Additionally, a model with stable population age structure (estimated from a life table 

in VORTEX), as opposed to the estimated age structure specified in this study, was 

run to investigate whether this had an impact on the resulting population growth rate. 

To inform management, 12 further models were run to evaluate the effect of increase 

in reproductive rate, adult female and/or yearling survival on population growth rate. 

Keeping all other parameters as described above (i.e., base model), mean annual 

reproductive rate and adult female and yearling survival were increased by 1, 5, and 

10 percent (Appendix B Table B.2). 
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Although not required as input parameters for the model, apparent survival and 

immigration rates were also calculated. Individuals were confirmed deceased only if 

they were observed post-mortem. Individuals that were not observed in two 

consecutive sampling seasons (i.e., six months) were considered as having either died 

or emigrated. Yearlings were assumed deceased if their mother was observed without 

them on more than three occasions. The apparent annual survival rate was calculated 

for each age class (i.e., adults, juveniles, calves and yearlings) as the proportion of 

individuals alive in the community during a calendar year surviving to the subsequent 

calendar year. Immigration rate was calculated as the proportion of individuals that 

were observed to consistently associate with members of the defined estuarine 

community for at least two consecutive seasons (i.e., six months). 

 

3.3. Results 

3.3.1. Effort and group encounters 

Thirty-seven transects, were run between January 2016 and November 2017 in the 

PHE equating to approximately 350 hours of effort. Additionally, during this time, 

opportunistic search effort throughout the estuary was conducted on 48 days (~253 

hours). A total of 628 dolphin groups were encountered, of which 483 comprised 

estuarine resident dolphins based on social community structure (Chapter 2). The 

remaining groups were encountered in Dawesville Channel and comprised solely of 

individuals identified as part of social communities residing in coastal waters (Chapter 

2). Thirteen transects were conducted in the estuary in 2018 (~109 hours) with 

additional effort conducted on six days (~40 hours). This effort resulted in 177 dolphin 

group surveys. In 2019, six days (~43 hours) were spent in the estuary with a further 

50 dolphin groups encountered.  
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3.3.2. Population age and sex structure 

The dolphin community comprised on average 11% yearlings, 15% dependent calves 

(> 1 year old), 32% juveniles and 42% adults (see estimated ages of individuals in 

Appendix B, Tables B.3, B.4 and B.5). Sex ratios were approximately equal in all age 

classes, except adults, where 33% were males and 67% females (Table 3.2). 

 

Table 3.2. Population demographic parameters for a community of Indo-Pacific 

bottlenose dolphin (Tursiops aduncus) resident to the Peel-Harvey Estuary. 

Parameters were calculated from photo-identification data collected year-round 

between 2016 and 2019.  All values apart from number of individuals deceased or 

emigrated are presented as a mean (SD) over the study period. Age class and sex of all 

individuals identified as part of the community were known. Individuals were 

confirmed deceased only if observed post-mortem while those considered deceased or 

having emigrated from the community were not observed during a period of at least 6 

months.   

Age class Community 

composition 

(%) N = 88 

(4.43) 

Sex 

ratio 

(m:f) 

Apparent 

survival 

(SD) 

Deceased 

individuals 

(n) 

Deceased or 

emigrated 

individuals 

(n) 

Adults 41.80 (3.01) 33:67 0.95 (0.02) 5 3 

Juveniles 32.40 (6.00) 58:42 0.88 (0.03) 4 8 

Calves 15.41 (6.98) 47:53 1.00 (0.00) - - 

Yearlings 10.39 (5.06) 50:50 0.75 (0.19) 9 - 

 

3.3.3. Social structure 

A Pearson’s correlation coefficient of 0.79 (SE 0.03) confirmed that the data were 

sufficient for analyses to provide a good representation of true social structure 

(Whitehead 2008b). The coefficient of variation in HWIs was 0.87 (SE 0.04) 

indicating the community was socially well-differentiated, with individuals varying in 

their association patterns and strength (Whitehead 2008a; 2008b). The coefficient of 

variation of mean observed HWIs was also significantly higher (P < 0.001) than that 

for the permuted HWIs indicating individuals associated preferentially within the 
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community. All independent individuals (n = 62) were sighted on >6 sampling 

occasions during the study and were included in social analyses as the PCC reached 

an acceptable threshold (i.e., >0.04) when including individuals encountered >6 times. 

Association rates within sex (Mantel test: t = 7.35, P < 0.001) and age (Mantel test: t 

= 5.92, P <0.001) classes were significantly higher than between classes (Table 3.3) 

with association strength positively correlating with proportion of activity space 

overlap between dyads (P <0.001). 

The Lagged Association Rates for both adult males and females were above 

the NLAR for all time lags, indicating that individuals within this community form 

long lasting, preferred associations (Fig. 3.2). Of the eight models initially fitted to the 

LARs, three were excluded from the model set for adult males due to the resulting 

negative parameter estimates indicating that these models did not fit the data. The same 

model, 𝑔(𝜏) = 𝛼 + 𝛾 exp (−𝛽𝜏),  best described the patterns of association for both 

adult (n = 39) males and females (Tables 3.4 and 3.5). This model represents a system 

of ‘rapid disassociations, casual acquaintances and constant companions’. 

The parameter estimates describing male association patterns were �̂� = 0.57 

(SE 0.06), 𝛾 ̂= 0.13 (SE 1.00) and �̂� = 0.03 (SE 5.22). Here, out of all associations 

(including repeats) of a male, 57% were with temporally stable associates and 13% 

with associates with whom associations lasted for 33 (SE 0.19) days. Rapid 

disassociations, typically considered to last for less than a day, accounted for the 

remaining 30% of associations. The parameter estimates for the model describing 

temporal association patterns of females were �̂� = 0.18 (SE 0.05), 𝛾 ̂= 0.11 (SE 132.85) 

and �̂� = 0.02 (SE 7.02). Of all associations of a female, 18% were with temporally 

stable associates and 11% with associates with whom associations lasted for 50 (SE 

0.14) days. Rapid disassociations accounted for 71% of associations.
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Table 3.3. Mean sighting frequency (SD) and Half-Weight Index of association (HWI) among demographic groups and social clusters of 

the resident community of Indo-Pacific bottlenose dolphins (Tursiops aduncus) in the Peel-Harvey Estuary.    

Group n Mean sighting 

frequency (SD) 

Mean HWI  

(SD) 

Max HWI  

(SD) 

Overall 62 28.00 (11.90) 0.12 (0.05) 0.55 (0.21) 

Males – Males 25 32.54 (11.81) 0.21 (0.05) 0.72 (0.18) 

Females – Females 34 24.26 (10.66) 0.12 (0.04) 0.40 (0.11) 

Males – Females - - 0.10 (0.05) 0.32 (0.16) 

Females – Males - - 0.10 (0.06) 0.27 (0.15) 

Adults – Adults 39 29.51 (12.85) 0.12 (0.04) 0.52 (0.24) 

Juveniles –Juveniles 23 25.39 (9.67) 0.22 (0.09) 0.57 (0.18) 

Adult – Juveniles - - 0.10 (0.05) 0.25 (0.11) 

Juveniles – Adults - - 0.10 (0.04) 0.31 (0.12) 

Within clusters - - 0.37 (0.16) 0.56 (0.21) 

Between clusters - - 0.08 (0.03) 0.28 (0.07) 

Within Cluster AM1 6 45.83 (5.57) 0.62 (0.62) 0.84 (0.10) 

Within Cluster AM2 7 34.50 (6.57) 0.54 (0.07) 0.85 (0.10) 

Within Cluster AF1 7 37.14 (10.92) 0.25 (0.03) 0.38 (0.11) 

Within Cluster AF2 2 7.50 (0.71)* 0.40 (0.00) 0.40 (0.00) 

Within Cluster JM 5 37.40 (5.08) 0.45 (0.06) 0.55 (0.06) 

Within Cluster M1 21 23.71 (5.96) 0.32 (0.07) 0.55 (0.14) 

Within Cluster M2 10 20.56 (7.04) 0.21 (0.04) 0.37 (0.07) 

Within Cluster A 2 19.50 (2.12) 0.21 (0.00) 0.21 (0.00) 

Within Cluster B 2 8.50 (0.71)* 0.82 (0.00) 0.82 (0.00) 

Loner 1 1 41 0.08 (0.00) 0.23 (0.00) 

Loner 2 1 11* 0.02 (0.00) 0.18 (0.00) 
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Figure 3.2. Null (NLAR) and Lagged Association Rates (LAR) and the best fitting model to describe the temporal patterns of association 

of adult Indo-Pacific bottlenose dolphins (Tursiops aduncus) resident to the Peel-Harvey Estuary in Western Australia. Notations: F-F = 

association between adult females, M-M = association between adult males.
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Table 3.4. Models describing temporal patterning in associations between males fitted 

to Lagged Association Rates of all bottlenose dolphin (Tursiops aduncus) individuals 

observed in estuarine waters off Mandurah, Western Australia. Notations: 𝑔(𝜏)= 

lagged association rate (time in days), 𝛼= proportion of preferred companions, 𝛽= rate 

of disassociation between first level casual acquaintances, 𝛾= proportion of first level 

casual acquaintances. 

Model Description QAIC ΔQAIC 

𝑔(𝜏) = 𝛼 + 𝛾 exp (−𝛽𝜏) 

Rapid disassociations 

Preferred companions  

Casual acquaintances  

16937  

𝑔(𝜏) = 𝛼 
Rapid disassociation  

Preferred companions 
16972 35 

𝑔(𝜏) = 𝛼 + 𝛾 exp(−𝛽𝜏) 

𝛾 = 1 − 𝛼 
Preferred companions 

Casual acquaintances 
16974 37 

𝑔(𝜏) = exp (−𝛽𝜏) Casual acquaintances 21161 4224 

𝑔(𝜏) = 1 Preferred companions 193216 21748 

 

 

Table 3.5. Models describing temporal patterning in associations between females 

fitted to Lagged Association Rates of all bottlenose dolphin (Tursiops aduncus) 

individuals observed in estuarine and coastal waters off Mandurah, Western Australia. 

Notations: 𝑔(𝜏)= lagged association rate (time in days), 𝛼= proportion of preferred 

companions, 𝛽= rate of disassociation between first level casual acquaintances, 𝛾= 

proportion of first level casual acquaintances, 𝜑= proportion of second level casual 

acquaintances. 

Model Description QAIC ΔQAIC 

𝑔(𝜏) = 𝛼 + 𝛾 exp (−𝛽𝜏) 

Rapid disassociations 

Preferred companions  

Casual acquaintances 

7428  

𝑔(𝜏) = 𝛾 exp(−𝛽𝜏) + 𝜑exp (−𝜀𝜏) 
Rapid disassociation 

Two levels of casual 

acquaintances 

7446 18 

𝑔(𝜏) = 𝛾exp (−𝛽𝜏) 
Rapid disassociations 

Casual acquaintances 
7451 23 

𝑔(𝜏) = 𝛾 exp(−𝛽𝜏) + 𝜑exp (−𝜀𝜏) 

𝜑 = 1 − 𝛾 
Two levels of casual 

acquaintances 
7452 24 

𝑔(𝜏) = 𝛼 + 𝛾 exp(−𝛽𝜏) 

𝛾 = 1 − 𝛼 
Preferred companions  

Casual acquaintances 
7454 26 

𝑔(𝜏) = 𝛼 
Rapid disassociation 

Preferred companions 
7464 36 

𝑔(𝜏) = exp (−𝛽𝜏) Casual acquaintances 11526 4098 

𝑔(𝜏) = 1 Preferred companions 218241 210813 
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Hierarchical cluster analysis provided a representative dendrogram (CCC = 

0.87, Bridge 1993) dividing the community into nine social clusters and two 

individuals that were the sole members of their cluster (Fig. 3.3). Within cluster 

associations were significantly higher than associations among clusters (Mantel test: t 

= 19.22, P <0.001) Social clusters varied in size and demographics (Table 3.6). Adults 

were organised in single-sex clusters apart from two clusters (M1 and M2) which 

comprised adult females and juveniles of both sexes (Fig. 3.3). One cluster was 

comprised solely of juveniles, all of them males estimated between 4 and 5 years old 

in 2016 (Appendix B Table B.4). Mortality (Table 3.6) and reproductive rates were 

heterogeneous among clusters. The proportion of individuals that were dependent 

calves during this study and either died as yearlings, or shortly after weaning, varied 

by social clusters; 28.6% for AF1, 66.7% for AF2, 21% for M1 and 60% for M2. 

 

Table 3.6. Age and sex composition and mortality within social clusters of a resident 

estuarine community of Indo-Pacific bottlenose dolphins (Tursiops aduncus) in the 

Peel-Harvey Estuary, Western Australia. All parameters are based on data collected 

between 2016 and 2019. Mortality is inclusive of potential permanent emigration. 

Notations: A = Adult, J = Juvenile, M = Male, F = Female, U = Unknown, - = Not 

Applicable 

Social cluster Cluster 

composition 

Age (A/J) Sex 

(M/F/U) 

Non-calf mortality 

(% of total 

mortality) 

 

Calf mortality 

(% of total 

mortality) 

AM1 6 AM 1 (8) - 

AM2 6 AM 1 (8) - 

AF1 7 AF 1 (8) 4/14 (24) 

AF2 2 AF 1 (8) 2/3 (12) 

JM 5 JM 2 (17) - 

M1 10 AF, 4 JF, 7 JM - 4/19 (24) 

M2 5 AF, 3 JF, 1JU 1AF, 1JF (17) 5/10 (29) 

Cluster A 1 AF, 1 JF 1AF (8) 2/2 (12) 

Cluster B 2 JM 2JM (17) - 

Loner 1 1 AF - - 

Loner 2 1 AM 1AM (8) - 

Total 62 12 17/48 
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Figure 3.3. Average linkage cluster analysis dendrogram showing social structure of a community of Indo-Pacific bottlenose dolphins 

(Tursiops aduncus) resident to the Peel-Harvey Estuary in Western Australia. The dendrogram shows the community is divided into nine 

social clusters and two lone individuals (L1 and L2). Two clusters comprise solely of adult males (AM1 and AM2), two solely of adult 

females (AF1 and AF2) and two a mix of adult females and juveniles of both sexes (M1 and M2). Two clusters comprise juvenile males 

(JM and CA), while one cluster comprise an adult and a juvenile female (CB). Notations: A = Adult, J = Juvenile, M = Male, F = Female.
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3.3.4. Demographic parameters and Population Viability Analysis (PVA) 

Between January 2016 and December 2019, a total of 113 individuals were identified 

as part of the estuarine dolphin community with a mean of 88 (SD 4.43, range 84 - 94) 

individuals alive at the end of each calendar year. The initial population size in 2016 

was 86 individuals.  

A total of 37 calves were born to 25 estuarine resident females during this study 

(Appendix B Table B.3). An annual variability from 5 to 16 (mean 9.25, SD 4.99) was 

observed in the number of calves being born. This directly related to the number of 

females available to produce a new calf (i.e., females whose calf was two years old, 

females who had lost a calf or females who had become mature). Births were observed 

between November and June with the majority (73 %) of calves born between March 

and May (Appendix B Fig. B.2). Three individuals, estimated between 8 and 15 years 

of age (at the time of giving birth), had their first calf during this study. An additional 

female was confirmed mature from a post-mortem exam but had not produced a calf 

(Stephens, unpublished data). The mean annual reproductive rate for the community 

was 0.39 (SD 0.20). The observed interbirth interval was between 2 and 4 years (mean 

3.30, SD 0.86) when considering females that successfully weaned their previous calf.  

Eighteen individuals were confirmed deceased and a further 11 either died or 

emigrated from the estuary between 2016 and 2019 (Table 3.2). Juvenile males 

contributed 54.5% (n = 6) to individuals that either died or emigrated while other 

age/sex classes contributed < 18.2% each. Juvenile males and females both contributed 

11.1% to confirmed mortalities, while adult females contributed 22.2%, adult males 

5.6% and yearlings 50.0%. Overall, apparent survival rates varied among age classes 

with the lowest survival observed for yearlings and the highest for dependent calves > 

1 year old (Table 6). There was no immigration to the estuarine dolphin community 
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during this study nor was any individual not part of the defined community observed 

consistently in the estuary. 

The base PVA model using input parameters summarised in Table 3.1., 

forecast a declining population with a slightly negative population growth rate (-0.004, 

SD 0.062; Fig. 3.4). The estimated extinction probability was 0.010 (SE 0.003) with 

estimated 67 (SD 35) individuals alive in 100 years.  

 

 

Figure 3.4. Population trajectory modelled by Monte Carlo simulations of 

deterministic and stochastic effects for a community of Indo-Pacific bottlenose 

dolphins (Tursiops aduncus) resident to the Peel-Harvey Estuary, Western Australia. 

Notations: r = population growth rate, PE100 = probability of extinction in 100 years. 

 

The model with stable age distribution estimated near identical population 

growth rate and extinction probability as the base model (Table 3.7). Assuming the 

population is currently at carrying capacity or allowing for only a slight expansion of 

the population, however, resulted in reduced population size and increased, although 

still very low, extinction probabilities over 100 years (Table 3.7, Appendix B Table 

B.2). The PVA models with adult female mortality decreased by 10% resulted in a 
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Table 3.7. Effects of parameter variation on mean population growth rate (r), probability of extinction (PE) and population size in 100 years 

forecast for an Indo-Pacific bottlenose dolphin (Tursiops aduncus) population resident to the Peel-Harvey Estuary in Western Australia. Notations: 

K = carrying capacity, AFm = adult female mortality rate, Ym = yearling (i.e., individuals < 1 years old) mortality rate, RR = reproductive rate, 

SD = standard deviation. 

Model K AFm Ym RR r (SD) PE (SE) N (SD) 

PVA_base 150 5.05 24.76 38.53 - 0.004 (0.062) 0.007 (0.003) 67 (35) 

PVA_stable_age_distribution 150 5.05 24.76 38.53 - 0.004 (0.062) 0.009 (0.003) 66 (35) 

PVA_K_86 86 5.05 24.76 38.53 - 0.004 (0.066) 0.010 (0.003) 49 (21) 

PVA_K_100 100 5.05 24.76 38.53 - 0.004 (0.063) 0.011 (0.003) 55 (24) 

PVA_RR_+10% 150 5.05 24.76 41.52   0.000 (0.057) 0.002 (0.001) 90 (37) 

PVA_AFm_-10% 150 4.55 24.76 38.53   0.000 (0.057) 0.000 (0.000) 89 (36) 

PVA_AFm_-5%_Ym_-10% 150 4.80 22.13 38.53 0.000 (0.041) 0.001 (0.001) 90 (37) 
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positive mean population growth rate (r) with ~90 individuals alive and zero 

probability of extinction in the next 100 years (Table 3.7). A model with a 10% 

increase in reproductive rate and one with a combination of 5% and 10% decrease in 

adult female and yearling mortality, respectively, also produced a positive r but 

forecast a very low probability of extinction in the next 100 years.  

 

3.4. Discussion 

This study found that the resident Peel-Harvey Estuary (PHE) dolphin community 

comprised nine social clusters and two lone individuals. All clusters comprised solely 

males or females, apart from two that comprised adult females and juveniles of both 

sexes. Although the calf and juvenile sex ratios were close to parity, there was nearly 

twice as many adult female dolphins than males in the community. The population 

trajectory was modelled while taking into account community age and sex structure 

and age class and sex-specific apparent survival rates. The population growth rate was 

slightly negative but the probability of extinction in the next 100 years was low. 

Decreasing adult female and yearling mortality rates and increasing the reproductive 

rate resulted in higher population growth rates. No immigration into the community 

was recorded during the study suggesting additions to the community are solely 

through the birth process. Apparent survival, confirmed mortality and reproductive 

rates were heterogeneous among social clusters. 

 

3.4.1. Social structure 

Individuals in the PHE community formed preferential associations with individuals 

of the same sex and age class with strength of associations correlating with individuals’ 

space use patterns. Similar association patterns are described for other populations of 
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Tursiops spp. For example, in Shark Bay, adults and juveniles form stronger 

associations with individuals of the same sex with juvenile association patterns 

reflecting adult reproductive strategies while allowing for exploration of the social 

environment without the risk of reproductive competition or inbreeding (Connor et al. 

1992; Smolker et al. 1992; Gero et al. 2005; Krzyszczyk et al. 2017; Galezo et al. 

2020).   

The estuarine population comprised nine social clusters representing the 

relatively small number of high association relationships formed by individuals in this 

population (Chapter 2). Social clusters solely comprising adults also comprised only 

either females or males. Males formed stronger associations with other males than 

females did with other females and a larger proportion of their associations occurred 

with temporally stable associates. Association index values between 0.2 and 0.6 among 

adult males are expected for second-order male alliances (Connor et al. 1992). As such, 

the strength of association among adult males within social clusters in the PHE 

indicates that these clusters represent second-order alliances. Within both adult male 

clusters, AM1 and AM2, there were further division where individuals formed likely 

first-order alliances based on association indices >0.7 expected for these (Connor et 

al. 1992; Connor et al. 2011).  

 Association indices between males and females were lower than those within 

sex classes. This pattern is similar to other bottlenose dolphin populations with 

associations between mature males and females linked to female reproductive state 

(Wells et al. 1987; Smolker et al. 1992). Although the PHE dolphin community 

comprises more than twice as many adult females than males, the operational sex ratio 

(i.e., the ratio between potentially receptive males to receptive females at any given 

time, Emlen 1976) may still be unfavourable for males in years when the number of 
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females in estrous is low. The number of estrous females (based on births and the 

number of females with dependent calves each year, Appendix B Table B.3) varied 

between five and 18 during this study. As such, regardless of the skewed adult sex-

ratio, males face higher competition for females during the years when there is low 

availability of estrous females. Increased male bias in operational sex ratio may lead 

to increased male aggression and mate defence (Weir et al. 2011) and is expected to 

lead to male alliance formation (Whitehead and Connor 2005; Diaz-Aguirre et al. 

2018). As such the operational sex ratio may explain alliance formation in the PHE 

population. It is likely that males that are part of the estuarine community respond to 

increased competition in some years by herding females outside their community. 

During 2016 and 2017 when there were five and six estrous females (based on calving 

records the following year and all other mature females being with a dependent calf) 

in the PHE community, respectively, males were observed with coastal females within 

the estuary (Nicholson, unpublished data). These females were not observed in 

estuarine waters on any other occasions. Similar observations of a female being 

directed outside her home range by males have been observed in other bottlenose 

dolphin populations (Watson 2005; Kopps et al. 2014). Future studies on consortships 

would provide better understanding on male-female associations as well as male 

reproductive strategies in this population.  

Juveniles in the Peel-Harvey community preferentially associated with other 

juveniles and formed closer associations with select juveniles of the same sex. This is 

consistent with findings of other studies, which describe bottlenose dolphin juveniles 

living in highly dynamic groups with other juveniles (Connor et al. 2000; Gero et al. 

2005; Wells 2014) while showing preference for same sex associates (Owen et al. 

2002; Owen 2003; Krzyszczyk et al. 2017; Galezo et al. 2020; Gerber et al. 2020). 
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Juveniles in the mixed age cluster, M2, were an exception. They formed stronger 

associations with adult females than other juveniles. At least two of the three juvenile 

females in this cluster reached sexual maturity in 2019 indicating they were older 

juveniles during most of the study. Additionally, cluster M2 only had one confirmed 

male juvenile, while 64% of cluster M1 juveniles (n = 11 individuals) were males 

estimated to be between three to six years old. These factors may explain the differing 

association patterns of juveniles among social clusters. Longer-term investigation is 

required to investigate the juvenile social strategies and stability of male associations 

into maturity in this population.   

  

3.4.2. Reproduction and calving success 

The mean annual female reproductive rate in the PHE dolphin community was higher 

than those that have been reported for other Indo-Pacific bottlenose dolphin 

populations. For example, Manlik et al. (2016) estimated an annual reproductive rate 

of 13.58 (SD 8.64) for a population of dolphins in Bunbury, approximately 100 km 

south of the study area. Three-year reproductive rates of 40.74 (SDEV 13.54) and 58.35 

(SDEV 9.38) were also estimated for dolphin populations in Bunbury and Shark Bay, 

Western Australia, respectively (Manlik et al. 2016). During this study, all mature 

females gave birth within a three-year interval, with a few females giving birth on 

multiple occasions (i.e., a three-year reproductive rate >100%). It is possible that the 

higher reproductive rates observed in the PHE, in part, reflect the high level of year-

round monitoring of this community whereby most, if not all, births are detected. 

 Reproductive success, defined as the number of calves surviving to 

independence, was heterogeneous among social clusters. Females in clusters AF2 and 

M2 lost proportionately more calves than females in other social clusters. Intra-
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population heterogeneity in reproductive success has been reported for bottlenose 

dolphin populations elsewhere (e.g., Wells 2000; Mann et al. 2000; Senigaglia et al. 

2019). The mother’s age and level of experience may be related to her reproductive 

success (Wells 2000; 2003; Wells et al. 2005; Yordy et al. 2010). Mature females in 

clusters AF2 and M2 were estimated to be between 14 and 35 years old in 2016 with 

all of them having given birth at least once before the commencement of this study. 

Given that mature females in social clusters AF1 were estimated to be between 8 and 

32 years old and in cluster M1, 11 and 21 years old and these clusters have higher 

reproductive success than AF2 and M2, it is unlikely the heterogeneity in reproductive 

success among social clusters can be fully explained by mothers’ age. Calves in larger 

groups have higher survival rates in some populations (Wells 2000) as they may 

benefit more from socialization, allomaternal care and learning through observation 

and additionally have higher protection from predators, aggressive conspecifics and 

boat collisions (Wells 2014). Social cluster AF2 consists only of two members, making 

this a possible contributing factor to its lower reproductive success. However, social 

cluster M2 had ten members while cluster AF1, which had higher reproductive 

success, only seven members. It is therefore unlikely that group or social cluster size 

alone influences reproductive success in this population. 

The lower reproductive success of social clusters AF2 and M2 may relate to 

their space use patterns, which may lead to higher chronic exposure to biotoxins 

(Chapter 4) and higher degree of inbreeding as mature females in these clusters are 

unlikely to come across coastal unfamiliar males (Chapter 2). The core activity space 

of AF2 and M2 covers the eastern Peel Inlet and extends to the rivers (Chapter 4), both 

of which show signs of significant eutrophication with potentially harmful algae 

dominating the phytoplankton communities (Thomson 2019). Sea mullet (Mugil 
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cephalus), which is abundant in the rivers and contributes substantially to the diet of 

these clusters (Chapter 4), is a known vector for conveying algal toxins up the food 

chain (Fire et al. 2008). Dolphins frequenting the riverine habitat (i.e., clusters AF2 

and M2), as opposed to basin or channel habitats (i.e., other social clusters), may thus 

be more exposed to algal toxins (e.g., cyanotoxins, karlotoxins, domoic acid and other 

neurotoxins based on algae listed in Thomson 2019), some of which are associated 

with immunosuppression and modulation in dolphins (Twiner et al. 2011). To my 

knowledge, algal toxins have not directly been linked to lower reproductive success in 

dolphins, however, other toxins such as polychlorinated biphenyls and heavy metals 

are associated with reproductive abnormalities and failure in several populations 

(Schwacke et al. 2002; Wells et al. 2005; Kemper et al. 2019). Similarly, inbred 

females as well as females with inbred calves may have reduced fitness represented by 

lower calving success (Hedrick and Kalinowski 2000; Keller and Waller 2002; Frère 

et al. 2010). Further investigation is required to understand whether exposure to toxins 

and inbreeding affect the health, in particular reproductive health, of dolphins in the 

PHE. 

 

3.4.3. Apparent survival, mortality and emigration 

The relatively high apparent survival rate for adults in the estuary was comparable to 

that estimated for a T. aduncus population in Bunbury and slightly higher than 

estimated for a population in Shark Bay, Western Australia (Manlik et al. 2016). There 

were, however, approximately twice as many mature females than males in the Peel-

Harvey community despite sex ratios being close to parity in both dependent calves 

and juveniles. Similarly, Kogi et al. (2004) found that while subadult sex ratio in a 

population of T. aduncus around Mikura Island in Japan was significantly skewed 
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towards males, the adult sex ratio was significantly skewed towards females. In 

contrast, Manlik et al. (2016) reported a sex ratio slightly skewed towards females (i.e., 

45:55) for a population in Bunbury and an equal sex ratio for the population in Shark 

Bay. Higher adult male mortality could lead to the observed skewed sex ratio (e.g., 

Scott et al. 1990) in the PHE community, however, it is unlikely given adult male 

mortality was markedly lower than adult female mortality. Another possibility 

resulting in the skewed adult sex ratio could be permanent emigration by juvenile 

males, who were the most observed age/sex class to disappear from the estuary while 

their confirmed mortalities were low. Similar observations were made for a bottlenose 

dolphin (Tursiops truncatus) population in Sarasota, Florida, where 83.3% of deceased 

or permanently emigrated individuals were juvenile males (Wells and Scott 1990). It 

is typical for mammals with promiscuous mating systems, like dolphins (Connor et al. 

1996), to have a high proportion of juvenile males to permanently emigrate in response 

to competition for mates and to achieve outcrossing (Dobson 1982). This type of 

dispersal would produce vagrant males who would either establish a new home range 

excluding their natal range (Lidicker 1975) or remain nomadic. Many studies on 

bottlenose dolphins report a proportion of individuals sighted to having been observed 

only once and labelled as transient in relation to the study area (e.g., Möller et al. 2002; 

Fury and Harrison 2008; Chabanne et al. 2017a). Here I suggest that some of these 

individuals could be emigrant males looking for mating opportunities or to 

permanently occupy a socially vacant niche (Saltz et al. 2016). In this study, 

individuals who may have permanently emigrated from the study area have not been 

sighted since their disappearance. This was despite them being sufficiently ‘marked’ 

and substantial survey effort in the waters adjacent to the PHE. This suggests that it is 

possible not all bottlenose dolphin males continue to use part of their natal range as 
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reported by other studies (e.g., Scott et al. 1990; Krützen et al. 2004; Tsai and Mann 

2013). It could be that subordinate juvenile males adopt a strategy of permanently 

emigrating to ensure non-zero fitness (e.g., Saltz et al. 2016). This hypothesis requires 

further investigation for the PHE dolphin community. 

 

3.4.4. Population viability and management priorities 

Although the population growth rate (based on demographic parameters over four 

years) was estimated to be slightly negative, the community can be considered 

relatively stable over time should the demographic parameters remain as described. 

Regardless, given that immigration to the community was not recorded, the status of 

the community makes it vulnerable to external stressors that may affect individuals’ 

survival or reproductive success. 

The demographic parameters calculated and used as PVA inputs for the base 

model in this study, were considered largely unbiased. All individuals identified as 

part of the community were regularly sighted to confirm they were alive and resided 

in the estuary. Carcasses were retrieved/identified for a relatively high number (45%) 

of individuals (adults and juveniles) that went missing from the community. 

Additionally, all sexually mature females were observed either with a dependent calf 

or with a newborn calf throughout the study, leading to the assumption that all births, 

apart from possibly one, were detected. Due to known and estimated ages for most 

individuals, it was possible to define a population age structure and reliably assign 

individuals into age classes. The sex of all individuals in the community, including 

calves, was also known. This allowed for stage (i.e., juvenile/adult)- and sex-specific 

apparent survival rates to be incorporated in modelling the population trajectory and 

extinction risk. Given the short duration of this study, it is recommended that the 
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population demographic parameters are revised in the future with a longer-term data 

set. 

To change the forecast population trajectory and to maintain a resident 

population of ~90 dolphins, results of the alternate PVA models suggest management 

action should aim to increase reproductive rates and/or decrease adult female and 

yearling mortality. The primary focus should be given to reducing adult female and 

yearling mortality as the population appears to currently be at its reproductive capacity. 

This is based on all mature females having given birth as expected every two to four 

years while being with a dependent calf during the years when they did not reproduce. 

Reducing adult female and/or yearling mortality by 10, or even just five percent 

annually, however, is also not possible given the low number of individuals lost each 

year. As such, it is recommended that no more than an average of one adult female is 

lost from the community each year, while considering action to reduce yearling 

mortalities over time. To ensure effective management action is taken, further research 

is required to investigate the main causes of mortality in this community and to 

separate natural mortality from non-natural (e.g., human caused) mortality. 

Discarded recreational fishing gear poses a risk to the health of individuals in 

the PHE dolphin community. The estuary is an important fishing area for recreational 

fishers, with commercial fishers also operating in the area (Hale and Butcher 2007; 

Gaughan 2019). No adverse impacts from commercial fishing have been recognised 

for this dolphin community, however, four individuals and an additional three coastal 

dolphins who regularly use the Dawesville Channel, have been observed entangled in 

recreational fishing gear between 2016 and 2020 (Nicholson, unpublished data). 

Discarded fishing gear has also been recognised as a major threat to marine megafauna 

globally (Moore et al. 2009; Stelfox et al. 2016) with recreational fishing gear, mainly 
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fishing line, recorded affecting estuarine and coastal bottlenose dolphins (Mann et al. 

1995; Wells et al. 2008; 2013; Miketa et al. 2017; Marks et al. 2020; McHugh et al. 

2021). Educating the public on impacts of discarded fishing gear on wildlife is 

imperative to deal with the source of the problem while building capacity in local 

dolphin incident response is highly recommended to ensure quick disentanglement of 

individuals to ensure their survival (Wells et al. 2008; 2013). 

A relatively high number of dolphin live strandings have been recorded in the 

PHE (Groom and Coughran, 2012). Live strandings were related to 21% of mortalities 

recorded during this study (Nicholson et al. 2019). Most live stranded dolphins have 

been individuals deemed in good health that were caught by low tides behind or on 

sandbars with mortalities mostly related to individuals suffering severe sunburn 

(Nicholson, unpublished data). Monitoring for live strandings during summer months 

(i.e., when individuals are at high risk of getting severely sunburnt) and ensuring a 

quick response to relocate stranded individuals to deeper water should remain a 

management priority that may aid in reducing adult female mortality in this population. 

For many marine mammal populations, depending on their population growth 

rate, some human caused mortality may be acceptable (Gerrodette et al. 1996; Read 

and Wade 2000; Parra and Cagnazzi 2016). In such cases, a Potential Biological 

Removal (PBR) may be calculated. The PBR estimates the maximum number of 

individuals that may be removed, excluding natural mortality, while allowing a stock 

(i.e., a group of marine mammals of the same species in a common spatial arrangement 

that interbreed when mature) to reach or maintain an optimum sustainable population 

(Marine Mammal Protection Act 1972 (U.S.); Wade 1998). Given the slightly negative 

population growth rate estimated by the base model for the PHE dolphin community, 

management should aim for zero human caused mortality (e.g., mortality due to fishing 
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line entanglements), decrease in mortality due to live strandings and maintenance of 

reproductive success for this community.  

 Exposure to other human activities (e.g., boating, dredging, noise, pollution) 

can also lead to direct and indirect impacts on dolphins including animals moving 

temporarily or permanently away from an area (Watson-Capps et al. 2005; Bejder et 

al. 2006; Pirotta et al. 2013). Additionally, there may be population level consequences 

through lowered reproductive success (Kemper et al. 2019; Senigaglia et al. 2019), 

increased mortality (Wells and Scott 1997; Wells et al. 2008; 2013) and decreased 

health of individuals (Wells et al. 2005; Twiner et al. 2011). The PHE has been highly 

modified over time with the second entrance, Dawesville Channel, engineered in 1994 

to relieve symptoms of eutrophication (Brearly 2005; Elliot et al. 2016). Additionally, 

multiple canal systems, break walls and other structures have been constructed, in 

particular along both entrance channel foreshores. These structural modifications have 

resulted in changes in the ecosystem (Hale and Butcher 2007; Potter et al. 2016) that 

have likely influenced the carrying capacity of the PHE for dolphins. The PVA models 

with reduced carrying capacity for the system resulted in decreased community size 

over time. As such, an entire ecosystem approach to management is required to ensure 

the system can support >100 dolphins. The human population of City of Mandurah, 

which fringes the estuary, is forecast to increase (forecast.id.com.au/mandurah), which 

will likely lead to further human use of the estuary and development around it. It is 

recommended that future development planning considers impacts on the resident 

dolphin community to ensure its persistence over time. 
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3.4.5. Conclusions and recommendations 

Based on the findings of this study, the resident Peel-Harvey Estuary dolphin 

community can be considered a closed population with no immigration and 

demographic changes driven by birth and death processes, as well as the likely 

emigration of immature males. The community has typical age- and sex-specific 

bottlenose dolphin association patterns with heterogeneous reproductive success and 

apparent survival among social clusters. Although the adult sex ratio was highly 

skewed toward females, the operational sex ratio, which in some years was highly 

skewed toward males, may be the driver for male alliance formation identified in this 

community. With the current population structure and calculated demographic 

parameters, the estimated population growth rate was slightly negative. This makes 

the community particularly vulnerable to external stressors that may affect individuals’ 

survival and reproductive success.  

It is recommended that demographic parameter values presented in this study 

are revised in the future with a longer-term data set. Determining the causes of 

mortality and live stranding should also be prioritized. As a precautionary approach, 

management should aim for zero human caused mortality while building capacity to 

detect and quickly respond to dolphin live strandings that are prevalent in the estuary. 

Future development planning should consider impacts on dolphins, in particular to 

ensure the reproductive output of this community is maintained. Long-term, 

systematic monitoring (i.e.,Hawkins et al. 2017) of this community is recommended 

to detect changes in community structure and demographic parameters which may lead 

to a changed status of the community in the future.
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Chapter 4  

Ecological niche partitioning among social clusters of a 

resident estuarine apex predator 

 

 

 

 

 

 

 

 

 

 

 

This chapter has been accepted as a co-authored paper: Nicholson, K., Bejder, L. and 

Loneragan, N. In review. Ecological niche partitioning among social clusters of a 

resident estuarine apex predator. Behavioral Ecology and Sociobiology. 
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4.0. Abstract 

Conspecifics may vary in their space use and diet leading to niche partitioning within 

populations. In social species, such partitioning may correspond to social structure as 

closely associated individuals likely encounter the same resources. This study 

investigated whether space use and diet varied among social clusters of a resident 

estuarine population of Indo-Pacific bottlenose dolphins. Dolphin photo-identification 

and behavioral data, as well as tissue samples for stable isotope analysis, were 

collected during boat-based surveys in the Peel-Harvey Estuary, Western Australia. 

Potential dolphin prey species were also collected for stable isotope analyses. Dolphin 

social clusters were heterogeneous in assimilated δ13C and δ15N stable isotope ratios 

in their skin, indicating differences in their diet. A mixing model estimated 

detritivorous fish as the main dietary source for the clusters showing high site fidelity 

to the eastern shores of the estuary and the rivers. These social clusters occupied the 

lowest trophic position in the dolphin population. Benthic omnivores and carnivores 

contributed most to the diet of clusters whose members showed high site fidelity to the 

two estuary entrances. These clusters occupied the highest trophic position. Clusters 

with high site fidelity to estuary basins were between the two opposing trophic 

positions. The dolphins’ foraging behavior and trophic interactions deemed them an 

apex predator in the Peel-Harvey Estuary, with their collective minimum annual food 

intake (~200,000 kg) exceeding annual fish biomass removed by commercial fishers. 

As top predators in the system, dolphins may supress prey populations through 

consumption and as agents of intimidation by changing prey distribution and behavior. 

This study provides scientific basis for recognizing dolphins as an important 

component of the Peel-Harvey Estuary ecosystem. 
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4.1. Introduction 

Trophic interactions and spatial distribution are prominent dimensions of a species’ 

ecological niche (Grinell 1917; Elton 1927; Hutchinson 1957). Conspecifics may vary 

in their diet and space use patterns, leading to niche partitioning within populations 

(Bolnick et al. 2003). In social species, such partitioning may correspond to population 

social structure as highly associated individuals occupy the same habitat and encounter 

the same prey (Darimont et al. 2004; Semmens et al. 2009).  

Bottlenose dolphins (Tursiops spp.) are often organized in social communities 

(hereafter ‘populations’) comprising males and females of all ages (e.g., Urian et al. 

2009; Wiszniewski et al. 2009; Chabanne et al. 2017a; Genov et al. 2019). Adults 

preferentially associate with members of the same sex (Connor et al. 1992; Smolker et 

al. 1992; although see Lusseau et al. 2003) while juveniles live in more dynamic 

groups (Gero et al. 2005; Galezo et al. 2020). As a result, social clusters, in which 

individuals associate more frequently with one another than with members of other 

clusters, may be identified within populations. Resource partitioning corresponding to 

such social structure has been recorded for dolphins (Chilvers and Corkeron 2001) yet 

has received less attention than partitioning by habitat (Sargeant et al. 2007; Barros et 

al. 2010; Gibbs et al. 2011) or foraging tactic (Mann and Sargeant 2003; Sargeant et 

al. 2005; Allen et al. 2011; Krützen et al. 2014).  

Bottlenose dolphins exhibit diverse foraging behaviors (Shane 1990; Mann and 

Sargeant 2003), with the tactic employed determined by habitat features (e.g., Sargeant 

et al. 2007; Torres and Read 2009) or prey characteristics (Patterson and Mann 2011; 

Smith and Sprogis 2016; Sprogis et al. 2017). Prey selection is driven by maximizing 

net energy gain and depends on prey availability, abundance and distribution, inter- 

and intraspecific competition and the consumer’s ability to harvest resources 
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(MacArthur and Pianka 1966; Bolnick 2001; Svanbäck and Bolnick 2007). Typically, 

bottlenose dolphin diet comprises large proportions of a few fish species and numerous 

less frequently or occasionally consumed prey (Cockcroft and Ross 1990; Mead and 

Potter 1990; Amir et al. 2005). When dominant dietary items do not correspond to the 

most abundant or available prey in the environment, they are preferentially chosen by 

consumers (McCabe et al. 2010). potentially leading to intrapopulation variability in 

diet. 

As higher-order predators, dolphins may control prey populations and 

community structure and therefore contribute to consumer (i.e., top-down) control in 

the system (Leopold 1943; Estes and Duggins 1995; Bowen 1997). They may also 

influence ecosystem structure by disturbing the benthos, which may impact 

invertebrate communities (Nerini 1984; Oliver and Slattery 1985; Oliver et al. 1985) 

and via recycling of nitrogen through defecation (Roman and McCarthy 2010). The 

presence of predators may also produce a ‘landscape of fear’ (Laundré et al. 2010) by 

which predation risk influences prey distribution and behavior and thereby their 

foraging ecology and life-history (Lima and Dill 1990; Brown et al. 1999; Heithaus 

and Dill 2002; Wirsing et al. 2007; Ale and Whelan 2008; Heithaus et al. 2009). The 

complexity of trophic and behavioral interactions makes it difficult to infer dolphins’ 

role in dynamic systems where both bottom-up and top-down control are likely to act 

in concert (Schmitz 2010). Nevertheless, characterizing foraging and trophic ecology 

of predators and quantifying their diet will elucidate the effects they may have on prey 

populations, community structure and ecosystem function.  

Estuaries are productive ecosystems, where high nutrient availability and 

primary production support complex trophic interactions (Bianchi et al. 2006). 

Consequently, estuaries host high densities of prey for piscivorous top predators such 
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as birds, sharks and dolphins (e.g., Matich and Heithaus 2014; Rossman et al. 2015; 

Tweedley et al. 2016). Bottlenose dolphins (Tursiops spp.) are commonly found in and 

show varying levels of site fidelity to different estuaries (e.g., Wilson et al. 1997; 

Zolman 2002; Fury and Harrison 2008; Urian et al. 2014). The Peel-Harvey Estuary 

(PHE) in Western Australia is occupied by a resident population of ~90 Indo-Pacific 

bottlenose dolphins (Tursiops aduncus; Chapter 3). This population comprises nine 

social clusters and two lone individuals and has been identified socially, spatially and 

isotopically distinct from dolphin populations found in adjacent coastal waters 

(Chapter 2). In this study, intrapopulation partitioning in space use and diet of the Peel-

Harvey Estuary dolphin population was investigated. Dolphin behavioral observations 

were used to identify targeted and consumed prey species while stable isotope ratios 

of carbon and nitrogen in both the consumer and prey were used to quantify the 

proportional contribution of sources (i.e., fish) to social clusters’ diet. The annual food 

intake of the dolphin population was also estimated. 

 

4.2. Methods 

4.2.1. Study area 

The PHE (~130 km2) is a microtidal (tidal range ~0.5m) temperate estuary consisting 

of two shallow (<2 m deep) basins (Fig. 4.1). Three rivers flow into the estuary from 

a catchment area of approximately 94, 000 km2 (Valesini et al. 2019). The estuary is 

permanently open, connected to the sea by two relatively narrow channels: the 

Mandurah Channel, a natural opening; and the Dawesville Channel, an artificial 

opening. The fringing vegetation consists of salt marsh and paperbark communities 

(Hale and Kobryn 2009), although a proportion of the shoreline has been significantly 

altered by development (e.g., canal systems, housing and other infrastructure). 
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The region experiences a Mediterranean climate with cool, wet winters and 

hot, dry summers. Approximately 90% of the mean annual rainfall (~800mm) and 95% 

of the river flow occur between May and October (Valesini et al. 2019). Mean salinities 

in the basins remain close to marine salinity (34 - 37 ppt) while the rivers are brackish 

with high variability between 5 ppt (winter) and up to 71 ppt (summer) in the 

Serpentine River (Thomson 2019). Mean water temperature varies from 10-12°C in 

the winter to high 20s in the summer (annual averages 18.5-20.4°C, Thomson 2019). 

Phytoplankton is co-dominated by diatoms and cryptophytes in the basins, by diatoms 

and dinophytes in the Murray River and by cyanobacteria in the Serpentine River 

(Thomson 2019). Macrophyte communities are dominated by seagrass species Ruppia 

megacarpa (Krumholz 2019). The high estuarine productivity supports a diversity of 

hyperbenthic and infaunal communities (Valesini et al. 2009; Wildsmith et al. 2009), 

> 80 species of fish (Valesini et al. 2009; Potter et al. 2016) and >100 species of 

wetland dependant birds (Hale and Butcher 2007). The PHE is part of the Ramsar-

listed Peel-Yalgorup wetland system. 

 

4.2.2. Data collection 

Dolphin photo-identification surveys were conducted throughout the PHE and in 

adjacent coastal waters on board a 5.6 m research vessel between January 2016 and 

November 2017. Predetermined transects were run every season (≥ three in each 

season) in the estuary (n = 37) and coastal waters (n = 28). Data collected in coastal 

waters were not included in this study apart from locational records of identified 

estuarine resident dolphins encountered outside the estuary.
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Figure 4.1. The Peel-Harvey Estuary (~130 km2) in Western Australia was surveyed 

for Indo-Pacific bottlenose dolphins (Tursiops aduncus). Boat-based transects were 

run a minimum of three times each season following the same route apart from in the 

Peel-Inlet where a unique ‘zig-zag’ pattern was followed on each sampling occasion 

between January 2016 and November 2017. The river transect was run 

opportunistically.
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In the PHE, transects followed a similar route apart from in the Peel Inlet where a 

unique ‘zig-zag’ pattern was followed on each sampling occasion (Fig. 4.1). The 

Serpentine and Murray rivers were not part of the dedicated study area but were 

surveyed every season to ~ 7.5 km upstream (Fig. 4.1). Additional search effort was 

conducted to collect dolphin tissue samples and laser photogrammetry data for aging 

individuals (van Aswegen et al. 2019).  

A group of dolphins was defined using a ‘10-meter chain rule’ where 

individuals are part of the same group if they are within 10 m of any other group 

member (Smolker et al. 1992). Individual/group location was recorded, and dorsal fin 

photographs were taken for individual identification (Würsig and Würsig, 1977). 

Predominant behavior (i.e., > 50% of group members engaged, Mann 1999) of 

foraging, travelling, socializing, resting or unknown was recorded for the first five 

minutes and thereafter opportunistically. Previously described foraging tactics of 

peduncle dive foraging, bottom grubbing, snacking (Mann and Sargeant 2003; 

Sargeant et al. 2007), tossing (Sprogis et al. 2017), tail-whacking (Scott et al. 1990; 

Shane 1990), foraging along/against structures (described in this study) and begging 

(Finn et al. 2008; Senigaglia et al. 2019) were recorded (Table 4.1). Behavioral events 

(e.g., fish chases, handling or capture of prey) were recorded opportunistically. Prey 

items were identified from photographs by two independent, experienced fish 

ecologists.
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Table 4.1. Indo-Pacific bottlenose dolphin (Tursiops aduncus) foraging tactics, and 

associated prey species, observed consistently in the Peel-Harvey Estuary, Western 

Australia. Surveys refer to a minimum of five-minute behavioral observation of a 

group or an individual. Foraging/feeding was observed in a total of 236 surveys. 

Foraging 

tactic 

Description Prey species identified Number 

of 

surveys 

observed 

in 

Bottom 

grubbing 

Dolphin is oriented vertically in the 

water column, probing into the 

substrate, or weed patch with its 

rostrum. A turbid sediment plume is 

often observed at the water’s surface 

and dolphin may surface with mud 

on rostrum and head 

Cnidoglanis macrocephalus 

(n=5) 

Pelates octolineatus (n=3)  

Sillago schomburgkii (n=2) 

Nematalosa vlaminghi (n=1) 

Pseudorhombus jenynsii (n=1) 

Gerres subfasciatus (n=1) 

49 

Peduncle dive 

foraging 

(> 1 

individual) 

Dolphins are often widespread 

(>10m) changing directions in 

respect to each other at each 

surfacing with peduncle dive 

(peduncle raised out of the water as 

dolphin descends) the main 

surfacing type. Birds are often 

associated with this feedingtactic  

Pelates octolineatus (n=3)  

Sillago sp. (n=3) 

Gerres subfasciatus (n=1) 

Rhabdosargus sarba (n=1) 

47 

Tossing Dolphin tosses prey out of the water. 

Often preceded by bottom grub or 

chase in open water 

Cnidoglanis macrocephalus 

(n=12) 

Rhabdosargus sarba (n=2) 

Arripis truttacea (n = 1) 

Octopus cf. O. tetricus (n=1) 

Platycephalus laevigatus 

(n=1) 

Pseudorhombus jenynsii (n=1) 

Sillago schomburgkii  (n=1) 

Mugil cephalus (n=1) 

30 

Foraging 

along/against 

structures 

Dolphin swims along a structure 

changing direction or stopping in 

response to fish movement. If fish is 

hiding between rocks or structures 

beyond reach, dolphin may engage 

in stalking (i.e., stay stationary in 

front of where the prey is hiding) 

Mugil cephalus (n=2) 

Aldrichetta forsteri (n=1) 

Aldrichetta forsteri/ 

Mugil cephalus (n=2) 

Arripis truttacea (n=1) 

 

26 

 

 

 

Tail-whacking Dolphin stops abruptly turning and 

swinging its flukes sharply, often 

producing a big fanlike splash. Fish 

are often flown up in the air. Tail-

whacks are frequently preceded by a 

rooster-tail (i.e., a fast swim with a 

sheet of water trailing off the dorsal 

fin) 

Mugil cephalus (n=4) 

Aldrichetta forsteri (n=1) 

Rhabdosargus sarba (n=1) 

25 

Snacking Dolphin swims inverted close to the 

water surface chasing and capturing 

fish  

Hyporhamphus sp. (n=4) 

Rhabdosargus sarba (n=2) 

Aldrichetta forsteri (n=2) 

Pelates octolineatus (n=1) 

17 

Begging Dolphin approaches a stationary or 

slow-moving vessel, most often to 

the side or stern and remains close to 

it. Dolphin may also lift head out of 

the water and open its mouth. 

n/a 0 
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4.2.3. Space use by social clusters 

Seven social clusters and a lone adult female (LF) in the resident PHE dolphin 

population, identified using an average linkage hierarchical cluster analysis, were 

included in this study (Chapter 3). Two clusters (AM1 and AM2) comprised adult 

males, two clusters (AF1 and AF2) adult females, one cluster (JM) juvenile males and 

two clusters (M1 and M2) had a mixture of adult females and juveniles of both sexes. 

One lone male and two additional social clusters, collectively comprising five 

individuals, were not sampled for stable isotope analyses and were therefore excluded 

from analyses.  

A non-parametric fixed kernel method (Silverman 1986; Worton 1989) was 

used to estimate the utilization distribution (UD) for each dolphin social cluster. 

Locational records of individuals within clusters were combined to represent clusters’ 

spatial distribution. The UD for each cluster was estimated using the Epanechnikov 

kernel function (Epanechnikov 1969) over a grid (cell size 100 m x 100 m) created 

over the study area. The ad hoc (href) smoothing parameter (Silverman 1986; Worton 

1989) was used to determine the shape of the kernels as visual inspections may be 

subjective and least-squares cross validation method were not considered appropriate 

for the data structure in this study (Silverman 1986). Both 50% and 95% kernels were 

estimated to reflect the core and full UDs, respectively, for each cluster.  

Ideally, UDs would be estimated considering boundaries that animals cannot 

cross (Barry and McIntyre 2011; Sprogis et al. 2016). The R package adehabitatHR 

version 0.4.18 (Calenge 2020) used for UD analyses, however, does not support highly 

irregular shapes, like the PHE, as boundaries. Therefore, land was removed from UDs 

post hoc using a boolean land mask followed by renormalizing the kernel density 

estimates. The UD overlaps between social clusters were calculated as the probability 
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of a member of one cluster being found in the UD of another cluster and vice versa 

(Ostfeld 1986).  

 

4.2.4. Stable isotope analyses 

Dolphin skin samples (n = 38) were collected for stable isotope analyses using a remote 

biopsy system (PAXARMS modified .22 calibre biopsy rifle) developed for small 

cetaceans (Krützen et al. 2002). Samples were collected from adult and juvenile 

dolphins, placed in an empty vial and stored on ice for transport to storage in −80°C 

freezer.  

Fish samples were collected from the shallow nearshore and deeper offshore 

waters of both estuary basins (i.e., northern and southern Harvey Estuary, eastern and 

western Peel Inlet) and two of the rivers (Murray and Serpentine) between February 

and September 2017. Fish were collected using seine and gill nets as part of a separate 

study documenting the fish community structure of the estuary (Hallett et al. 2019). 

Fish retained for stable isotope analysis (n =141) ranged in length from 19 mm to 

357 mm and belonged to 24 potential dolphin prey species (including ten species not 

observed being consumed by dolphins) and to a variety of feeding guilds (i.e., Benthic 

detritivore, Herbivore, Omnivore, Benthic carnivore, Benthic omnivore or Water 

column feeder, as assigned via reference to FishBase: Froese and Pauly 2019; Table 

4.2). Whole fish were transferred on ice and stored in −20°C freezer until processing 

for stable isotope analyses. 

Dolphin skin samples were divided into two aliquots, one for δ15N 

measurements from bulk (i.e., untreated) samples and the other for δ13C measurements 

from lipid-extracted samples (deLecea and Charmoy 2015: Gimenez et al. 2016). The 

bulk samples were oven-dried at 60°C for 24 h and powdered with a mortar and pestle.
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Table 4.2. Mean carbon (δ13C) and nitrogen (δ15N) values in the muscle tissue of fish species included as sources in a mixing model to estimate 

feeding guild contributions to Indo-Pacific bottlenose dolphin (Tursiops aduncus) diet in the Peel-Harvey Estuary. Notations: SD = Standard 

Deviation, - = no sample, * = identified as dolphin prey from behavioral observations.  

Feeding guild Common name Peel Inlet, Harvey Estuary, Serpentine River Murray River 

    Species  δ13C ‰ (SD) δ15N ‰ (SD) n δ13C ‰ (SD) δ15N ‰ (SD) n 

Benthic Detritivore  -14.20 (1.41) 6.98 (1.15) 8 -16.21 (1.97) 6.60 (0.61) 7 

Mugil cephalus* Sea mullet -12.69 (0.47) 5.49 (0.21) 2 -16.19 (2.47) 6.34 (0.38) 4 

Nematalosa vlaminghi* Perth herring -14.70 (1.23) 7.47 (0.81) 6 -16.23 (1.60) 6.96 (0.76) 3 

Herbivore  -15.36 (0.93) 7.90 (0.23) 6 -20.28 (2.63) 9.35 (0.69) 3 

Pelates octolineatus* Western striped grunter -15.36 (0.93) 7.90 (0.23) 6 -20.28 (2.63) 9.35 (0.69) 3 

Omnivore  -16.38 (1.87) 8.68 (0.71) 4 -19.32 (2.07) 9.00 (0.26) 3 

Rhabdosargus sarba* Tarwhine -16.38 (1.87) 8.68 (0.71) 4 -19.32 (2.07) 9.00 (0.26) 3 

Benthic Carnivore/Water Column  -15.84 (1.33) 8.89 (0.91) 21 - - - 

Atherinosoma elongata  Elongate hardyhead -15.50 (1.40) 8.60 (0.73) 9 - - - 

Favonigobius lateralis Southern longfin goby -15.05 (1.09) 8.49 (0.55) 3 - - - 

Gymnapistes marmoratus Soldier -15.75 (1.24) 8.41 (1.60) 3 - - - 

Leptatherina presbyteroides  Silverfish -16.72 (1.78) 9.78 (0.09) 6 - - - 

Benthic Carnivore  -16.38 (1.29) 9.01 (0.85) 25 -21.52 (1.13) 9.93 (0.72) 3 

Cnidoglanis macrocephalus* Estuary catfish -16.96 (0.64) 8.80 (0.42) 2 - - - 

Ostorhinchus rueppellii  Western gobbleguts -16.24 (1.34) 9.18 (0.30) 6 - - - 

Pseudorhombus jenynsii* Small toothed flounder -17.69 (0.00) 9.20 (0.00) 1 -20.32 (0.00) 9.10 (0.00) 1 

Sillaginodes punctatus* King George whiting -15.76 (1.20) 8.29 (0.88) 8 - - - 

Sillago burrus* Trumpeter whiting -18.12 (2.64) 9.56 (1.45) 2 -22.12 (0.61) 10.34 (0.01) 2 

Sillago schomburgkii* Yellowfin whiting -15.93 (0.68) 9.18 (0.43) 3 - - - 

Sillago vittata* Western school whiting -16.75 (0.09) 10.11 (0.30) 3 - - - 

Benthic Omnivore  -16.55 (1.11) 9.27 (0.79) 17 -24.16 (5.02) 10.07 (0.77) 10 

Acanthopagrus butcheri Black bream - - - -28.68 (2.45) 10.92 (0.37) 4 

Aldrichetta forsteri* Yelloweye mullet -16.59 (1.17) 9.12 (0.90) 9 -22.96 (3.49) 9.54 (0.16) 3 

Gerres subfasciatus* Common Siverbiddy -16.33 (1.07) 9.64 (0.35) 7 -19.33 (3.70) 9.47 (0.16) 3 

Haletta semifasciata Blue weed whiting -17.79 (0.00) 8.04 (0.00) 1 - - - 

Water Column  -17.73 (1.71) 10.95 (1.41) 29 -21.64 (2.78) 10.70 (0.81) 5 

Arripis georgianus* Australian herring -18.78 (0.98) 11.04 (1.18) 12 - - - 

Arripis truttacea* Western Australian salmon -16.09 (0.46) 11.11 (0.15) 6 - - - 

Atherinomorus vaigiensis Common hardyhead -17.72 (0.11) 9.88 (0.11) 3 -20.99 (2.86) 10.51 (0.25) 3 

Engraulis australis Australian anchovy - - - -20.21 (0.00) 9.95 (0.00) 1 

Pomatomus saltatrix Tailor -17.40 (2.40) 11.10 (2.28) 8 -25.00 (0.00) 12.04 (0.00) 1 
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The other aliquot underwent lipid extraction with three consecutive 24 h soaks in 2:1 

choloform:methanol solvent solution (Newsome et al. 2006). Samples were then 

rinsed in deionised water, oven dried and powdered as per bulk samples.  

Fish dorsal muscle samples were oven-dried to constant weight at 60°C for 

24 h and powdered using a tissue-lyser. Two aliquots were prepared from the 

homogenized tissue. One aliquot underwent lipid extraction following methods 

described in Logan et al. (2008). Samples were immersed in 2:1 choloroform:methanol 

solvent solution, mixed for 30 seconds and left for at least 30 minutes. Samples were 

then centrifuged for 10 min at 2500 rpm. The supernatant, containing solvent and 

lipids, was discarded. The process was repeated until the supernatant was clear 

following centrifugation. Samples were then rinsed in 2:1 choloroform:methanol 

solvent solution and dried at 50°C. All samples were weighed to the nearest 0.01 mg, 

packed into tin capsules and sent to the West Australian Biogeochemistry Centre at 

the University of Western Australia for δ15N and δ13C measurements using a 

continuous flow system (Delta V Plus mass spectrometer, with a Thermo Flush 1112 

via Conflo IV [Thermo-Finnigan/Germany]). Details of the analytical technique can 

be found in Skrzypek and Paul (2006). The δ13C and δ15N values are given in per mil 

(‰) difference between the sample and the international standards of Vienna Pee Dee 

belemnite carbonate and atmospheric nitrogen, respectively.  

 

4.2.5. Isotopic partitioning among social clusters 

Six social clusters were included in testing the null hypothesis of no difference in 

isotopic composition among social clusters: LF and cluster AF2 (n = 2) were excluded 

due to low sample sizes. More than 50% of individuals in each of the other social 

clusters were sampled (Table 4.3) Data exploration was performed by visual inspection 
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of box-plots and QQ-plots. The Shapiro-Wilk test was used to test the null hypothesis 

that δ13C and δ15N values within clusters were normally distributed. If they were, the 

Bartlett test was used to test for homogeneous variance among groups, if not, the 

Levene’s test was used. One-way ANOVA was used to test whether mean stable 

isotope values differed significantly among clusters for normally distributed and 

homogeneous data, whereas Welch’s ANOVA, followed by Games-Howell post-hoc 

test, was used when data were normally distributed but heterogeneous. The t-test and 

the Mann-Whitney U test were used to test whether δ13C and δ15N values differed 

significantly between juveniles and adults, males and females and seasons (spring and 

autumn). Based on δ13C and δ15N turnover rates in bottlenose dolphin (Tursiops 

truncatus) skin (Gimenez et al. 2016), sampling seasons of spring and autumn likely 

reflect isotopic composition of individuals in winter and summer, respectively. 

 

4.2.6. Dietary sources 

Seven social clusters and LF were included in the analysis to investigate the 

contribution of prey taxa, based on carbon and nitrogen assimilation, to their diet. A 

set of six Bayesian mixing models with different covariate structures were applied 

using the MixSIAR package (Stock and Semmens 2016; Stock et al. 2018) in R (R 

Core Team 2019). The null model considered all individuals in the population to share 

the same diet while other fitted models allowed variation in diet according to sex, age 

(i.e., adult/juvenile) and social cluster membership (Table 4). The covariates of sex 

and age were modelled as fixed effects and social cluster membership as a random 

effect. Models with hierarchical structure, where variability according to sex, age 

and/or individual within social clusters was allowed, were also considered. These 

models, however, had convergence issues and are therefore not discussed further. 
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Table 4.3. Mean carbon (δ13C) and nitrogen (δ15N) values in the skin of Indo-Pacific bottlenose dolphins (Tursiops aduncus) of seven social 

clusters identified as resident in the Peel-Harvey Estuary, Western Australia. Notations: SD = Standard Deviation, Su = summer, At = autumn, W 

= winter, Sp = spring, n/a = not applicable 

 

Social cluster n 

Sampled/ 

Members 

Mean sighting 

frequency 

(SD) 

Sampled 

(Su/At/W/Sp) 

Mean δ13C 

(SD) ‰ 

Mean δ15N 

(SD) ‰ 

Adult Male 1 (AM1) 3/6 48.00 (5.57) 0/3/0/0 -15.41 (0.23) 10.61 (0.30) 

Adult Male 2 (AM2) 5/6 33.20 (6.42) 0/4/0/1 -15.63 (0.45) 10.00 (0.16) 

Adult Female 1 (AF1) 5/7 41.8 (5.36) 1/3/1/1 -15.28 (0.58) 10.30 (0.34) 

Adult Female 2 (AF2) 2/2 9.5 (0.70) 0/1/0/1 -14.62 (0.66) 8.65 (0.34) 

Juvenile Male (JM) 4/5 36.25 (5.06) 0/2/1/1 -15.08 (0.23) 10.24 (0.14) 

Mixed sex/age 1 (M1) 11/21 22.27 (4.61) 1/3/0/7 -15.28 (0.52) 9.90 (0.35) 

Mixed sex/age 2 (M2) 7/10 19.14 (7.13) 0/7/0/0 -15.61 (1.00) 9.10 (0.70) 

Lone Female (LF) 1/1 41 0/0/1/0 -15.82 (n/a) 10.52 (n/a) 

Adults 25/39 29.51 (12.85) 6/16/1/6 -15.24 (0.55) 9.95 (0.57) 

Juveniles 13/25 25.90 (8.46) 0/7/1/5 -15.54 (0.72) 9.68 (0.78) 

Males 16/29 36.17 (8.14) 0/12/1/3 -15.46 (0.48) 10.02 (0.59) 

Females 22/35 25.29 (10.48) 2/11/1/8 -15.26 (0.71) 9.73 (0.68) 

Overall 38/6 30.04 (10.90) 2/23/2/11 -15.34 (0.62) 9.85 (0.65) 
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Dolphin prey species caught in the two basins and rivers within the estuary 

were pooled by region (i.e., Peel Inlet, Harvey Estuary, Serpentine and Murray Rivers) 

to test whether δ13C values varied among them. Fish muscle δ13C values of fish from 

the Murray River were significantly lower than those from the other regions (Welch’s 

ANOVA: F3,25 = 9.44, P < 0.01; Games-Howell post-hoc: Murray River – Harvey 

Estuary T32 = 5.08, P < 0.001; Murray River – Peel Inlet T32 = 4.45, P < 0.001; Murray 

River – Serpentine River T27 = 3.80, P < 0.05). Therefore, for the mixing model, fish 

caught in the Murray River were considered separate to fish caught in other regions 

(Table 4.2).  

To further simplify the mixing space, blue swimmer crab (Portunus armatus) 

and banded toadfish (Torquigener pleurogramma) were removed from source data as 

they were assumed not to be regularly consumed by dolphins (Barros and Odell 1990; 

Corkeron et al. 1990; Huisman and Twomey 2008). Sources were aggregated by 

feeding guild with δ13C and δ15N values of each sample included in the mixing 

model. Trophic discrimination factor (i.e., difference in the isotopic ratio between 

consumer and its diet) was set to 1.01 (SD = 0.37) for δ13C and 1.57 (SD = 0.52) for 

δ15N (Gimenez et al. 2016). All mixing models were fitted with generalist (i.e., 

uninformative) priors with a Dirichlet distribution (i.e., all combinations of the 

proportions are equally likely) and a multiplicative error term (i.e., process*residual). 

Markov Chain Monte Carlo simulations were used to estimate the probability, 

‘posterior’, distribution of dietary contribution for each source (i.e., the proportional 

contribution of each fish feeding guild to a social cluster’s diet). Three chains were run 

with their length set to 1,000,000 with a burn-in of 500,000 and thinning of 500. The 

Gelman-Rubin and Geweke diagnostics together with visual inspection of the Markov 

chains were used to confirm convergence of the model (Gelman et al. 2013).  The 
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Deviance Information Criterion (Spiegelhalter et al. 2002) was used to evaluate 

relative model fit. 

 

4.2.7. Total food intake by the dolphin population 

An approximation of annual food intake of the dolphin population was made based on 

64 independent individuals being present in the population in 2016 and 2017 (Chapter 

3 reports 62 individuals to which two orphaned calves were added for this study). 

Adults (n = 39) were assigned a weight of 200 kg, based on a length-weight curve for 

coastal Tursiops truncatus in North America (Mead and Potter 1990) and the 

respective asymptotic total lengths of 246 cm and 244 cm estimated for males and 

females in the Peel-Harvey population (van Aswegen et al. 2019). Sexually immature 

individuals separated from their mother were considered juveniles (n = 25). Based on 

the estimated length of 187.1 cm (95% CI = 186.5 – 187.7 cm) for individuals reaching 

the end of their third year of life (van Aswegen et al. 2019), juveniles in this study 

would weigh between ~90 and 200 kg and were each assigned an average weight of 

145 kg. The annual food intake estimation for the population is based on dolphins 

consuming 5.2 - 6.3% of their body mass per day (Cheal and Gales 1992). 

 

4.3. Results 

4.3.1. Behavioral observations 

Behavioral surveys were conducted on 483 dolphin groups encountered in the PHE 

between January 2016 and November 2017. Foraging was identified as the 

predominant activity in 206 surveys with feeding events observed in a further 30 

surveys. These surveys resulted in seventeen species being identified as dolphin prey 

(Table 4.1, Appendix C Fig. C.1). The most observed species caught by dolphins was 
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the estuary catfish (Cnidoglanis macrocephalus - 23%), followed by sea mullet (Mugil 

cephalus - 13%), tarwhine (Rhabdosargus sarba - 11%) and western striped grunter 

(Pelates octolineatus - 9%). Garfish (Hyporhampus spp.) was observed as prey on four 

occasions and rock flathead (Platycephalus laevigatus) and octopus (Octopus tetricus) 

on one occasion each. These three species were not caught during fish sampling and 

therefore were not included as sources in the stable isotope mixing model. Of all the 

prey species identified, 14% were benthic detritivores, 20% herbivores and omnivores, 

53% benthic omnivores and carnivores and 13% water column feeders (Table 4.2).  

The most often observed dolphin foraging tactics were bottom grubbing and 

peduncle dive foraging, both of which targeted mainly benthic species (Table 4.1, 

Appendix C Fig. C.2). Dolphins tossing prey primarily involved adults of estuary 

catfish (60%), foraging along or against structures either sea or yelloweye mullet 

(Aldrichetta forsteri) while tail-whacking was mostly associated with sea mullet. 

Although dolphins were observed to ‘snack’ (i.e., swimming inverted close to the 

water’s surface chasing/capturing fish) on multiple species, garfish was the only 

species observed to be targeted solely by this tactic (Table 4.1). Leap and porpoise 

foraging, where dolphins within a group are moving multidirectionally and 

continuously leaping or porpoising within an area (Mann and Sargeant 2003), was 

observed during two surveys. Based on behavioral observations, a combination of 

benthic omnivores and carnivores and the herbivorous western striped grunter were 

targeted in 61% of surveys, sea mullet (a detritivore) in 16%, either of the mullet 

species in 17% and water column species in 11%. These exceed 100% as during some 

surveys multiple tactics were used to target different prey species. Birds (Hydroprogne 

caspia, Thalasseus bergii, Croicocephalus novaehollandiae and Pelecanus 

conspicillatus) were associated with foraging dolphins in 19% of the surveys. 
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4.3.2. Space use by social clusters 

Overall, the 95% utilization distributions (UDs) of social clusters extended over the 

basins, entrance channels to the estuary and into the Serpentine and Murray rivers (Fig. 

4.2). The 50% UDs, reflecting the core activity space for each cluster, differed among 

clusters. The core activity space of cluster AF1 comprised Mandurah Channel while 

for clusters AM1, JM and LF the core activity space was bimodal over both Mandurah 

and Dawesville Channels (Fig. 4.2). The core activity space for AM2 was primarily in 

the Peel-Inlet and Harvey Estuary, while that for M1 covered nearly the entire Harvey 

Estuary. The core activity space of AF2 and M2 extended into the rivers (Fig. 4.2). 

The probability of individuals of one social cluster being in another social cluster’s 

activity space varied among clusters and was asymmetric (Table 4.4). For the 95% 

UDs, probability ranged from 0.27 to 0.92 for different cluster combinations. For the 

50% UDs, the probabilities were lower, between 0 and 0.49.  

 

4.3.3. Isotopic partitioning among social clusters 

The δ13C values for dolphin skin tissue ranged from −16.98‰ to −14.15‰ and the 

δ15N values from 8.09‰ to 10.88‰ (Fig. 4.3, Table 4.3). Mean δ13C values did not 

differ significantly among social clusters (F5,30 = 0.64, P > 0.05), males and females 

(T36 = 0.95, P > 0.05), juveniles and adults (T36 = −1.41, P > 0.05) or seasons (T32 = − 

0.04, P > 0.05). The mean δ15N values were normally distributed within groups (P > 

0.05) but heteroscedastic (Bartlett’s K-squared5 = 13.34, P < 0.05) with statistically 

significant difference detected in δ15N values among social clusters (F5,11 = 5.66, P < 

0.01). Cluster M2 had significantly lower δ15N values than clusters AM1, AF1 and JM 

(post-hoc Games-Howell test P < 0.05). Individuals in cluster AF2 had the lowest δ15N  
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Figure 4.2. Core (i.e., 50%) and full (i.e., 95%) utilization distributions (UD) for Indo-Pacific bottlenose dolphin (Tursiops aduncus) 

social clusters and a lone adult female, resident to the Peel-Harvey Estuary in Western Australia. Points show locations of observed 

foraging/feeding behavior. Social Clusters: AM1 = Adult Males Cluster 1, AM2 = Adult Males Cluster 2, AF1 = Adult Females Cluster 

1, AF2 = Adult Females Cluster 2, JM = Juvenile Males, M1 = Mixed Sex/Age Cluster 1, M2 = Mixed Sex/Age Cluster 2, LF = Lone 

Adult Female 
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Table 4.4. Probability of overlap in utilization distribution (UD) of social clusters (n = 7) of Indo-Pacific bottlenose dolphins (Tursiops 

aduncus) within the Peel-Harvey Estuary, Western Australia. The full UD is a 95% kernel density estimate and the core UD (probability 

of overlap inside brackets) a 50% kernel density estimate. Notations: AM = Adult Males, AF = Adult Females, JM = Juvenile Males, M 

= Mix of Adult Females and Juveniles 

Social 

cluster 

AM1 AM2 AF1 AF2 JM M1 M2 LF 

AM1 - 0.93 (0.33) 0.87 (0.21) 0.78 (0.02) 0.88 (0.35) 0.90 (0.04) 0.84 (0.09) 0.70 (0.23) 

AM2 0.89 (0.33) - 0.86 (0.00) 0.82 (0.24) 0.84 (0.29) 0.77 (0.03) 0.86 (0.34) 0.67 (0.19) 

AF1 0.67 (0.02) 0.70 (0.00) - 0.77 (0.00) 0.70 (0.13) 0.34 (0.00) 0.70 (0.00) 0.58 (0.13) 

AF2 0.54 (0.01) 0.65 (0.14) 0.87 (0.00) - 0.60 (0.01) 0.27 (0.00) 0.79 (0.33) 0.51 (0.00) 

JM 0.86 (0.27) 0.81 (0.23) 0.89 (0.49) 0.54 (0.02) - 0.79 (0.03) 0.59 (0.00) 0.81 (0.36) 

M1 0.82 (0.06) 0.80 (0.05) 0.59 (0.00) 0.64 (0.00) 0.68 (0.06) - 0.79 (0.00) 0.45 (0.00) 

M2 0.74 (0.06) 0.77 (0.22) 0.65 (0.00) 0.90 (0.41) 0.64 (0.00) 0.79 (0.00) - 0.42 (0.03) 

LF 0.81 (0.21) 0.81 (0.18) 0.92 (0.48) 0.65 (0.00) 0.88 (0.38) 0.47 (0.02) 0.63 (0.00) - 
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values (mean ± SD = 8.65 ± 0.34) for adults. The mean δ15N values did not 

significantly differ between males and females (T36 = −1.37, P > 0.05), juveniles and 

adults (W = 140, P > 0.05) or between individuals sampled in spring and autumn (W = 

155, P > 0.05; Table 4.3).  

 

4.3.4. Dietary sources 

The model most supported by the stable isotope data for dolphin and fish prey allowed 

variation in diet among social clusters (Table 4.5). Prey feeding guild contributions to 

dolphin diet were heterogeneous among social clusters (Table 4.6). The dietary sources 

of clusters AM1, AF1, JM and LF consisted mostly of benthic omnivores and 

carnivores (55.0%, 47.6%, 45.3% and 45.8%, respectively), while the diet of M2 and 

AF2 was largely dominated by benthic detritivores (60.9% and 65.4%, respectively). 

Herbivores and omnivores contributed the second largest proportion to the diet 

of clusters AM1, AF1, JM and LF (23.4.%, 30.1%, 32.3% and 28.1%, respectively) 

while contributing equally with benthic omnivores and carnivores to the diet of clusters 

M2 and AF2 (herbivores and omnivores: 18.2% and 16.9%, benthic omnivores and 

carnivores: 16.3% and 14.5%, respectively). Dietary sources of AM2 and M1 

consisted of approximately equal proportions of herbivores and omnivores (36.4% and 

32.6%, respectively) and benthic omnivores and carnivores (33.9% and 35.5%, 

respectively) with slightly lower contribution by benthic detritivores (22.5% and 26.0, 

respectively). Water column species contributed < 11% to the diet of all social clusters 

(Table 4.6). The largest contributors to the diet of social clusters AM2, AF2, M1 and 

M2 were benthic detritivores caught in the Murray River. 
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Table 4.5. Mixing models fit with MixSIAR on Indo-Pacific bottlenose dolphin 

(Tursiops aduncus) data with 38 consumers (i.e., adult and juvenile dolphins of both 

sexes) belonging to eight social clusters within an estuarine dolphin population. 

Covariates ‘Sex’, ‘Age’ and ‘Sex:Age” (i.e., covariate created by combining sex and 

age) were included as fixed effects and ‘Social cluster’ as a random effect. The 

Deviance Information Criterion (DIC) was used to evaluate relative model fit.   

Model covariate DIC 

Social cluster  594.49 

Sex + Age 612.79 

Age 613.04 

Null 617.86 

Sex 618.07 

Sex:Age 619.28 

 

4.3.5. Total food intake by the dolphin population 

Considering the proportion of adults (n =39) and juveniles (n = 25) in this dolphin 

population, an average individual was estimated to weigh 179 kg and consume 

between 3,395 and 4,125 kg annually, with a daily intake of between 9.3 and 11.3 kg. 

The dolphin population (n = 64) was estimated to consume between 217,248 and 

263,968 kg of fish annually. Taking into account the number of individuals and their 

age class and the proportional contribution of each feeding guild to the diet of each 

social cluster, the total annual food intake for the population was estimated to comprise 

29% benthic detritivores, 29% herbivores and omnivores, 36% benthic omnivores and 

carnivores and 6% water column feeders, mostly piscivores. 
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Figure 4.3. Carbon (δ13C) and nitrogen (δ15N) stable isotope ratios (mean ± SD, ‰) measured in skin of Indo-Pacific bottlenose dolphins 

(Tursiops aduncus) resident to the Peel-Harvey Estuary in Western Australia and in muscle of their potential prey species (fish) aggregated 

by feeding guild. Feeding guilds: BD = Benthic detritivore, H = Herbivore, O = Omnivore, BO = Benthic omnivore, BC = Benthic 

carnivore, WC =Water Column Feeder, MR = Murray River (i.e., fish caught in MR). Social Clusters: AM1 = Adult Males Cluster 1, 

AM2 = Adult Males Cluster 2, AF1 = Adult Females Cluster 1, AF2 = Adult Females Cluster 2, JM = Juvenile Males, M1 = Mixed 

Sex/Age Cluster 1, M2 = Mixed Sex/Age Cluster 2, LF = Lone Adult Female 
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Table 4.6. Proportional contribution (largest in bold) of different fish feeding guilds to the diet of eight social clusters of Indo-Pacific 

bottlenose dolphins (Tursiops aduncus) resident to the Peel-Harvey Estuary, Western Australia. Notations: Global = the overall dolphin 

population, SD = Standard Deviation, BD = Benthic Detritivore, H = Herbivore, O = Omnivore, BC = Benthic Carnivore, BO = Benthic 

Omnivore, WC = Water Column Feeder, AM = Adult Males, AF = Adult Females, JM = Juvenile Males, M = Mix of Adult Females and 

Juveniles, LF = Lone Female 

 

Feeding guild 

 

Global 

Mean % (SD) 

Dolphin social cluster 

AM1 

Mean % (SD) 

AM2 

Mean % (SD) 

AF1 

Mean % (SD) 

AF2 

Mean % (SD) 

JM 

Mean % (SD) 

M1 

Mean % (SD) 

M2 

Mean % (SD) 

LF 

Mean % (SD) 

BD 7.9 (6.4) 5.1 (6.9) 6.8 (7.9) 7.4 (9.5) 11.2 (16.7) 7.9 (9.2) 8.4 (10.4) 3.6 (6.5) 6 (8.1) 

BD (MR) 17.7 (8.6) 6.4 (6) 15.7 (10.6) 7.7 (7.3) 54.2 (24.6) 7.7 (7.2) 17.6 (11.6) 57.3 (21.5) 9.6 (9.5) 

H 10.4 (8) 8.3 (10.5) 16 (17.8) 9.8 (12.6) 7.6 (13.1) 15 (15.9) 14.5 (18.8) 5.8 (12.7) 8.4 (11) 

H (MR) 3.8 (4.1) 2.4 (4.6) 3.9 (6) 2.5 (4.7) 2 (4.9) 2.2 (3.4) 2.8 (4.4) 3.2 (7.6) 3.8 (7.5) 

O 9.4 (7.6) 9.5 (14.5) 10.7 (14.3) 14.4 (21.1) 5.2 (9.8) 12 (16.3) 11.7 (16.8) 6.4 (14.3) 10.9 (16.5) 

O (MR) 4.6 (4.9) 3.2 (5.6) 5.8 (8.6) 3.4 (6.9) 2.1 (4.4) 3.1 (5.7) 3.6 (6.3) 2.8 (6.2) 5 (9.5) 

BC/WC 11.9 (8.6) 17.2 (20.2) 9.7 (10.7) 21.7 (23.2) 5 (7.2) 17.9 (18.8) 12.7 (15) 4.5 (5.7) 13.9 (17.5) 

BC 10.3 (7.9) 16.3 (21.2) 10 (12) 14.6 (20.1) 4.1 (5.7) 12.9 (15.6) 11.7 (15.4) 4.4 (5.9) 13.8 (18.6) 

BC (MR) 2.9 (3.3) 1.7 (2.6) 2.6 (3.7) 1.4 (2.2) 1.1 (2.1) 1.5 (2.1) 1.8 (2.7) 1.9 (3.6) 2.6 (4.5) 

BO 9.6 (7.4) 18.7 (22.6) 9.6 (11.6) 8.8 (11.8) 3.4 (4.4) 12 (13.2) 8 (10.3) 4.2 (5.6) 13.5 (18) 

BO (MR) 2.3 (2.9) 1.1 (1.7) 2 (2.9) 1.1 (1.6) 0.9 (1.6) 1 (1.4) 1.3 (2) 1.3 (2.3) 2 (3.7) 

WC 5.9 (5) 7.9 (9.8) 4.2 (4.9) 5.1 (6.8) 2 (2.8) 5.1 (6.2) 3.9 (5.2) 2.8 (3.8) 7.2 (9.8) 

WC (MR) 3.2 (3.5) 2.2 (3.4) 3.0 (4.2) 2.0 (3.5) 1.2 (2.0) 1.8 (2.6) 2.0 (3.0) 1.8 (3.0) 3.4 (5.6) 
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4.4. Discussion 

This study demonstrated spatial and isotopic niche partitioning among social clusters 

of a population of Indo-Pacific bottlenose dolphins residing in the Peel-Harvey Estuary 

(PHE) in Western Australia. Dolphins foraged throughout the PHE using different 

foraging tactics depending on the prey species they targeted. Both behavioral 

observations and stable isotope analyses identified demersal fish species as the most 

important food source for dolphins. Dolphin social clusters varied in their space use 

within the estuary. Similarity in clusters’ core habitat reflected similarity in their diet. 

Overall, the annual food intake of the dolphin population was estimated to be >200,000 

kg, with detritivores, omnivores and herbivores and benthic omnivores and carnivores 

each contributing approximately a third and water column species the remainder of the 

biomass. 

 

4.4.1. Intra-population partitioning in space use and dietary sources  

Detritivores were proportionately the largest (~60%) dietary sources for social clusters 

AF2 (consisting of adult females) and M2 (consisting of adult females and juveniles 

of both sexes). Detritivores, particularly the cosmopolitan sea mullet (Whitfield et al. 

2012), are commonly reported as bottlenose dolphin prey (Gunter 1942; Barros and 

Odell 1990; Barros and Wells 1998; Simões-Lopes 1998; Fury and Harrison 2011). In 

this study, sea mullet and Perth herring (Nematalosa vlaminghi) represented 

detritivores in the stable isotope analyses, with sea mullet being targeted more often 

based on behavioral observations. In the PHE these species travel up the rivers during 

the dry season and return to the lower reaches during the wet season (Potter et al. 1983; 

Loneragan et al. 1986; 1987; Valesini et al. 2009; Gibbs 2011). Both species are found 

in lower numbers in the estuary basins (Potter et al. 2016). The core activity space of 
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social clusters AF2 and M2 extended from the eastern Peel Inlet into the rivers (Fig 

4.2., Appendix C Fig. C.3) suggesting that overlap in habitat use and the relative 

abundance of sea mullet in the rivers, resulted in high proportional contribution of 

detritivores to the diet of these two clusters.  

 

Mandurah Channel was part of the core activity space for social clusters AF1, 

AM1, JM and LF (Fig. 4.2). The core activity space of clusters AM1, JM and LF also 

included the Dawesville Channel. Results from the stable isotope mixing model 

showed that benthic omnivores and carnivores contributed the most to the diet of these 

four clusters, which had significantly higher δ15N values than AF2 and M2. Estuary 

mouths and entrance channels are commonly used by dolphins (e.g., Wilson et al. 

1997; Harzen 1998; Stockin et al. 2006; Chabanne et al. 2012) and often host a high 

diversity and abundance of fish (Loneragan et al. 1986; 1989; Valesini et al. 2009; 

Potter et al. 2016). The channel habitats in the PHE are highly modified by structures 

(e.g., jetties, canals and breakwalls) that function as barriers against which dolphins 

herd fish, mainly yelloweye and sea mullet (Table 4.1, Appendix C Fig. C.2). Such 

barriers likely improve foraging efficiency by aiding in prey detection, herding and 

manipulation (Heimlich-Boran, 1988; Hastie et al. 2003). Given the core activity space 

of these four clusters also extended slightly to coastal areas, it is likely that their diet 

is supplemented by prey from the marine food web.  

  Dietary sources for social clusters AM2 and M1 consisted of approximately 

equal proportions of herbivores and omnivores and benthic omnivores and carnivores 

with slightly lower contribution by detritivores. The core activity spaces of these 

clusters were in the estuary basins with the activity space of AM2 extending to 

Dawesville Channel. Unlike clusters AM1, JM and LF, which also occupied 
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Dawesville Channel, AM2 did not have significantly higher δ15N values than the river-

going social clusters. Both AM2 and M1 had a low probability of occupying the core 

space of AF1, which is effectively the Mandurah Channel (Fig. 4.2). As such, dietary 

source partitioning in this population corresponds to the degree to which individuals 

use the Mandurah Channel or the eastern shores of the estuary including the Serpentine 

and Murray rivers. Individuals frequenting the rivers feed at the lowest trophic position 

for the dolphins, indicating a shorter detritus-based food chain in these regions (i.e., 

detritus – sea mullet – dolphins). In contrast, individuals using the Mandurah Channel 

feed at the highest trophic position with several consumer trophic interactions having 

taken place prior to prey being consumed by dolphins. Individuals that primarily use 

the estuary basins (i.e., AM2 and M1) fall in between these two opposing trophic 

positions and reflect the estimated ‘global’ mean dietary source proportions in this 

population (i.e., an average individual’s dietary proportions). 

 The observed spatial partitioning may lead to individuals being exposed to 

different pressures and threats which may affect their fitness and consequently 

population viability. For example, through trophic interactions, dolphins that frequent 

the riverine habitat (i.e., 19% of the population and 27% of the mature females) may 

be more exposed to algal toxins based on potentially harmful algae recorded in the 

Serpentine and Murray rivers (Thomson 2019). Biotoxins may cause 

immunomodulation in dolphins (Twiner et al. 2011) with harmful algal blooms linked 

to unusual mortality events (Lefebvre et al. 1999; Flewelling et al. 2005; Fire et al. 

2011). In contrast, individuals showing high site fidelity to areas with greater human 

use (e.g., boating and fishing) such as the Mandurah and Dawesville Channels (i.e., 

30% of the population and 30% of the mature females) may be more susceptible to 
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disturbance and fishing line entanglements. These individuals also face higher 

predation risk as they visit coastal waters (Nicholson, unpublished data).  

This study did not detect differences in mean isotopic values in dolphin skin 

tissue between seasons, sexes or age classes. Nor did it find support for these factors 

driving diet variability in this population. Fish abundance and species richness, 

however, changes spatio-temporally within the estuary in response to water quality 

parameters (e.g., salinity, temperature and dissolved oxygen: Loneragan et al. 1986; 

1987; Valesini et al. 2009), shifts in macroalgal habitat and external influences from 

the marine environment (Potter et al. 2016; Valesini et al. 2019). Consequently, 

dolphin space use and diet may also vary spatio-temporally (e.g., Heithaus and Dill 

2002; Zanardo et al. 2017). Given the complexity of trophic interactions and 

unquantified variation in each individual’s resource use over time, the data collected 

(i.e., individuals were sampled only once) may not detect seasonal variation, even if it 

existed. Similarly, although δ15N values between juveniles and adults did not differ 

statistically, ontogenetic shifts in diet and foraging strategies/tactics occur, at least to 

a degree: juveniles were not observed feeding on adult estuary catfish or Western 

Australian salmon (A. truttacea) and did not engage in tail-whacking behavior 

(Nicholson, personal observation).  

 

4.4.2. Resource sharing with fishers 

The estimated minimum annual food intake of the resident Peel-Harvey Estuary 

dolphin population (~200,000kg) exceeds the mean annual finfish biomass removed 

by commercial fishers in the estuary (Gaughan et al. 2019; Government of Western 

Australia 2020). Commercial fishers target sea mullet  (~50–70% of catch), yellowfin 

whiting (S. schomburgkii), yelloweye mullet, and to a lesser extent Australian herring 
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(Arripis georgianus), Perth herring, tailor (Pomatus saltatrix) and estuary catfish, 

while recreational fishers whose total catch is less than commercial landings mainly 

target Australian herring, tailor, tarwhine (Rhabdosargus sarba), black bream 

(Acanthopagrus butcheri), king george whiting (Sillago punctatus) and other whiting 

species (Gaughan et al. 2019; Government of Western Australia, 2015; 2020). Of these 

species, sea mullet, yelloweye mullet, estuary catfish and whiting species (Sillago 

spp.) were identified as common dolphin prey, with sea mullet (and potentially Perth 

herring) contributing ~30% to the overall dolphin diet. Western striped grunter was a 

commonly foraged species by dolphins, however, is not targeted by either commercial 

or recreational fishers. As such, dolphins target some species that are not taken by 

fishers while sharing resources to a greater extent with commercial rather than 

recreational fishers given < 11% of dolphin dietary sources comprised water column 

species.  

Competition between fishers and dolphins, however, may only exist if they 

overlap spatio-temporally and take the same species at the same life cycle stage. 

Approximately 14% of the estuary, including Mandurah Channel and the rivers, are 

closed to commercial fisheries (Government of Western Australia, 2015). This reduces 

potential competition between fishers and dolphins occupying mainly these areas 

(49% of the population). Although the size of fish taken by dolphins and fishers vary, 

the overall take of sea mullet, yelloweye mullet and whiting species, based on 

observations and life history of the species (Potter et al. 2016), consists largely of 

immature fish or maturing fish migrating to sea. In contrast, given the legal catch size 

limits (Fish Resources Management Regulations 1995) for estuary catfish and as all 

individuals caught by dolphins were >40 cm (size estimated from photographs against 

approximate size of dolphin’s features such as rostrum or dorsal fin), both fishers and 
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dolphins are primarily removing mature individuals of this species (Nel et al. 1985). 

Thus, it can be concluded that dolphins and fishers target prey species at the same life 

cycle stage. 

Most fish species targeted by dolphins in the PHE are part of defined stocks 

that extend outside the estuary and are considered stable and sustainably harvested 

(Gaughan et al. 2019). An exception may be estuary catfish for which the PHE is 

considered a discrete stock from coastal and other estuarine stocks (Nel et al. 1983; 

Potter et al. 1983; Ayvazian et al. 1994; Gaughan et al. 2019). Given that this species 

was most commonly observed being caught by dolphins, dolphins and fishers targeting 

similarly sized individuals and dolphins being the only known predator of adult estuary 

catfish in the estuary, incorporating mortality due to predation by dolphins in fish 

population models should be considered to improve fisheries management for this 

species (Tyrrell et al. 2011; Smith and Lenanton 2021).  

The estimated amount of food intake by the dolphin population and the 

proportional feeding guild contributions to it, should be treated as an approximate 

minimum as not all sources of variability or uncertainty were accounted for. For 

example, it was not considered that food intake may vary seasonally and among 

individuals (Cheal and Gales 1992). Energetic demands of lactating females are higher 

than that of non-lactating females (Cheal and Gales 1991; Bejarano et al. 2017) and 

males may feed on wider variety of species (Hernandez-Milian, 2015) and have 

consistently higher food intakes than females (Cheal and Gales 1992) and bioenergetic 

requirements than females (Bejarano et al. 2017). Prey species also vary in their caloric 

content (McCluskey et al. 2016) with prey selection influencing the amount of fish 

individuals need to consume to meet their energy demands. Future work should 

consider applying a bioenergetic model (e.g., Bejarano et al. 2017; Reed et al. 2020) 
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that incorporates uncertainty and variability in individuals’ energy demands as well as 

energy content of prey to refine the estimated annual fish biomass removed by 

dolphins from the estuary. The prey species and heterogeneity in diet among social 

clusters identified in the current study can be used to inform such a model.  

 

4.4.3. Ecological role of dolphins in the estuary 

Dolphins occupy the role of an apex predator (as defined by Sergio et al. 2014) within 

the PHE as they feed on fish at all consumer levels while being free from predation 

risk effects themselves (large sharks are thought to be mostly absent from the estuary). 

As such, they have the potential to exert top-down pressure on prey populations 

through both consumption (Leopold 1943; Estes et al. 1995; 1998; Williams et al. 

2004; Ripple and Beschta 2012; Ripple et al. 2014) and as agents of intimidation (Lima 

1998; Abrams 2000; Brown and Kotler 2004; Morosinotto et al. 2010). Any decline 

or increase in dolphin abundance, or changes in their foraging behavior and diet may 

influence the trophic structure in the estuary. It is unlikely that dolphins can, through 

consumption, deplete fish species from this permanently open estuary as the presence 

and abundance of the main dolphin prey species in the PHE is directly linked to 

recruitment from the marine environment (Potter et al. 2016). Exceptions are the 

estuary catfish and black bream which complete their lifecycle in the estuary (Potter 

et al. 2016), although the latter was not considered an important dietary source for 

dolphins. Declines in dolphin abundance may lead to greater food availability for open 

and deeper water (>1m) avian piscivores, which at least partially occupy the same 

foraging niche to dolphins (Trayler et al. 1988; Stockwell et al. 2021) and consequently 

their increased abundance. Bottom-grubbing, by which dolphins mechanically disturb 

sediments, was the most observed foraging tactic. Through this behavior dolphins may 
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influence the benthic microbial and faunal communities (Findlay et al. 1990a; 1990b; 

Cross and Curran 2000; 2004) and release nutrients into the water column further 

promoting anoxic conditions (Almroth et al. 2009). However, in comparison to re-

suspension of sediments caused by abiotic (e.g., river flow, tidal currents, wind and 

waves) and anthropogenic (e.g., dredging) factors (Tweedley et al. 2016), bioturbation 

by dolphins is likely to be negligible. 

 

4.4.4. Conclusions 

This study confirmed spatial and isotopic niche partitioning according to social 

structure within a resident estuarine bottlenose dolphin population. The heterogeneity 

in social clusters’ space use and diet indicates that individuals may be exposed 

differently to threats and extrinsic pressures. This has implications for conservation 

management as maintaining the collective niche of individuals requires consideration 

of impacts on individuals across social clusters. The annual food intake across 

consumer trophic levels, and the year-round presence of dolphins throughout the 

estuary has the potential to suppress prey populations and affect community structure 

through consumptive and non-consumptive pressures. As apex predators, dolphins 

collectively remove a substantial amount of demersal fish from the system and should 

be recognized as an important component of the estuarine ecosystem.  
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Chapter 5 

 General Discussion and conclusions 
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5.1. Dolphins as part of the ecological character of the Peel-Yalgorup Ramsar 

site 

Research for this thesis provides the scientific basis for recognizing the Peel-Harvey 

Estuary (PHE) dolphin community as a biological component involved in ecosystem 

processes of the Peel-Yalgorup system (PYS) and for considering this community as 

part of the ecological character of the Peel-Yalgorup Ramsar-listed wetland. This 

conclusion is based on my studies of social structure, spatial distribution, foraging 

behavior and feeding ecology as well as the demographics and current population 

status of the resident community of dolphins. 

Several findings support recognizing dolphins as a biological component of the 

wetland. First, the estuary is occupied by a year-round resident community of ~90 

dolphins (Chapter 3). Second, the estuarine community is socially, spatially and 

isotopically distinct from dolphin communities in adjacent coastal waters (Chapter 2). 

Social analyses revealed extremely weak association relationships between members 

of different social communities, while high association relationships were detected 

within communities (Chapter 2). The study area encompassed the full coastal range of 

the estuarine community, with the community range extending slightly outside the 

estuary (Chapter 2). Intracommunity heterogeneity, however, was detected in 

individuals’ space use patterns, suggesting that ~44% of independent individuals (i.e., 

juveniles and adults) in the estuarine community may venture out into coastal waters 

occasionally (Chapter 4). Regardless, stable isotope analyses confirmed the estuarine 

community to be dependent on wetland (i.e., PHE) fish resources (Chapters 2 and 4), 

while other identified social communities relied on coastal resources (Chapter 2).  

The estuarine dolphin community was defined as a closed population where 

population changes are largely determined by birth and death processes (Chapter 3). 
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No immigration was observed into the community during this study and, although not 

confirmed, it is likely that some juvenile males permanently emigrate from the system. 

Therefore, from here onward, I refer to the estuarine community as a population. 

Third, dolphins were found to be involved in ecosystem processes within the 

PHE, which constitutes approximately a half of the Peel-Yalgorup Ramsar site’s total 

area. Stable isotope analyses confirmed dolphins to be reliant on estuarine food sources 

(Chapter 2) and were identified to occupy the role of an apex predator in the estuary 

(Chapter 4). As such, they likely contribute to consumer (i.e., top-down) control in the 

system (Leopold 1943; Estes and Duggins 1995; Bowen 1997; Schmitz 2010). 

Based on the estuarine population’s current age structure (Chapter 3) and 

heterogeneous diet among social clusters (Chapter 4), individuals were collectively 

estimated to remove >200,000 kg of finfish annually from the system. This exceeds 

the finfish biomass removed annually by commercial fishers in the estuary (~100,000 

kg, Gaughan et al. 2019; Government of Western Australia 2020). The estimated 

annual food intake of the population comprised 29% detritivores, 29% herbivores and 

omnivores, 36% benthic omnivores and carnivores and 6% water column feeders 

(Chapter 4). Observations of foraging behavior and feeding events indicated some fish 

species to be consumed frequently and therefore deemed as important prey for 

dolphins (e.g., Cnidoglanis macrocephalus, Mugil cephalus, Rhabdosargus sarba, 

Sillago spp. and Pelates octolineatus), while other species were only observed to be 

consumed or targeted occasionally (e.g., Hyporhampus spp., Platycephalus laevigatus, 

Octopus tetricus and Arripis truttacea). The estimated volume of finfish consumption 

by dolphins indicates that they are an important consumer and may suppress prey 

populations within the estuary while the year-round presence of dolphins throughout 

the system has the potential to produce a ‘landscape of fear’ (Laundré et al. 2010) 
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where predation risk influences prey distribution and behavior (Lima and Dill 1990; 

Brown et al. 1999; Heithaus and Dill 2002; Wirsing et al. 2007; Ale and Whelan 2008; 

Heithaus et al. 2009). There are no absolute abundance or biomass estimates for fish 

stocks of species that utilize the Peel-Harvey Estuary and the available density 

estimates are highly variable (Valesini et al. 2009; Potter et al. 2016). Further 

information is therefore required to confirm whether, or to what degree, dolphins 

suppress prey populations within the estuary.    

Fish are considered a critical component of the ecological character of the Peel-

Yalgorup Ramsar-site as they sustain piscivorous birds and fish (Hale and Butcher 

2007; Stockwell et al. 2020) as well as dolphins (Chapter 4), and may as predators 

themselves influence the structure of fish, plant and invertebrate communities (e.g., 

Batzer et al. 2000; Hindell et al. 2000; Bessey et al. 2016). As such, changes in the 

dolphin population may influence the species community structure in the estuary and, 

for example, lead to simplification and shortening of the food web (Estes et al. 2011). 

Changes in the availability of fish species identified as regularly consumed dolphin 

prey (Chapter 4), however, are hypothesized to have less of an impact on the dolphin 

population. This is because dolphins generally show high behavioral plasticity and 

would likely switch between prey species in response to their availability and 

abundance (Radeloff et al. 2015). 

 

5.2. Dolphins’ contribution to the Peel-Yalgorup site meeting the Ramsar 

Convention listing criteria  

The Peel-Harvey dolphin population rely on wetland resources with individuals, apart 

from juvenile males who may permanently emigrate (Chapter 3), spending their whole 

life cycle in the estuary. As such, dolphins contribute to the Peel-Yalgorup site meeting 
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the Ramsar Convention listing criterion 4, by which ‘a wetland should be considered 

internationally important if it supports plant and/or animal species at a critical stage in 

their life cycles or provides refuge during adverse conditions’. Dolphins do not 

contribute to the Peel-Yalgorup Ramsar site meeting other listing criteria that may be 

relevant to dolphins in other wetlands (i.e., criterion 2, 3 and 9, see Table 1.1). For 

example, as Indo-Pacific bottlenose dolphins (Tursiops aduncus) are classified 

globally ‘near threatened’ (IUCN Red List, Braulik et al. 2019), are considered data 

deficient in Australia (Woinarski et al. 2014) and are not listed as threatened or a 

priority species under State legislation in Western Australia, their conservation status 

does not contribute to the site meeting criterion 2. Also, the size of the estuarine 

population (i.e., ~90 individuals) does not constitute >1% of global abundance for this 

species (Braulik et al. 2019) and hence does not satisfy criterion 9 (Table 1.1.). 

 

5.3. Baseline information and Limit of Acceptable Change (LAC) 

This thesis provides a robust baseline on structure, abundance and demographics for 

the dolphin population residing in the PHE (Table 5.1). Although baselines may shift 

over time (e.g., Newsome et al. 2007a), they provide a standard against which future 

changes can be assessed and are therefore important for triggering management action 

to ensure population or species persistence (e.g., Nicholson et al. 2012, Palmer et al. 

2014, Methion and Diaz López 2018; Martin et al. 2020).  

 Dolphins have used the PHE at least to some extent for decades (Hale and 

Butcher 2007; Groom and Coughran 2012), although it is likely they have been present 

in the estuary since its formation 8000 - 4000 years ago (Brearley, 2005). It is likely 

that the dolphin population size, residency and individuals’ space use 
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Table 5.1. Description of Indo-Pacific bottlenose dolphins (Tursiops aduncus) as a component of the ecological character of the Ramsar-

listed Peel-Yalgorup wetland in Western Australia. Information is based on a data collected between 2016 and 2020. 

Component Species Description Measurable baseline parameters Threats 

Marine 

mammals 

Indo-Pacific 

bottlenose dolphin 

(Tursiops aduncus) 

The Peel-Harvey Estuary supports a 

resident population of ~90 dolphins. This 

population is socially, spatially and 

isotopically distinct from dolphin 

communities in adjacent coastal waters  

(Chapter 2 and 3) 

 

Coastal dolphins use the entrance channels 

(Mandurah and Dawesville Channels) 

particularly in autumn 

(Chapter 2) 

 

The resident dolphins rely on estuarine 

food sources and show niche partitioning 

according to social structure in their diet 

(Chapters 2 and 4) 

 

Collectively the resident dolphins remove 

a minimum of 200,000 kg of finfish 

annually from the Estuary 

(Chapter 4)  

 

As top predators in the system, they likely 

supress prey populations through 

consumption and as agents of intimidation 

(Chapter 4) 

 

Dolphins use the full extent of the Peel-

Harvey Estuary year-round 

 

Population size fluctuated between 84 and 94 

individuals 

 

Mean annual apparent survival rates (%): 

Adults          94.6 (SD 2.02)    

Juveniles      88.2 (SD 2.54) 

Calves          100.0 (SD 0.00) 

Yearlings     75.4 (SD 17.50) 

 

Annual reproductive rate from 0.22 to 0.67 

(with current population structure this 

equates to between 5 and 16 calves born each 

year) was recorded with an average of 0.39 

over a 4-year period.  

 

Carbon and nitrogen stable isotope values: 

δ15N:  – 17.94 to – 14.15   

          (mean – 15.41, SD 0.74)  

δ13C: 8.09 to 10.88  

          (mean 9.86, SD 0.65) 

Dolphins are dependent on estuarine food 

sources (i.e., carbon stable isotope values, 

δ13C, measured overlap with those of 

potential prey species’ inhabiting the 

Estuary) 

Water quality (e.g., algal 

toxins) 

 

Commercial and urban 

development (habitat 

modification and/or loss) 

 

Entanglement in fishing 

gear 

 

Live strandings 

 

Disease outbreaks (e.g., 

cetacean morbillivirus) 
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patterns have changed with time. For example, the opening of the additional 

connection, the Dawesville Channel, to the Indian Ocean in 1995 resulted in changes 

to the ecological character of the estuary (e.g., hydrology and water quality have 

changed significantly and had effects on the biotic components such as decrease in 

phytoplankton and macroalgal biomass and increase in marine fish species, Hale and 

Butcher 2007; Potter et al. 2016) and likely influenced how dolphins have used the 

waterways since. Given the anecdotal nature of dolphin observations in the estuary 

prior to the present study, this thesis provides the first baseline for the status of the 

dolphin population. 

In the context of the Ramsar Convention, the baseline information provided 

from the research in this thesis contributes to setting management goals to increase 

population growth rate to enable an appropriate LAC to be set for dolphins. To reverse 

the forecast decline in population size over time, management should prioritize action 

that reduces adult female mortality by at least 10%, or by 5% if yearling mortality is 

also reduced by 10% while maintaining the current high reproductive output. The 

baseline information also allows for a focused monitoring program to be developed 

and when established this allows decision makers and managers to confirm 

management actions to have a desired outcome over time or to take further action when 

required to ensure the dolphin population is maintained as part of the ecological 

character of the Peel-Yalgorup Ramsar site.  

It is important to acknowledge that the baseline (Table 5.1) is based on only 

four years of dedicated research effort. This is a relatively short time given the 

longevity of dolphins (e.g., Connor and Krützen 2015; Wells 2014; Manlik et al. 2016). 

Future monitoring is recommended not only to ensure changes in the population are 

detected, but also to establish whether the baseline from this thesis has adequately 
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captured natural variation in the measured demographic parameters for the population. 

The baseline also only considers dolphins as biological components of the ecosystem 

and their involvement in ecosystem processes, not their contribution to ecosystem 

benefits and services (e.g., value to indigenous culture, aesthetics and tourism, 

DEWHA 2008). The latter is an equally important consideration when evaluating 

whether dolphins are part of the ecological character of a wetland and whether they 

should be considered a critical component of it (DEWHA 2008). Further study is 

required to evaluate the cultural, aesthetic and economic value of dolphins in the Peel-

Yalgorup Ramsar site. Together, the results from this thesis and an evaluation of 

ecosystem benefits and services provided by dolphins will form the basis for a fully 

informed development of a LAC. 

 

5.4. Monitoring program 

Recognizing dolphins as part of the ecological character of the Peel-Yalgorup Ramsar 

site implies they should also become a feature of monitoring and reporting in the 

wetland’s ecological character (DEWHA 2008). Although future work is required to 

evaluate dolphins’ contribution to ecosystem benefits and services, a monitoring 

program may be developed prior to this information being available. This is to evaluate 

whether management action has desired outcomes and to ensure dolphins are 

maintained as functional biological components of the wetland as described in this 

thesis (Table 5.1). 

The main objective of the suggested monitoring program (Table 5.2) is to 

detect any changes in the population size and demographic parameters over time. 

Changes should be measured against parameter values reported in this thesis (see Table 

5.1), with measured parameter values outside the observed variation triggering 
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management to consider whether further intervention is needed (DEWHA 2008). 

Dedicated monitoring ensures information is available for decision makers to evaluate 

and guide management action and to enable consideration of adverse impacts to the 

dolphin population from human activities. A monitoring program further ensures a 

precautionary approach is taken to maintain the dolphin population for their 

contribution to ecosystem benefits and services that are yet to be fully identified, for 

example, their availability to tourism (Thompson et al. 2000; Hawkins et al. 2017).  

Several studies have shown that there is generally low statistical power to 

detect population declines for delphinid species, with the amount of survey effort 

influencing the ability to detect population changes and demographic events such as 

calving (Taylor and Gerrodette 1993; Taylor et al. 2007; Tyne et al. 2016; Symons et 

al. 2018). It is therefore important to discuss the appropriateness of the suggested three 

surveys to be conducted in the estuary in each Austral season. A minimum of three 

surveys (i.e., sampling occasions) during primary sampling periods (i.e., seasons) are 

required to analyze the collected data in the Pollock’s Closed Robust Design capture-

recapture framework (Pollock 1982; Kendall and Nichols 1995; Kendall et al. 1995, 

1997). This analytical approach is valuable for monitoring how many dolphins (i.e., 

including coastal individuals in the entrance channels) use the estuary over time, 

although the suggested amount of research effort is unlikely to result in enough power 

to, in an appropriate time frame, detect statistically significant decline in coastal 

dolphins using the estuary (Tyne et al. 2016). The suggested research effort is deemed 

sufficient, however, to specifically monitor changes in demographic parameters of the 

estuarine population, given all individuals in the population are currently known. 

Based on individual sighting frequencies during this study, three surveys per season 

resulted in >70% of individuals being encountered within a season and 100% within
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Table 5.2. Components of a suggested monitoring program for Indo-Pacific bottlenose dolphin (Tursiops aduncus) population resident to the Peel-

Harvey Estuary, which is part of the Peel-Yalgorup Ramsar-site in Western Australia. 

What to monitor Objective of monitoring Method Frequency 

Residency, abundance, 

apparent survival and 

reproductive rate 

To detect changes in 

apparent survival and 

reproductive rates as 

measured against baseline 

information 

 

To ensure the estuarine 

population remains stable 

 

To monitor the use of the 

estuary entrances by 

coastal dolphins 

 

Ensure a proportion of 

resident mature females 

are reproducing each year  

Boat based photo-

identification surveys 

At minimum 3 surveys covering the Peel-Harvey 

waterways each Austral season 

 

Additional survey days are recommended during 

autumn when there are likely to be more births 

occurring and a higher number of individuals using the 

estuary entrances  

 

Additional survey days are also recommended when an 

independent individual has not been sighted for 6 

months. These surveys should target known high use 

areas by that particular individual 

Reliance on estuarine food 

sources 

Investigate whether 

resident dolphins are still 

reliant on Estuarine food 

sources 

Stable isotope analyses of 

carbon (δ13C) and nitrogen 

(δ15N) in dolphin skin 

tissue 

If the monitoring efforts indicate reduced use of the 

estuary by resident individuals 
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two seasons (Nicholson, unpublished data). As such, to ensure effective monitoring, 

each individual should be sighted periodically to confirm they are alive and present in 

the estuary. Only doing systematic sampling (i.e., transect design described in 

Chapters 2 and 3) is not likely to be sufficient for detecting births quickly enough to 

ensure calves that die soon after birth are also detected. Therefore, additional dedicated 

survey effort is recommended during the main calving season between March and 

May. Planning for a monitoring budget should allow for six days of monitoring per 

season and an additional ten days of monitoring in autumn. This monitoring program 

should be re-evaluated periodically to ensure sufficient sighting frequency of 

individuals to detect change in demographic parameters.  

 

5.5. Note on dolphin protection and management in Western Australia  

Including dolphins in the ecological character description and monitoring framework 

for the Peel-Yalgorup Ramsar site and them being managed as part of the Ramsar 

framework, does not conflict or overlap with any State legislation or management 

obligation for dolphins in Western Australia but rather complements existing 

framework for their protection. 

All cetaceans (i.e., whales, dolphins and porpoises) are protected in Australian 

waters. The EPBC Act provides for their protection in Commonwealth waters (3-

200nm) while corresponding State legislation applies in the waters under State 

jurisdiction (i.e., up to 3 nm). Thus, although the Commonwealth Government is 

ultimately responsible for conserving species under the Convention on Biological 

Diversity, an international agreement, the protection and management of the Peel-

Harvey dolphin population rests with the State Government and State legislation. 
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 In Western Australia, the Biodiversity Conservation Act 2016 (WA; BC Act) 

provides for the protection mainly from immediate and measurable threats (e.g., 

individual incidents of interference with dolphins, for detail see 5.5. below) that may 

result in death or in accumulative sublethal impacts on an individual or the population 

(e.g., Wells et al. 2008; Pirotta et al. 2015). Under the BC Act, it is an offence to take 

(i.e., kill, injure, harvest or capture), disturb (i.e., chase, drive, follow, harass, herd or 

hunt), possess, deal in, process, import or export a cetacean. The success of controlling 

these actions depends on their adequate detection and enforcement. The second piece 

of important legislation for protecting dolphins is the Environmental Protection Act 

1986 (WA; EP Act), which provides for Environmental Impact Assessments (EIA) to 

be conducted to evaluate impacts of developments on the environment, including 

dolphins. Unfortunately, however, coastal dolphins are often not included in the EIA 

process due to lack of information or reliable data on dolphin populations being 

available for an impact assessment (Bejder et al. 2012). 

 Several dolphin populations in Australian waters are monitored inadvertently 

through research programs, EIAs and their potential follow-up monitoring/reporting 

requirements (e.g., Connor and Krützen 2014; Chabanne et al. 2017a; Brooks et al. 

2017; Raudino et al. 2018; Sprogis et al. 2018; Bouchet et al. 2021). There, however, 

is no obligation on the Commonwealth or State governments to conduct surveys to 

identify the extent and range of cetacean species in Australian waters, nor is there any 

requirements to define populations for management purposes or to monitor identified 

populations over time. As such, managing the PHE dolphin population under the 

Ramsar framework (DEWHA 2008) offers it increased protection.  
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5.6. Threats and their potential consequences to the Peel-Harvey dolphin 

population 

Signatories to the Ramsar Convention are expected to identify actual and likely threats 

to the ecological character of listed sites and to incorporate their mitigation in 

management planning (Ramsar Convention Article 3, COP8, Resolution VIII.14, 

2002; DEWHA 2008). The slightly negative population growth rate projected for the 

Peel-Harvey dolphin population (Chapter 3) makes it vulnerable to external stressors 

and warrants management action to be taken to reverse the forecast decline in 

population size. Any human activity, event or environmental variable that may lead to 

decrease in survival and/or reproductive rates in this population may be considered a 

threat to the population’s persistence. The effect of some threats (e.g., live strandings, 

entanglements, disease outbreaks) are more obvious, while the effect of others (e.g., 

climate change, habitat modification, disturbance, pollution) may be difficult to 

identify and quantify (Simmonds and Isaac 2007; Wells et al. 2008; Hollyoke et al. 

2010; Schumann et al. 2013; Pirotta et al. 2015). 

The more quantifiable and direct causes of mortality in this population are 

related to live strandings (Groom and Coughran 2012) and entanglements (Chapter 3). 

Approximately a third of the current population have live stranded at least once, some 

individuals on multiple occasions (Nicholson, unpublished data). Individuals who 

strand during the summer months face a risk of getting badly sunburnt, which may 

lead to further health complications and death. At least 21% percent of dolphin deaths 

recorded during this study were attributed to live stranding events (Chapter 3). Four 

individuals in the estuarine population have also been recorded with fishing line 

entanglements (Nicholson, unpublished data), which may result in death of individuals 

(Wells et al. 2008). Mortality due to live strandings and entanglements can impact the 
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population trajectory and/or make the population more vulnerable to other external 

stressors especially if reproductive females are lost from the population. In addition, 

both live stranding and entanglement events need to be considered from an animal 

welfare perspective (Beausoleil et al. 2018). 

Stochastic events, such as disease outbreaks may also be catastrophic for the 

Peel-Harvey dolphin population given the projected negative population growth rate. 

For example, cetacean morbillivirus (CeMV) has affected several dolphin populations 

and been linked to unusual mortality events (e.g., Holyoake et al. 2010; Kemper et al. 

2016; Batley et al. 2019). In Western Australia, CeMV was linked to a dolphin 

mortality event where a third of an estuarine community of dolphins was lost 

(Holyoake et al. 2010; Chabanne et al. 2012; Stephens et al. 2014). Such loss in the 

Peel-Harvey dolphin population would likely lead to severe decline in reproductive 

output, depending on how many females are lost. As these outbreaks cannot be 

prevented, it is important to mitigate other external stressors on the population’s health. 

Climate change has been recognized both as a factor that may alter the 

ecological character of wetland ecosystems (Erwin et al. 2009; Finlayson et al. 2013) 

and driver of changes in abundance and distribution of marine mammals (Simmonds 

and Isaac 2007; Schumann et al. 2013). Climate change impacts on estuaries of south-

western Australia include progressive warming and drying (Hallett et al. 2018). This 

leads to declines in freshwater flows with permanently open systems, such as the Peel-

Harvey Estuary, becoming more marine and likely experiencing an increase in species 

diversity (Hallett et al. 2018). It is likely that climate driven changes in the abundance 

and distribution of dolphins using the estuary reflect changes in fish biomass and 

distribution in the system (Simmonds and Isaac 2007).   
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Human activities have also had negative consequences (e.g., biodiversity loss, 

decline in habitat quality and ecosystem services) on wetlands globally (Junk et al. 

2013; Gardner and Finlayson 2018), while also leading to direct and indirect impacts 

on dolphins (e.g., animals moving temporarily or permanently away from an area, 

Watson-Capps et al. 2005; Bejder et al. 2006; Pirotta et al. 2013). Population level 

consequences from human impacts (e.g., boating, dredging, construction, noise, 

pollution) may be detected through observation of lowered reproductive success 

(Schwacke et al. 2002; Wells et al. 2005; Kemper et al. 2019; Senigaglia et al. 2019), 

increased mortality (Wells and Scott 1997; Wells et al. 2008; 2013) and decreased 

health of individuals (Wells et al. 2005; Twiner et al. 2011), making these parameters 

important to monitor. 

The health of the Peel-Harvey dolphin population may also be impacted by 

water quality parameters indirectly, through trophic interactions (e.g., Chapter 4; Fire 

et al. 2008). The Serpentine and Murray Rivers currently show signs of significant 

eutrophication with potentially harmful algae dominating the phytoplankton 

communities (Thomson 2019). The identified algae may produce toxins (e.g., 

cyanotoxins, karlotoxins, domoic acid) that are associated with immunosuppression 

and modulation in dolphins (Twiner et al. 2011). The effects of climate change on 

reducing rainfall and river flow in south-western Australia are likely to cause a further 

increase in retention of nutrients in the estuary (Hallett et al. 2018), which may result 

in increased frequency of phytoplankton blooms. Further study is therefore warranted 

to investigate the impact of algal toxins to the estuarine dolphin population.   

Should any, or a combination of external stressors lead to the extinction of the 

Peel-Harvey dolphin population, as defined in this thesis, it is possible that as newly 

available habitat the estuary would be re-colonized by coastal dolphins (e.g., Silliman 
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et al. 2018; Chabanne et al. 2020). However, should the impacts of external stressors 

on dolphins not be managed appropriately, the estuary could become a sink habitat 

where a population may or may not persist without reproductive surpluses from 

productive source habitats (e.g., Pulliam 1988; Jansen and Yoshimura 1998; Chabanne 

et al. 2020). Given no immigration was observed into the estuary, it is difficult to 

hypothesize the degree of decline in population abundance that would trigger possible 

immigration or recolonization. 

 

5.7. Management recommendations and future research 

The inclusion of the Peel-Harvey dolphin population in the ecological character 

description of the Peel-Yalgorup Ramsar site and the baseline information provided in 

this thesis, facilitates the population being considered in future development planning 

and justifies the need for the population to be monitored to ensure its persistence. 

 Management should consider the Peel-Harvey dolphin population separate to 

dolphin communities in adjacent coastal waters with a primary goal of increasing adult 

female and yearling survival and ensuring that the reproductive rates reported in this 

thesis do not decline over time. Management should aim for zero human caused 

mortality (i.e., from entanglements) and survival of live stranded individuals, 

especially mature females to ensure the reproductive output of this population is 

maintained. This requires the government to build local capacity to detect and quickly 

respond to dolphin incidents in the estuary. Currently, the State government of Western 

Australia follows the national guidance on the management of dolphin incidents 

(DSEWPC 2013) and has not developed State-specific dolphin incident response 

protocols. These protocols are necessary to guide consistent decision making based on 

best available knowledge and to ensure adequate resources are strategically allocated 
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within the State to areas with known high frequency of dolphin incidents (e.g., the 

PHE, Groom and Coughran 2012). I recommend developing these protocols and 

allocating sufficient resources to dolphin incident response within the State as a 

priority action.  

Future research should evaluate the estuarine dolphins’ contribution to the 

Peel-Yalgorup Ramsar site ecosystem services and benefits (e.g., cultural, aesthetic 

and economic value, DEWHA 2008). This will allow a full assessment to be made on 

the importance of dolphins as part of the ecological character of the site. Additionally, 

this enables a comprehensive Limit of Acceptable Change to be set for the dolphin 

population. For better informed management, the natural progression of research to 

that detailed in this thesis, is to investigate the genetic population structure and 

connectivity to adjacent coastal communities. This would allow consideration of 

management of the estuarine dolphin population at a metapopulation scale and in the 

context of preserving genetic diversity within the species.  
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Appendix A 

Table A.1. Results of post-hoc Dunn test to determine which Indo-Pacific bottlenose dolphin (Tursiops aduncus) social communities/groups had 

significantly different mean carbon (δ13C) and nitrogen (δ15N) stable isotope values from each other. Stable isotope composition was measured in 

skin of dolphins sampled in the Peel-Harvey Estuary and adjacent coastal waters in Western Australia. 

Dolphin community Carbon Nitrogen 

 Z-Score P unadjusted 

P 

adjusted Z-Score P unadjusted 

P 

adjusted 

Offshore - Peel-Harvey -5.8534761 0.00 0.0000001 5.816383 0.00 0.0000001 

Peel-Harvey - Shoalwater 3.6801435 0.00 0.0034965 -5.27592 0.00 0.0000020 

Coastal unknown - Peel-Harvey -5.7884553 0.00 0.0000001 4.891774 0.00 0.0000150 

Dawesville Cut - Peel-Harvey -4.8412292 0.00 0.0000194 4.673918 0.00 0.0000443 

Comet Bay - Peel-Harvey -3.8263372 0.00 0.0019510 4.328085 0.00 0.0002256 

Dawesville Cut - Offshore 2.3687102 0.02 0.2677535 -2.44245 0.01 0.2188209 

Comet Bay - Coastal unknown 0.8266401 0.41 1.0000000 0.251951 0.80 1.0000000 

Comet Bay - Dawesville Cut -0.3040632 0.76 1.0000000 0.883124 0.38 1.0000000 

Coastal unknown - Dawesville Cut -1.3880466 0.17 1.0000000 0.719537 0.47 1.0000000 

Comet Bay - Offshore 1.7759714 0.08 1.0000000 -1.36741 0.17 1.0000000 

Coastal unknown - Offshore 1.1682727 0.24 1.0000000 -1.75108 0.08 1.0000000 

Comet Bay - Shoalwater -0.3804478 0.70 1.0000000 -0.4011 0.69 1.0000000 

Coastal unknown - Shoalwater -1.3121512 0.19 1.0000000 -0.72149 0.47 1.0000000 

Dawesville Cut - Shoalwater -0.1338961 0.89 1.0000000 -1.4397 0.15 1.0000000 

Offshore - Shoalwater -2.2313367 0.03 0.3848825 1.049994 0.29 1.0000000 
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Appendix B 

Table B.1. Population growth rate (r) and probability of extinction in 100 years estimated by an age-based Monte Carlo simulation of stochastic 

and deterministic effects on the viability of an Indo-Pacific bottlenose dolphin (Tursiops aduncus) population resident to the Peel-Harvey Estuary 

in Western Australia. All model parameters were kept the same apart from standard deviation due to environmental variance (e.g., weather, prey 

availability, predation pressure). 

Model SDEV r (SD) Probability of extinction (SE) 

PVA_1 0.10 - 0.004 (0.059) 0.005 (0.002) 

PVA_2 0.50 - 0.004 (0.059) 0.004 (0.002) 

PVA_3 1.00 - 0.004 (0.060) 0.005 (0.002) 

PVA_4 1.51 - 0.004 (0.062) 0.01 (0.003) 

PVA_5 2.00 - 0.004 (0.064) 0.009 (0.0039) 

PVA_6 2.50 - 0.004 (0.066) 0.008 (0.003) 
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Table B.2. Effects of parameter variation on mean population growth rate (r), probability of extinction (PE) and population size in 100 

years forecast for an Indo-Pacific bottlenose dolphin (Tursiops aduncus) population resident to the Peel-Harvey Estuary in Western 

Australia. Notations: K = carrying capacity, AFm = adult female mortality rate, Ym = yearling (i.e., individuals < 1 years old) mortality 

rate, RR = reproductive rate, SD = standard deviation. 

Model description K AFm Ym RR r (SD) PE (SE) Extant N (SD) 

PVA_base 150 5.05 24.76 38.53 - 0.0044 (0.0619) 0.0100 (0.0032) 65 (33) 

PVA_stable_age 150 5.05 24.76 38.53 - 0.0044 (0.0620) 0.0110 (0.0033) 65 (34) 

PVA_RR_+1% 150 5.05 24.76 38.92 - 0.0036 (0.0604) 0.0060 (0.0024) 69 (35) 

PVA_RR_+5% 150 5.05 24.76 40.03 - 0.0020 (0.0590) 0.0030 (0.0017) 79 (36) 

PVA_RR_+10% 150 5.05 24.76 41.52 - 0.0001 (0.0567) 0.0020 (0.0014) 90 (37) 

PVA_AFm_-1% 150 5.00 24.76 38.53 - 0.0039 (0.0615) 0.0100 (0.0032) 69 (36) 

PVA_AFm_-5% 150 4.80 24.76 38.53 - 0.0024 (0.0594) 0.0030 (0.0017) 76 (35) 

PVA_AFm_-10% 150 4.55 24.76 38.53 - 0.0001 (0.0570) 0.0000 (0.0000) 89 (36) 

PVA_Ym_-1% 150 5.05 24.33 38.53 - 0.0035 (0.0612) 0.0040 (0.0020) 70 (35) 

PVA_Ym_-5% 150 5.05 23.35 38.53 - 0.0033 (0.0611) 0.0070 (0.0026) 71 (35) 

PVA_Ym_-10% 150 5.05 22.13 38.53 - 0.0021 (0.0597) 0.0060 (0.0024) 79 (36) 

PVA_AFm_5%_Ym_10% 150 4.80 22.13 38.53 0.0000 (0.0406) 0.0010 (0.0010) 90 (37) 

PVA_AFm_10%_Ym_10% 150 4.55 22.13 38.53 0.0016 (0.0563) 0.0000 (0.0000) 99 (35) 

PVA_AFm_10%_Ym_10%_K86 86 4.55 22.13 38.53 0.0012 (0.0620) 0.0050 (0.0022) 60 (19) 

PVA_K_86 86 5.05 24.76 38.53 -0.0045 (0.6710) 0.0120 (0.0034) 48 (22) 

PVA_K_100 100 5.05 24.76 38.53 -0.0037 (0.0616) 0.0070 (0.0026) 68 (33) 
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Table B.3. Reproductive success of sexually mature females in the population of Indo-Pacific bottlenose dolphins (Tursiops aduncus) 

resident to the Peel-Harvey Estuary, Western Australia. Notations: n/a = no age estimate, ° = age estimated using stereo-laser 

photogrammetry methods, * = age estimated from the animal being six years old (average age juvenile) or 10 years old if with a calf at 

the time of first known live stranding, W = weaned, O = orphaned, D = deceased/disappeared, FC = first calf, - = immature, M = mature, 

X = no longer in the breeding population, (?) = available to have a calf but no calf recorded, three letter codes = individual identification 

code, (NA) = with dependent calf 

Social cluster AF1 AF2 M1 M2 CA L1 

Female ID CMS GNW  HAT LBL NKY TNT TWT BDW HNA TON SEA MLK PRN MWG ZET DER LUC BOW HAY ANN COL FRL  SQC SWP TOM  RVR SCR  ANG 

Estimated age 

(2016) 
8 - 

9.5° 
n/a 11° 19° 20* 19° 29* n/a n/a 21* 14° 16° n/a 12° 12° 12° 16° 13° 11° 14° 15° n/a 35° 17° 4° 6° n/a 12° 

 2016 EST 

(FC,D) 
NGT 

(O) 
HAL 

(D) 
(NA) (NA) (NA) (NA) PAN 

(W,D) 
(NA) (NA) (NA) (NA) (NA) CTH 

(D) 
LIT 

(W) 
SCB LNA 

(W) 
ZIG 

(W) 
CMT 

(W) 
(NA) (NA) (NA) (NA) (NA) - - (NA) - 

2017 (NA) X 
(NA) (NA) (NA) (NA) (NA) (NA) X 

NIK BRZ 

(W) 
SLH (NA) (NA) (NA) (NA) (NA) (NA) (NA) (NA) (NA) X 

AND 

(D) 
(NA) - - SPC 

(D) - 

2018 SPI X 
(NA) (NA) DJN 

(O,D) 
CAR (NA) (NA) X 

(NA) (NA) (NA) (NA) (NA) (NA) (NA) (NA) (NA) (NA) KIM 

(D) 
STY X 

POM 

(D) 
(NA) - - X - 

2019 (NA) X 
HLI AOR 

(D) 
SOL (NA) TSW TNK 

(D) X 
TAL 

(D) 
CCC (NA) PPR MPL (NA) (NA) DMN SRD HRB 

(D) 
(?) (NA) X 

KLN 

(D) 
RYD (M) MER 

(FC) X 
BRV 

(FC) 
 

 

Table B.4. Approximate age of adult males in a population of Indo-Pacific bottlenose dolphins (Tursiops aduncus) resident to the Peel-

Harvey Estuary, Western Australia. Notations: n/a = no age estimate, ° = age estimated using stereo-laser photogrammetry methods, * = 

age estimated from the animal being at least six years old (average age juvenile) at the time of first known live stranding 

Social 

cluster 
AM1 AM2 L2 

Male ID ZNE  FTN BLK FRS HOK BTS YOY LMY TRB  THT RBY CRK SQK  

Estimated 

age (2016) 

29* 28* 31° 29* 15° 31° 29° 24° 22 n/a n/a 10-17° n/a 
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Table B.5. Sex and approximate age of juveniles in a population of Indo-Pacific bottlenose dolphins (Tursiops aduncus) resident to the 

Peel-Harvey Estuary, Western Australia. Notations: m = male, f = female, n/a = no age estimate, ° = age estimated using stereo-laser 

photogrammetry methods, ^ = known age from birth records, * = first calf born in 2020 

Social cluster JM CA M2 M1 

Juvenile ID GGL LIO  LNK KDB  BKY ELV SPK HTY TGG BTL  PRJ SRY CPR SPO KRS HNH DOR ERC BUD BOR 

Sex m m m m m f f f m m m m m f m m m f f f 

Estimated age 

(2016) 

4^ 5° 5^ 4° 5^ n/a n/a n/a n/a n/a 8° 7° n/a  n/a 4° 6° 4° 6° 4° 6*  
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Figure B.1. Age distribution used as initial population structure for a Population Viability Analysis for a community of Indo-Pacific 

bottlenose dolphins (Tursiops aduncus) resident to the Peel-Harvey Estuary, Western Australia.   

 

 

 

 

0 2 4 6 8 10 12

1

3

5

7

9

11

13

15

17

19

21

23

25

27

29

31

33

35

37

39

Number of individuals

A
ge

 (
ye

ar
s)

Female

Male



 

182 

 

Figure B.2. Number of calves born to a community of Indo-Pacific bottlenose dolphins (Tursiops aduncus) resident to the Peel-Harvey 

Estuary, Western Australia.   
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Appendix C 

 

 

Figure C.1. Location of prey species (n = 17) observed to be targeted by Indo-Pacific 

bottlenose dolphins (Tursiops aduncus) in the Peel-Harvey Estuary, Western Australia 
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Figure C.2. Location of foraging strategies observed to be used by Indo-Pacific 

bottlenose dolphins (Tursiops aduncus) in the Peel-Harvey Estuary, Western Australia 
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Figure C.3. Indo-Pacific bottlenose dolphins (Tursiops aduncus) sighting locations (n 

= 43) recorded by the public via a mobile application, Dolphin Watch between 

December 2015 and August 2020. Dolphin Watch is a citizen science initiative which 

allows people to participate in dolphin monitoring in the Peel-Harvey Estuary, Western 

Australia 




