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Thesis Outline  

 

This thesis presents work conducted by myself, with guidance from my supervisory panel 

Ricky Spencer, James Van Dyke and Arthur Georges. My thesis is comprised of four data 

chapters, presented in an appropriate format for peer-review publication. Repetition of 

introduction statements and methodologies were in some instances unavoidable. I provide 

readers with a general introduction (Chapter 1), four data chapters (Chapters 2 - 5) and 

synopsis (Chapter 6). I also present a conversation style article, for submission into The 

Conversation (Chapter 7). I am the primary author of each chapter. Co-authors of each 

chapter include my supervisory panel Ricky Spencer, James Van Dyke and Arthur Georges, 

unless stated otherwise. In no case did the contributions of the co-authors exceed what would 

be normally expected of PhD supervision. 
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Abstract 

 

Earth’s sixth mass extinction event, driven by human activity, is evident across all 

ecosystems, with freshwater ecosystems having the highest rates of threatened or endangered 

species. The freshwater Bellinger River turtle Myuchelys georgesi is an Australian native 

species currently at risk of extinction. Endemic to the Bellinger Drainage on the mid-north 

coast of NSW, M. georgesi is geographically restricted and rapidly declined in 2015, most 

likely owing to an outbreak of disease – a novel nidovirus (now referred to as the Bellinger 

River virus; BRV). Four hundred and thirty-three adult M. georgesi are known to have died 

from the disease, with the remaining population estimated at ca 150 turtles, most of which are 

juveniles. The survival and maturation of these juvenile turtles is imperative to prevent the 

extinction of M. georgesi. However, the recovery of M. georgesi may be impeded by the 

presence of another Australian species which is invasive in the Bellinger River – the Murray 

River short-necked turtle Emydura  macquarii. No research to date has quantified the 

potential current threat of E. macquarii to M. georgesi, therefore the overall aim of this thesis 

is to investigate the potential threat of invasive E. macquarii to the recovery of M. georgesi in 

the Bellinger River. The Bellinger River system presents a rare opportunity to evaluate the 

compounding effects of extensive disease-related mortality and an invasive species, on the 

potential recovery and survival of an endemic and geographically restricted freshwater turtle. 

I first assessed the potential for interactions between M. georgesi and E. macquarii by 

determining the spatial overlap of the two species in the Bellinger River (Chapter 2). I 

examined the distributional overlap and relative abundances of both species using catch-per-

unit-effort, determined the average home range size of radio-tracked individuals, and 

estimated turtle movement using radio tracking and recapture data. Myuchelys georgesi and 

E. macquarii overlapped substantially in distribution, with E. macquarii occurring at higher 
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relative abundance than M. georgesi. The two species had similar tendencies to move and 

moved similar distances across their overlapping distributions. However, the home range of 

E. macquarii were greater than the home range size of M. georgesi, with male E. macquarii 

moving the furthest. The similarities in the two species distributions and movement suggests 

an increased potential for interactions, such as hybridisation (Chapter 3) and competition for 

food (Chapter 4).  

Hybridisation and introgression between M. georgesi and E. macquarii, threatens M. 

georgesi through genetic swamping. Although hybridisation has been confirmed, no data 

exist on the survival of hybrid and introgressed individuals during the BRV outbreak, nor 

how the changes in abundance and demographics of M. georgesi post-disease have shifted 

hybridisation rates. I used single nucleotide polymorphisms to identify F1 hybrids (M. 

georgesi x E. macquarii) and backcrossed turtles in the Bellinger and Kalang Rivers. I 

determine changes in the number of F1 hybrids and backcrossed turtles between capture 

periods (2007 vs 2015 - 2019) and the survival of F1 hybrids and M. georgesi backcrosses in 

comparison to pure M. georgesi during the disease outbreak. Despite high mortality rates of 

pure M. georgesi from BRV, I found no significant difference in the number of F1 hybrids or 

M. georgesi backcrossed turtles between 2007 and 2015 - 2019. This suggests that F1 hybrids 

and M. georgesi backcrossed turtles had higher survival than pure M. georgesi during the 

disease outbreak. If hybrid turtles are resistant to the virus, they may offer a degree of genetic 

protection to remaining M. georgesi. However, this may come at a cost of losing the 

genetically unique M. georgesi to genetic swamping. 

I assessed the current potential for dietary overlap between M. georgesi and E. 

macquarii by comparing the isotopic compositions of M. georgesi and E. macquarii within-

sites of the Bellinger River using stable isotope analyses (Chapter 4). Due to the Critically 

Endangered status of M. georgesi and their small body size (juvenile) it was not possible to 



 xx 

determine dietary differences via gut content analysis. I found M. georgesi and E. macquarii 

overlap in isotopic compositions at 3 out of 4 sites, suggesting potential for dietary 

competition to occur in the Bellinger River. Overlap in isotopic compositions detected in the 

downstream section of the river suggests potential for competitive interactions to occur, 

particularly as E. macquarii occur in high numbers (Chapters 2 and 4).  

Given the potential for competition for food to occur between M. georgesi and E. 

macquarii, I aimed to determine whether differences in maternal diet influence female 

reproductive output in turtles, using a field experiment on E. macquarii in its native range as 

a model system (Chapter 5). Specifically, I tested for differences in total clutch mass, 

individual egg mass, bulk egg composition, and hatching success across sites that varied in 

food availability. Total clutch mass increased significantly with maternal body size at each 

site, with food-limited females producing smaller clutches relative to body size, compared to 

females with high food availability. I found no effect of site on individual egg mass, bulk egg 

composition or hatching success. The finding that food-limited females produce fewer eggs, 

may have long-term consequences for the recovery of M. georgesi in the wild, particularly if 

food competition with E. macquarii is high, and continues as M. georgesi reach adulthood.  

Together these findings have implications for management and the recovery and long-

term survival of M. georgesi. With freshwater turtle populations in decline throughout 

Australia, it is important to manage the threats to freshwater species and implement effective 

conservation strategies founded in rigorous science. This thesis concludes by presenting a 

conundrum: what do we do about an invasive, native species? Do we let E. macquarii 

expansion in the Bellinger drainage run its course, or do we intervene to manage its 

abundance and distribution as an additional measure in the recovery of M. georgesi? (Chapter 

6). 
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Chapter 1- 

General Introduction 

 

Earth has undergone five mass extinction events (Barnosky et al. 2011). The “Big Five” mass 

extinctions: Ordovician (443 million years ago), Devonian (359 million years ago), Permian 

(251 million years ago), Triassic (200 million years ago), and Cretaceous (65 million years 

ago) each resulted in losses of more than 75% of species (Jablonski 1994). Extinctions during 

the “Big Five” were caused by glacial and interglacial episodes, global warming and cooling, 

volcanism, and asteroid impacts (Barnosky et al. 2011). However, Earth’s sixth mass 

extinction event, which is currently underway (Dirzo and Raven 2003; Ceballos et al. 2015), 

has been caused by humans. Habitat degradation and fragmentation, disease, poaching and 

over-harvesting, invasive species and global climate change are all ecological stressors that 

couple together to create a “perfect storm” for a mass extinction event (Barnosky et al. 2011). 

Today, extinctions are occurring over shorter timescales (Novacek and Cleland 2001), with 

the average rate of vertebrate species lost in the last century occurring at a rate higher than 

pre-human background (Ceballos et al. 2015). Without implementing conservation actions to 

address threatening processes, more species will decline to extinction, resulting in a reduction 

in biodiversity and ecosystem services (Novacek and Cleland 2001; Ceballos et al. 2015).  

Globally, 10,000 to 20,000 species are already extinct or threatened (Strayer et al. 

2006), and aquatic organisms are proportionately more threatened than terrestrial organisms 

(Ritcher et al. 1997; Sala et al. 2000; Abell 2002; Collen et al. 2014). Freshwater 

environments are biodiversity hotspots. They cover only 0.8 percent of the Earth’s surface 

but are home to six percent of all species (Hawkesworth and Kalin-Arroyo 1995; Dudgeon et 

al. 2006). Despite their once-rich biodiversity, one in three freshwater species are threatened 

with extinction worldwide (Collen et al. 2014). Most freshwater species are endemic to a 
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single basin, river, or lake, reducing their ability to escape environmental changes. Being 

unable to escape environmental changes increases their sensitivity to threatening processes 

(Dudgeon et al. 2006; Strayer and Dudgeon 2010). Human-induced habitat alteration and 

destruction (Rosenberg, McCully and Pringle 2000; Carmen and Tomevska 2019), pollution 

(Hopkins et al. 2013; Rowe 2014), climate change (Chessman 2009; Woodward, Perkins and 

Brown 2010), disease (Gray, Miller and Hoverman 2009; Vredenburg et al. 2010) and 

invasive species (Phillips et al. 2006; Letnic, Webb and Shine 2008; Polo-Cavia, López and 

Martin 2010) have all been identified as threatening processes impacting the health of 

freshwater ecosystems and the survival of species inhabiting them (Dudgeon et al. 2006).  

 Invasive species in combination with other threats, can increase the risk of native 

species extinction (Gurevitch and Padilla 2004). Invasive species tend to be larger, have 

greater reproductive potential, outcompete native species, and tend to be more abundant in 

their introduced ranges compared to their native ranges (Parker et al. 2013). Invasive species 

can impact native species through direct predation (Kwong, Chan and Qiu 2009) and 

poisoning (Phillips et al. 2006), competition for food or habitat (Polo-Cavia, Lopez and 

Martin 2010), habitat modification (ie. Roberts et al. 1995) and hybridisation (Guildea et al. 

2015).   

 

Decline of Order Testudines 

Turtles (Order Testudines) are long-lived (Gibbons and Semlitsch 1982; Gibbons 1987), and 

have a life-history which follows a type-3 survivorship curve, with high mortality 

experienced early in life, followed by a late onset of sexual maturity (Iverson 1991). Turtles 

typically have high annual fecundity, laying one or more clutches of 10-30 eggs per year. 

Turtles historically exhibited high biomasses (Iverson 1991), however pressure from human-

induced changes has resulted in worldwide declines of turtle species, with more than 60 
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percent of existing species globally classed as vulnerable, threatened, or endangered (IUCN 

Turtle Taxonomy Working Group 2010). Since the 1700’s, 10 species of tortoises and 

freshwater turtles have gone extinct; the Viesca Mud turtle Kinosternon hirtipes 

megacephalum from the Kinosternidae family; the Seychelles Mud turtle Pelusios castaneus 

seychellensis from the Pelomedusidae family and 8 species of tortoise from the Testudinidae 

family (Stanford et al. 2018). Australian freshwater turtle species are not immune to decline 

with 44% of freshwater turtle taxa currently listed as vulnerable, endangered, critically 

endangered or extinct, at state or federal levels, or by the IUCN (Van Dyke et al. 2018). 

 

Decline of the native Bellinger River turtle, Myuchelys georgesi 

The Bellinger River turtle Myuchelys georgesi (Family Chelidae; Figure 1), is a species of 

freshwater short-necked turtle that is Critically Endangered in Australia. Previously known in 

New South Wales as Elseya georgesi (Georges and Adams 1992), Elseya latisternum 

georgesi (Artner 2008), and Wollumbinia georgesi (Cogger 2018), M. georgesi is endemic to 

a 70 km stretch of the Bellinger River (Chessman et al. 2020). Myuchelys georgesi was found 

by Cann (1997) in the Bellinger River and the adjacent Kalang River. However no pure M. 

georgesi have been found in the Kalang River recently (Chessman et al. 2020). In 2005 the 

M. georgesi population was estimated to be ca 4500 ± 1400 individuals (Blamires et al. 2005) 

and was considered stable (Blamires and Spencer 2013). Female M. georgesi reach sexual 

maturity at 8 years of age while males reach sexual maturity at 5-6 years of age (Blamires et 

al. 2005). Female M. georgesi nest on land between October and December, laying one 

clutch of 10-15 eggs (Cann 1997). In the Bellinger catchment, M. georgesi is sympatric with 

two other freshwater turtle species: the common long-necked turtle Chelodina longicollis, 

and the Murray short-necked turtle Emydura macquarii. 
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Figure 1. Photo of Myuchelys georgesi from the Bellinger River.  

 

In 2015, a novel nidovirus, the Bellinger River virus (BRV), caused mass mortality of M. 

georgesi in the Bellinger River (Moloney, Britton and Matthews 2015, Zhang et al. 2018). 

Initial reports of infected turtles were documented in the lowest section of the Bellinger 

River, but BRV moved upstream at a rate of 1.1 km per day (Moloney, Britton and Matthews 

2015). Myuchelys georgesi infected with BRV were emaciated, with swollen eyes, tan foci of 

the skin of the thighs, and hind-limb paresis (Figure 2; Moloney, Britton and Matthews 

2015). Histopathology showed inflammation of the eyes, sinuses and oral cavity, as well as 

acute inflammation of the spleen, kidneys and liver (Moloney, Britton and Matthews 2015). 

At the time 433 carcasses of infected M. georgesi were detected (NSW Scientific Committee 

2016), all of which were adults (Zhang et al. 2018; Chessman et al. 2020). Although the 

number of dead turtles founds represents only ~ 10% of the population estimated by Blamires 

et al. (2005), this number is likely an underestimate given the lack of adults detected after the 

disease outbreak (Chessman et al. 2020) and the likelihood of carcasses being washed away 

in a flood event soon after the mortality event (Spencer 2015). Neither E. macquarii or C. 

longicollis were located on the banks displaying symptoms of the disease and no carcasses of 

either species were found (Zhang et al. 2018). 

Photo: Kristen Petrov

 

Photo: Kristen Petrov
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maturity. Attempts to restore M. georgesi are underway with the establishment of a captive 

breeding program at Taronga Zoo and ongoing release of head-start juveniles (Rubbo, 

Jambor and Keen 2019). However, there are gaps in our knowledge of the threats that may 

impact the recovery of M. georgesi in the wild. Key threats to the recovery of M. georgesi 

include the reoccurrence of the virus, predation of eggs and nesting females by introduced 

species such as foxes (Thompson 1983; Spencer 2002), and the presence of the invasive 

Murray River short-necked turtle E. macquarii. The aim of this thesis is to determine how M. 

georgesi and the invasive E. macquarii interact, and assess interactions with E. macquarii as 

a threat to the recovery of M. georgesi after the disease event.  

 

Invasion of the Bellinger River, NSW by Emydura macquarii 

Invasive species have been recognised as one of the main threats to global biodiversity 

(Wilcove et al. 1998). Although invasive species alone rarely cause the extinction of native 

species, they can combine with other threats to increase the risk of extinction (Gurevitch and 

Padilla 2004). I define an introduced species as one which has been introduced into a novel 

environment outside of its native range but has not spread beyond the initial release location. 

I consider a species invasive if it were introduced outside its native range, and has 

proliferated and spread beyond the initial release location. In the Bellinger River, the 

presence of the introduced and now invasive Murray River short-necked turtle, E. macquarii 

(Family Chelidae; Figure 3), threatens the recovery of native M. georgesi. Emydura 

macquarii is native to the Murray-Darling Basin, Australia and other coastal river systems 

across eastern Australia (Figure 4; Cann 1998). Many subspecies of E. macquarii have been 

proposed, however no taxonomic classifications at the level of subspecies currently exist 

(Cann 1997; Georges and Thomson 2010; Georges et al. 2018a). In its native range in the 

Murray-Darling Basin, E. macquarii is in decline (Chessman 2011; Van Dyke et al. 2019), 
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listed as Vulnerable in Victoria (The State of Victoria Department of Sustainability and 

Environment 2013) and Vulnerable in South Australia under the National Parks and Wildlife 

Act 1972 (Legislation Revision and Publication Act 2002). These declines are primarily a 

result of high rates of fox predation on turtle nests (Thompson 1983; Spencer 2002; Spencer 

and Thompson 2005).  

 

  

Figure 3. Emydura macquarii from the Bellinger River, NSW.  

 

Photo: Shane Ruming Photo: Shane Ruming 
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(Bellinger River Form) in the Schedules of the Threatened Species Act, New South Wales 

(NSW NPWS 2001), and Vulnerable Emydura macquarii signata (Bellinger River, NSW) in 

the national Environment Protection and Biodiversity Conservation Act 1999 

(Commonwealth of Australia 1999). In 2001, a recovery plan for the Bellinger River E. 

macquarii was developed, which highlighted the threats to the species, biodiversity benefits 

of the species conservation, and recovery actions (NSW NPWS 2001). The Bellinger River 

E. macquarii was promoted as the local community’s flagship species and used to gain 

community support and government funding for riverine health initiatives and invasive 

predator control within the Bellinger River basin (NSW NPWS 2001).  

 

Identification of Emydura macquarii as invasive in the Bellinger River: 

Initial surveys of the Bellinger River between 1990 and 1992 at the site upstream of Thora, 

Ralph’s Corner, detected six E. macquarii (Figure 4; Cann 1998; Spencer and Thompson 

2000). During surveys in 2000, an additional two E. macquarii, both males, were caught in 

the vicinity of Ralph’s Corner (Spencer and Thompson 2000). Between 2000 and 2004, 11 E. 

macquarii (6 males, 4 females and 1 juveniles) were caught within a 30 km stretch of the 

Bellinger River (Blamires et al. 2005). In 2007 during an intensive three-week survey, 73 E. 

macquarii were caught in the Bellinger catchment, 63 from the Bellinger River, and 10 from 

the adjacent Kalang River. A total of 17 E. macquarii (5 females, 9 males and 3 juveniles) 

were caught above Thora, while 46 E. macquarii (28 females, 14 males and 4 juveniles) were 

caught downstream of Thora (Figure 5; Spencer, Georges and Welsh 2007). Additionally, 

there were reports of three E. macquarii from the Coffs Creek region being accidentally 

released near the town of Bellingen in 2000 (Figure 5; Georges et al. 2011). 
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a cause for the presence of E. macquarii in the Bellinger River, it is unlikely due to the 

geographic distance between river systems, and the lack of direct connectivity among them 

(i.e. straight line distance between Bellinger River and Nambucca River ca 23 km; Figure 6; 

Georges et al. 2011). Emydura macquarii may be less inclined to move over land because of 

their higher rates of evaporative water loss than species such as the common long-necked 

turtle C. longicollis which commonly moves over land (Chessman 1984). Instead, it is more 

likely E. macquarii were introduced into the Bellinger River by humans, first at the site 

upstream from Thora, and then again at the town of Bellingen (Georges et al. 2011). As a 

result, the Vulnerable listings of Bellinger River Emydura at state and national levels were 

removed (NSW Scientific Committee 2009). 
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Figure 6. Map of the rivers on the mid-north coast of NSW, Australia including the Bellinger 

River and adjacent Kalang River confluent via a common estuary, the Clarence, Hastings, 

Macleay and Nambucca Rivers, and Coffs Creek (Google Earth Pro). 

 

The success of Emydura macquarii as an invader in the Bellinger River: 

Current population estimates suggest ca 500 E. macquarii now inhabit the Bellinger River 

(Chessman et al. 2020). The success of E. macquarii as an invader of the Bellinger River is 

likely a result of physiological and behavioural attributes of the species (Ehrlich 1989; 

Blackburn et al. 2011). Female E. macquarii reach sexual maturity at 9-12 years of age, while 

males reach sexual maturity at 5-7 years of age (Spencer 2002; Chessman et al. 2020). 

Emydura macquarii has high annual fecundity similar to other turtle species, with females 
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typically laying a clutch of 15-25 eggs each year (Chessman 1978). The high reproductive 

output of E. macquarii (assuming other threats are minimal; Thompson 1983), likely favours 

the rapid expansion of the population.  

 The generalist foraging behaviour of E. macquarii likely increases the ability of the 

species to proliferate (Marvier, Kareiva and Neubert 2004). Unlike species which specialise 

on only a few prey items, E. macquarii is a generalist omnivore that consumes large amounts 

of filamentous green algae, invertebrates and fish (Chessman 1986; Spencer, Thompson and 

Hume 1998; Petrov et al. 2018). The varied diet of E. macquarii means the species has the 

capacity to alter its diet when food availability is low (Petrov et al. 2018; Petrov et al. 2020), 

and in response to different habitats and water quality (Spencer et al. 2014). Despite notable 

bioenergetic consequences when preferred prey are scarce (Petrov et al. 2020), E. macquarii 

has the capacity to become an excellent invader given its generalist nature, and may compete 

with sympatric species when food sources are limited or environmental conditions are 

unfavourable (Spencer et al. 2014). In the Bellinger River, E. macquarii tends towards 

carnivory, consuming a high proportion of benthic macro-invertebrates (Spencer et al. 2014). 

 

The threat of invasive E. macquarii to the recovery of native M. georgesi 

Prior to the disease outbreak in 2015, only one study had assessed the threat of E. macquarii 

to M. georgesi (Spencer et al. 2014). Since the loss of 90% of the M. georgesi population 

from BRV (Chessman et al. 2020), it has become increasingly important to assess the threat 

of E. macquarii to the recovery of M. georgesi. Recent research has focused on the 

population size and demographic structure of both populations (Chessman et al. 2020), 

growth rates and body condition during the disease outbreak, the potential role of 

environmental change in the susceptibility of M. georgesi to BRV (Spencer et al. 2018; 

Chessman et al. 2020), and the threat of hybridisation and introgression between E. 



 14 

macquarii and M. georgesi (Georges et al. 2018b). However, key gaps in our knowledge 

remain, including the potential role of E. macquarii as a carrier of the virus, the potential for 

competitive interactions between E. macquarii and M. georgesi for both habitat and food, and 

the extent of hybridisation and susceptibility of hybrid turtles to the virus.  

 

Emydura macquarii as a potential carrier of disease: 

Two out of forty-nine E. macquarii sampled in November 2015 tested positive for low levels 

of BRV RNA (Zhang et al. 2018). The RNA levels were near the lower limit of detection and 

as such, it has been proposed that the positive result for these two turtles may be due to 

contamination from the environment (Zhang et al. 2018). Regardless, the presence of low 

levels of BRV RNA in E. macquarii raises the question as to whether E. macquarii acts as a 

vector for transmission of the virus (Chessman et al. 2020) and remains to be tested.  

 

Hybridisation between M. georgesi and E. macquarii: 

Hybridisation, the sexual reproduction by individuals from distinct genetic lineages (Harrison 

1993), has been confirmed between M. georgesi and E. macquarii in the Bellinger River 

(Georges et al. 2018b). Hybridisation between invasive and endangered native species 

whereby hybrids are fertile, and backcrossing occurs to one of the parental species, can be 

detrimental to the endangered species as locally adapted genotypes may become lost as the 

gene pool is diluted (Mallet 2005). First generation (F1) hybrids and introgressed (i.e. back-

crossed) individuals have been detected in the Bellinger River, indicating that F1 hybrids are 

fertile, and are able to mate with one of the parental species (Georges et al. 2018b). The low 

number of M. georgesi and the high number of E. macquarii (ca 150 and ca 500 individuals 

respectively, Chessman et al. 2020) in the Bellinger River may increase the rate of 

hybridisation and introgression as M. georgesi reach maturity, as the likelihood of M. 
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georgesi encountering a conspecific mate is reduced (Hubbs 1955; Vaz Pinto et al. 2016; 

Chessman et al. 2020). When introgression is extensive, native species may be at risk of 

extinction due to genetic swamping (Rhymer and Simberloff 1996; Allendorf et al. 2001; 

Buerkle, Wolf and Rieseberg 2003; Todesco et al. 2016). Genetic swamping is the process by 

which one or both of the parental genetic lineages are replaced by hybrids (Todesco et al. 

2016). If the rate of hybridisation and introgression increases between M. georgesi and E. 

macquarii, there is potential that M. georgesi may be genetically swamped to extinction 

(Georges et al. 2018b). Myuchelys georgesi that once resided in the adjacent Kalang River 

(Cann 1997) are now absent, possibly due to genetic swamping by E. macquarii (Georges et 

al. 2018b).  

 Understanding the threat of hybridisation and introgression to M. georgesi is critical 

for ensuring the survival and longevity of M. georgesi in the wild. Specifically, it is important 

to determine changes in the incidence of hybridisation as M. georgesi reach adulthood, to 

assess the risk of extinction to M. georgesi. Understanding the directionality of hybridisation 

(i.e. male E. macquarii mates with female M. georgesi, or male M. georgesi mates with 

female E. macquarii) is important for determining the sex of each species’ involved in 

hybridisation. If hybridisation is bidirectional this may double potential rates of hybridisation. 

If hybridisation is unidirectional, this may help identify the sex of E. macquarii to be 

managed in the Bellinger River, to reduce hybridisation rates. Lastly, it is important to 

determine the susceptibility of hybrid and back-crossed turtles to BRV, as potential resistance 

to BRV may be important for the long-term recovery of M. georgesi.  

 

Competitive interactions between M. georgesi and E. macquarii: 

To understand the potential for competitive interactions to occur between E. macquarii and 

M. georgesi, the current distributions of both species in the Bellinger River must be 
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determined to identify waterholes where the species occur sympatrically. It is also important 

to understand movement and home range patterns of E. macquarii and M. georgesi, as means 

of assessing, 1) the ability of M. georgesi to escape competitive interactions with E. 

macquarii and 2) the ability of E. macquarii as an invader to disperse and occupy additional 

waterholes in the Bellinger River. To date no one has published work on the home range and 

movements of either M. georgesi, or E. macquarii.  

 Previous research has suggested the potential for E. macquarii and M. georgesi to 

compete for food (Spencer et al. 2014). Both species are omnivorous and a high proportion of 

their diets include benthic macro-invertebrate species (Allanson and Georges 1999; Spencer 

et al. 2014), with E. macquarii also consuming high amounts of filamentous green algae and 

fish (Chessman 1986; Spencer et al. 2014; Petrov et al. 2018). However, studies assessing the 

potential for competition to occur between E. macquarii and M. georgesi took place prior to 

the disease outbreak, when the M. georgesi population was dominated by adult turtles and E. 

macquarii occurred in low numbers (Spencer et al. 2014). It is therefore important to assess 

the current dietary overlap between E. macquarii and M. georgesi to determine the potential 

for competition to impact the recovery of M. georgesi.  

 The recovery of M. georgesi in the wild requires successful reproduction once 

remaining M. georgesi reach adulthood. However, changes in the abundance and availability 

of foods to M. georgesi through potential competition may constrain the amount of energy 

available to female M. georgesi during reproduction. Because food availability can affect 

maternal diet and reproductive allocation (i.e. reproductive frequency, offspring phenotype 

and fitness), it is important to assess food limitation as a threat to the reproductive success of 

M. georgesi. As the species is listed as critically endangered (NSW Scientific Committee 

2016) and M. georgesi adults are absent from the population due to the adult-dominated 

mortality of the population in 2015 (Chessman et al. 2020) it is not possible to determine the 
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effect of maternal diet on reproductive allocation in M. georgesi. Instead, I use E. macquarii 

from the Murray-Darling Basin as a model to determine how reduced food availability affects 

clutch size, individual egg mass, bulk egg composition, and hatching success. 

 

Thesis aims 

 The overall aim of my thesis is to investigate the potential threat of invasive E. 

macquarii to the recovery of M. georgesi in the Bellinger River. The Bellinger River system 

is particularly interesting because M. georgesi recently experienced a population crash due to 

a novel virus and E. macquarii is invasive in the Bellinger River, despite being a native 

Australian species. 

The specific aims of this thesis are to: 

1) Assess the current distribution overlap and relative abundances of both M. georgesi 

and E. macquarii in the Bellinger River. I used capture-mark-recapture and radio 

tracking data to test for spatial overlap in home range and movements between the 

two species (Chapter 2). 

2) Identify hybrids within the Bellinger and adjacent Kalang Rivers using single 

nucleotide polymorphisms, to assess whether 1) the number of hybrids has increased 

since 2007 and 2) whether hybrids had higher survival rates than pure M. georgesi 

during the disease outbreak. I analysed the demography and location of genetically-

identified hybrids to determine potential hybrid hotspots and the potential for future 

hybridisation events to occur (Chapter 3). 

3) Determine whether M. georgesi and E. macquarii overlap in diet in the Bellinger 

River. I used stable isotope analyses to determine whether M. georgesi and E. 

macquarii consistently overlap in isotopic compositions within sites throughout the 

Bellinger River (Chapter 4). 
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4) Determine how differences in maternal diet affect reproductive allocation in turtles. I 

used E. macquarii from the Murray-Darling Basin as a model to determine how 

reduced food availability affects clutch size, individual egg mass, bulk egg 

composition, and hatching success (Chapter 5).  

Lastly, I provide a synopsis of my work and address key gaps that remain in our knowledge 

of the interactions between M. georgesi and E. macquarii (Chapter 6). I assess potential 

strategies for managing E. macquarii in the Bellinger River, and end my thesis with a 

conversation-style article, “The turtle in the room: what should be done about an invasive, 

native species?” for submission to The Conversation. The research presented in this thesis is 

important for the conservation of Critically Endangered M. georgesi in the Bellinger River. 

Emydura macquarii has been identified as a threat to the recovery of M. georgesi, however 

little research has evaluated the spatial overlap, or tested for hybridisation and competition 

between the species after the M. georgesi die-off. This work will help guide management 

strategies, and evaluate the future presence of E. macquarii in the Bellinger River.  
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Abstract 

Introduced species are more likely to become established and spread in a new environment if 

they have characteristics such a competitive or exploitative advantage, high annual fecundity 

or the ability to avoid predation. The Murray River short-necked turtle Emydura macquarii 

has been introduced to the Bellinger River NSW, and has become an established, invasive 

population. The presence of E. macquarii in the Bellinger River may threaten the endemic, 

Critically Endangered Bellinger River turtle Myuchelys georgesi. It is important to determine 

whether E. macquarii overlaps in distribution with M. georgesi to assess the potential for 

interactions between the species. I determined distribution overlap and the relative 

abundances of both species using catch-per-unit-effort of turtles caught via snorkelling. I also 

determined home range size and variables affecting individual turtle movement through radio 

tracking and recaptures. Myuchelys georgesi and E. macquarii were found to overlap in 

distribution, with E. macquarii occurring at higher relative abundance than M. georgesi, most 

likely due to the decline of M. georgesi due to a novel nidovirus, the Bellinger River Virus. 

At locations where E. macquarii occurred in high relative abundance, juvenile E. macquarii 

were present. The two species had similar tendencies to move (i.e. movement between and 

within waterholes for radio-tracked turtles and movement between waterholes for mark-

recapture turtles) and moved similar distances across their overlapping distributions. 

Emydura macquarii had greater home range size than M. georgesi, with male E. macquarii 

found to move the furthest. The similarities in the two species distributions and movements 

suggests high potential for interactions (i.e. competition and hybridisation) to occur. The 

long-term survival of M. georgesi, which is on the brink of extinction, may require the 
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removal of E. macquarii with the movement data presented here, informing management 

strategies.   

 

Introduction 

The movement of species into habitats outside their native ranges, although sometimes a 

natural process, has been exacerbated by human-mediated dispersal and habitat alteration 

(Jeschke et al. 2014). I define an introduced species as one which has been introduced into a 

novel environment outside of its native range but has not spread beyond the initial release 

location. I consider a species invasive if it were introduced outside its native range, and has 

proliferated and spread beyond the initial release location. Species that become invasive must 

overcome various barriers at each stage of the invasion process: transport, introduction, 

establishment and spread (Williamson 1996; Williamson and Fitter 1996; Richardson et al. 

2000; Blackburn et al. 2011). While transport and introduction merely involve the movement 

and direct release of the species, establishment and spread are more complex and rely upon 

the introduced species having physiological and behavioural attributes to facilitate the species 

to establish at the location of release, and then spread (Ehrlich 1989; Blackburn et al. 2011). 

The establishment of introduced species depends on 1) the species ability to adapt to new 

environments which is in part related to its generalist nature (Marvier, Kareiva and Neubert 

2004), 2) the species competitive and exploitative capacity (Holway 1999), 3) ability to avoid 

predation (Blackburn et al. 2011), and 4) the degree to which habitat alteration and abiotic 

variables favour establishment and proliferation (Blackburn et al. 2011; Early et al. 2016). 

Proliferation beyond the original release location leads to introduced species being 

considered ‘invasive’ (Wilson et al. 2009; Blackburn et al. 2011).  

The freshwater Murray River short-necked turtle Emydura macquarii is native to the 

Murray-Darling Basin, Australia, and other coastal river systems across eastern Australia. 
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Studies of E. macquarii show that it is in decline in the Murray-Darling Basin (Chessman 

2011; Van Dyke et al. 2019), largely a result of fox predation (Thompson 1983; Spencer 

2002; Spencer and Thompson 2005). However, E. macquarii has been introduced outside its 

native range. Emydura macquarii was introduced into the Bellinger River on the mid-north 

coast of New South Wales (Georges et al. 2011). The number of E. macquarii in the 

Bellinger River has increased overtime, with 6 E. macquarii caught between 1990 and 1992 

(Cann 1998; Spencer and Thompson 2000), 11 E. macquarii caught between 2000 and 2004 

(Blamires et al. 2005) and 63 E. macquarii caught in 2007 (Spencer, Georges and Welsh 

2007). Estimates between 2015 – 2019 suggest that up to ca 500 E. macquarii inhabit the 

Bellinger River (Chessman et al. 2020). Emydura macquarii has characteristics which make 

it a successful invader. Emydura macquarii is long-lived, has high annual fecundity 

(Chessman 1978; Gibbons 1987) and is a habitat and dietary generalist (Chessman 1986; 

Spencer et al. 2014; Petrov et al. 2018) that is capable of altering its diet in response to the 

availability of food (Petrov et al. 2018; Petrov et al. 2020). The generalist nature of E. 

macquarii, combined with the species high fecundity likely benefit the species ability to 

adapt and proliferate in new environments.  

The presence of E. macquarii in the Bellinger River now poses a potential threat to 

the critically endangered Bellinger River turtle Myuchelys georgesi. Myuchelys georgesi is 

endemic to the small Bellinger Drainage basin (Legler 1981; Cann 1997). In 2015, M. 

georgesi experienced mass mortality from a disease thought to be caused by a novel 

nidovirus (Bellinger River virus, BRV; Zhang et al. 2018; Chessman et al. 2020), which 

resulted in an overall decline of 90% of the former population (Chessman et al. 2020). Adult 

M. georgesi were differentially affected, and the current population is comprised 

predominately of juveniles (ca 88% of remaining M. georgesi are juvenile and ca 5% are 

mature females; Chessman et al. 2020). The presence and success of E. macquarii in the 
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Bellinger River potentially threatens the recovery of M. georgesi given both species are 

omnivorous, rely on benthic macroinvertebrates (Allanson and Georges 1999; Spencer et al 

2014) and hybridise (Georges et al. 2018).  

In this study, I determine the current distribution and relative abundance of both M. 

georgesi and E. macquarii in the Bellinger River, building upon earlier published estimates 

(ca 150 M. georgesi and ca 500 E. macquarii; Chessman et al. 2020). Such data are critical 

for assessing the impact of invasive E. macquarii on M. georgesi after the disease die-off, a 

time period critical for M. georgesi recovery (Gaston 1999; Parker et al. 1999; Veldtman, 

Chown and McGeoch 2010). My a priori expectation was that estimates of the relative 

abundance of M. georgesi would have fallen below estimates of the relative abundance of E. 

macquarii, as a result of the decline of M. georgesi after the die-off (Chessman et al. 2020). I 

also held a priori expectation that the distribution of E. macquarii would overlap with 

remaining M. georgesi, a consequence of E. macquarii being unimpeded by disease (Zhang 

et al. 2018; Chessman et al. 2020). I further examined the demography of both M. georgesi 

and E. macquarii to determine whether increases in relative abundance were associated with 

juvenile recruitment in either species. I used capture-mark-recapture and radio tracking data 

to determine variables that affect individual movement and dispersal distance, as a means of 

understanding potential differences in movement among the species and the ability of M. 

georgesi to escape potential interactions with E. macquarii. Specifically, I ask if invasive E. 

macquarii are more likely to move than the endemic M. georgesi, if E. macquarii move 

further than M. georgesi and, if E. macquarii has a greater home range size than M. georgesi. 

Baseline data on the variables that affect movement and dispersal distance are important for 

understanding potential future dispersal of E. macquarii and help inform management 

decisions.  
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Materials and Methods 

Study location  

This study was conducted in the Bellinger River (ca -30.45071, 152.89885) on the mid-north 

coast of New South Wales. The Bellinger River is unregulated and flows from the Great 

Dividing Range, east to the Tasman Sea. It flows through steep, wet sclerophyll forest 

(Georges et al. 2018) in the headwater’s sections above Thora (Lunney, Grant and Matthews 

2004). These upper stretches are characterised by well-defined waterholes with large rock 

structures and sand-silt substrate, separated by fast flowing riffles. Large rock structures and 

riffles are less common in the lower reaches of the Bellinger River, with waterholes 

becoming longer and wider (Cohen 2003). Extensive land clearing for agriculture has driven 

riparian vegetation loss in the lower sections.  

 

Turtle surveys 

Turtle surveys were conducted by the NSW Department of Planning, Industry and 

Environment (DPIE) bi-annually in autumn and spring of each year, aligning with the active 

season of freshwater turtle species. Survey data were collected in November 2015, March 

2016, November 2016, February 2017, November 2017, April 2018, November 2018 and 

April 2019. Sites were selected based on previous research (Blamires et al. 2005; Spencer, 

Georges and Welsh 2007; Georges et al. 2011; Blamires and Spencer 2013; Chessman et al. 

2020), local knowledge of past turtle sightings, and accessibility (Chessman et al. 2020). 

During the surveys, turtles were caught using a combination of cathedral traps, fyke nets and 

snorkelling (Chessman et al. 2020). Only capture data from snorkelling were used in the 

relative abundance estimates, to eliminate biases introduced by sampling method. Trapping 

was infrequent and skewed towards downstream sites.  
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Each snorkelling survey was conducted by groups of 2-9 snorkelers. Time spent on 

each survey was recorded for each snorkeler, and latitude and longitude of each survey 

location was recorded for each waterhole using a GPS (Garmin GPSMap 62 series, ca 5 m 

accuracy). In all surveys, captured turtles were identified as M. georgesi or E. macquarii 

using the keys by Georges and Thomson (2010), or potential hybrids based on conflicting 

morphological characteristics. Turtles were weighed (+ 5 g), measured (straight carapace and 

plastron lengths,  + 0.1 mm) (Chessman et al. 2020), and were individually marked by 

notching marginal scutes. Individuals greater than 10 cm carapace length were also marked 

by insertion of passive integrated transponder (PIT) tags into the body cavity. Adult and 

subadult individuals were sexed, with males of both species distinguished from females by 

their enlarged tails (Georges, Guarino and White 2006). Juveniles were distinguished in both 

species by a carapace length below 13 cm and the absence of an enlarged tail. 

 

Home range and movement data collection 

Turtle movement and home range data were collected using both radiotelemetry and capture-

mark-recapture. In November 2017, 1 female adult M. georgesi, 3 male adult M. georgesi, 5 

unsexed juvenile M. georgesi, 2 male E. macquarii and 2 female E. macquarii were fitted 

with very high frequency (VHF) transmitters (in the 150 Hz band). Adult turtles were fitted 

with 12 g radio transmitters (Advanced Telemetry Systems, Model R1850, pulse rate 30 ppm, 

pulse width 15 ms, 441 day battery life). An additional adult female M. georgesi was also 

fitted with a VHF transmitter in April 2018. Juvenile turtles were fitted with 3.6 g radio 

transmitters (Advanced Telemetry Systems, Model R1680, pulse rate 30 ppm, pulse width 20 

ms, 408 day battery life). Transmitters were attached to cleaned costal/marginal scutes of the 

carapace with rapid setting glue (Araldite 5 Minute epoxy adhesive, Selleys Australia, 

Padstow, NSW). The profiles of the transmitters were streamlined using Selleys Knead It 
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Epoxy AQUA Putty and painted black for camouflage. Transmitter packages did not exceed 

7% of the animal’s body weight and were released at their point of capture. Turtles were 

radio-tracked in February, March, April, July, August and September by triangulation, with 

the number of fixes over this period ranging from 8 to 17. GPS coordinates (WGS 84) were 

recorded at each location site, whether by radio-location, snorkelling or trapping. 

Transmitters were retrieved and removed in November 2018. Of the 14 radio tracked turtles, 

10 turtles had shed their transmitters and these transmitters were found in riffles, on bedrock 

or in leaf litter. These locations were removed from the analysis.  

 

Statistical Analysis 

 CPUE calculation 

Relative turtle abundances were estimated using catch-per-unit-effort (CPUE). The survey 

conducted in November 2015 was not included because sampling effort was not recorded. I 

assumed that CPUE varied positively with turtle density. I used satellite imagery (Google 

Earth Pro) to divide the river into 57 waterholes, each bordered upstream and downstream by 

riffles. I recorded the distance from the ocean for each waterhole using the ruler in Google 

Earth Pro. I calculated species-specific CPUE by dividing the total number of turtles caught 

by snorkelling effort for each survey, in each waterhole. Snorkelling effort (snorkeler-hours) 

was calculated as the hours spent searching summed over, active snorkelers at each site. I 

assumed snorkelers, on average across surveys, had the same level of snorkelling capabilities 

and abilities in turtle detection.   

 

Turtle distribution and relative abundance 

To determine the current relative abundance and distribution for both M. georgesi and E. 

macquarii I ran an analysis of covariance (ANCOVA) in SAS (PROC MIXED, SAS 



 33 

Institute, Cary, NC) with CPUE as the response variable, species as a fixed factor, and 

distance from the ocean as a covariate. I log-transformed CPUE data to meet the assumptions 

of an ANCOVA. Changes in CPUE were considered indicative of changes in local relative 

abundance. To assess recruitment as a driver of high relative abundance I calculated the 

percentage of E. macquarii and M. georgesi that were juveniles. 

 

Turtle movement analysis 

To test which variables affected the likelihood of M. georgesi and E. macquarii moving, I ran 

a generalised linear mixed model (GLMM) for logistic regression in SAS (PROC 

GLIMMIX), of all turtles sampled between November 2015 and April 2019 with movement 

status as the dichotomous response variable (moved = 1, did not move = 0). For this analysis 

I define movement as any change in the location of an individual since prior detection. 

Detection of movement occurred on different scales for radio-tracked and non-radio-tracked 

turtles. For radio-tracked turtles’ movement was detected on a smaller scales within 

waterholes, while for non-radio-tracked turtles movement was detected on a larger scale, 

across waterholes. Any non-radio-tracked that was located in the same site as prior capture 

was identified as not moving.  I included species, sex (adult male, adult female, juvenile) and 

method (radiolocation or recapture) as the main effects, and SPL and total time between first 

and final recaptures or radiolocations as covariates. I included full factorial interactions in the 

model. Although sex and SPL are associated (i.e. sexes differ in maximum body size), I 

cautiously interpreted the partition of explanatory variance between sex and size. Least-

squared means of species and sex were compared using Tukey-Kramer post-hoc tests to 

determine which species and/or sex is more likely to move. 

To test which variables, influence the distance moved by turtles, I considered the 

relationship between the time between recaptures and/or radiolocations, and the distance 
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between recaptures and/or radio tracking. Turtles that did not move were excluded from the 

analysis. I measured the river distance between each recapture or radiolocation using the path 

ruler tool in Google Earth, and summed movement to provide the total distance moved for 

each individual. The total distance moved was log-transformed to meet the assumptions of an 

ANCOVA. I ran an ANCOVA in SAS (PROC MIXED) using the log-transformed distance 

data as the dependent variable, with species, sex, method and time as factors, and SPL as a 

covariate. I also included the interaction of species and sex. Least-squared means of species 

and sex effects were compared using Tukey-Kramer post-hoc tests to determine which 

species and/or sex if any, moved further during the study.  

 

Home Range Analysis 

To estimate turtle home range sizes, I first imported all radiotelemetry location GPS data of 

both species into R Statistical Software. Home ranges of radio tracked M. georgesi and E. 

macquarii were calculated as 100% Minimum Convex Polygons (MCP) using the 

{adehabitat} package in R. However, both turtle species are aquatic and only females usually 

traverse on land during nesting, so I created a polygon shapefile of the Bellinger River using 

the Editor toolbar in ArcMap to confine the home ranges of M. georgesi and E. macquarii to 

the river boundary. The MCPs produced in R were imported into ArcMap 10.6.1 and clipped 

to the river boundary, using the river polygon shapefile. The area (in hectares) of each MCP 

remaining after clipping to the river boundary provided river-restricted MCP estimates of 

radio tracked M. georgesi and E. macquarii. To test for species differences in the home range 

size of M. georgesi and E. macquarii, the river-restricted MCPs were log-transformed and 

analysed through an ANCOVA in SAS (PROC GLM), with species and sex as the main 

effects and SPL as a covariate.  
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All statistical tests were assessed at α = 0.05 and means are presented with standard 

errors unless otherwise specified. Best-fit covariate structures for random effects were 

determined in mixed models using AIC. All significant main effect analyses were followed 

by post-hoc Tukey-Kramer tests.  

 

Results 

Turtle distribution and relative abundance 

A total of 162 M. georgesi and 384 E. macquarii were caught between 2015 and 2019 (Table 

1). The population of M. georgesi captured was predominately comprised of juveniles which 

could not be sexed (N = 133) and only 27 adult M. georgesi. The captured population of E. 

macquarii was comprised of 134 adult females, 125 adult males and 98 juveniles. A total of 

166 turtles (55 M. georgesi and 111 E. macquarii) were re-captured (Table 1). Total 

snorkelling effort was ~ 531 person hours for the sampling period (Table 1).  

 

Table 1. Number of adult males, adult females and juvenile M. georgesi and E. macquarii 

caught via snorkelling. 

Total turtles caught by snorkelling only, 546.  

 Males Females Juveniles Unknown Total 

M. georgesi 17 10 133 2 162 

E. macquarii 125 134 98 27 384 

Total turtles recaptured by snorkelling only, 167. 

 Males Females Juveniles Unknown Total 

M. georgesi 5 2 47 1 55 

E. macquarii 37 49 15 10 111 
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The species by distance from the ocean interaction was significant (P < 0.007, Table 

2). CPUE of M. georgesi was significantly lower than the CPUE of E. macquarii (P < 0.002, 

Table 2) and was low across the river length (Figure 1). CPUE decreased significantly with 

distance from the ocean for both species (P < 0.001, Table 2), however this difference was 

largely driven by E. macquarii, which occurred in higher relative abundance downstream 

(Figure 1). A high percentage of juvenile E. macquarii were present in areas where CPUE for 

E. macquarii was high (Figure 1 and Figure 2). Overall, juvenile M. georgesi accounted for a 

high percentage of the M. georgesi caught across the river length (Figure 2). 

 

 

Table 2. Analysis of covariance results comparing the relationship between log-transformed 

CPUE across species and river kilometre.  

Effect Num df Den df F P 

Species 1 99 10.65 0.002 

River km 1 99 16.66 <0.001 

River km x Species 1 99 7.51 0.007 
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Propensity of turtle movement 

The full logistic regression model, which included full factorial interactions of species, sex, 

SPL, time, and method on whether or not a turtle moved, produced many iterations and was 

unable to detect significant effects of species, sex, SPL and method (Appendix 1, Table 1). I 

ran a reduced logistic regression without interactions of method or time, as both variables test 

for the detectability of turtle movement with sampling, as opposed to being biological 

attributes that could influence movement. Interactions associated with SPL were also 

removed, and SPL was included as a covariate, as SPL is associated with sex. There was a 

significant positive effect of time between recaptures (F1, 178  = 20.96, P < 0.001) on whether a 

turtle moved, but no significant effect of species (F1, 178    = 0.00, P = 0.958), sex (F2, 178    = 

2.43, P = 0.091), SPL (F1, 178    = 0.03, P = 0.852), or method (F2,  178    = 0.54, P = 0.585). 

There was also no significant species by sex interaction (F2, 178   = 0.36, P = 0.702). Because 

of this, I further reduced the model by removing the species and sex interaction to specifically 

test for differences between species and sexes. In this reduced model, I found significant 

differences between sex (P < 0.001) and time between recaptures (P  < 0.001, Table 3). Male 

turtles, regardless of species, moved more than females (t180 = 3.20, P < 0.005) and juveniles 

(t180 = 2.52, P < 0.034, Figure 3). The likelihood of movement of juvenile turtles was similar 

to the likelihood of movement of females, regardless of species (t180 = 0.02, P = 0.10). There 

was no significant effect of species (P = 0.058), SPL (P = 0.813) or method (P = 0.634, Table 

3).  
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Table 3. Results of GLMM logistic regression analysis of variables affecting movement in M. 

georgesi and E. macquarii.  

Effect Num df Den df F P 

Species 1 180 3.65 0.058 

Sex* 2 180 7.03 0.001 

SPL 1 180 0.06 0.813 

Time* 1 180 21.27 <0.001 

Method 2 180 0.46 0.634 

 

 

 

Figure 3. Percentage of adult female M. georgesi (N = 4), adult female E. macquarii (N = 63), 

adult male M. georgesi (N = 9), adult male E. macquarii (N = 36), juvenile M. georgesi (N = 

48) and juvenile E. macquarii (N = 28) that moved.  
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Distance moved by turtles 

The full factorial ANCOVA comparing distance moved across species, sex, SPL, time and 

method was unable to detect significance for species, sex, SPL and method (Appendix 1, 

Table 2). I ran a reduced ANCOVA without interactions of method, time and SPL but 

included an interaction of species and sex. The interaction of species and sex was not 

significant (F2, 79 = 0.73, P = 0.481), despite male E. macquarii appearing to move further 

than other species/sex combinations (Figure 4). Small sample size for M. georgesi males (N = 

4) and females (N = 2) potentially impacted my ability to detect species and sex differences.  

 

 

Figure 4. Average distance moved by adult female M. georgesi (N = 2), adult female E. 

macquarii (N = 31), adult male M. georgesi (N = 4), adult male E. macquarii (N = 28), 

juvenile M. georgesi (N = 13) and juvenile E. macquarii (N = 11). 
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I removed the interaction of species and sex from the model to specifically test for 

differences between species, and across sexes regardless of species. In the reduced model, 

distance moved by turtles differed between sexes (P < 0.001) and with SPL (P < 0.012, Table 

4). Tukey-Kramer pairwise comparisons only detected a significant difference between males 

and females (t81 = -7.39, P < 0.001) and females and juveniles (t81 = -2.57, P < 0.032) but no 

significant difference between juveniles and males (t81 = -1.50, P = 0.294). There was no 

significant effect of species (P = 0.879), method (P = 0.818) or time (P = 0.200) on the 

distance turtles moved (Table 4).  

 

Table 4. Results of ANCOVA analysis of variables that influence the distance moved by M. 

georgesi and E. macquarii.  

Effect Num df Den df F P 

Species 1 81 0.02 0.879 

Sex*  2 81 28.63 < 0.001 

SPL* 1 81 6.56 0.012 

Method 2 81 0.20 0.818 

Time 1 81 1.67 0.200 

 

Home Range  

There were no significant interactions of species, SPL or sex in the full factorial 

ANCOVA comparing turtle MCPs (Appendix 1, Table 3). Given the difference in body size 

between species (i.e. juvenile biased M. georgesi population and adult-biased E. macquarii 

population) I removed interactions associated with SPL, and ran a reduced ANCOVA. This 

model compared log-transformed MCP across species, sex and SPL, with an interaction only 
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of species and sex. There was no significant interaction between species and sex (P = 0.354), 

SPL (P = 0.364) or sex (P = 0.138) but there was a significant difference between species (P 

= 0.0016, Table 5). Emydura macquarii had larger home range sizes than M. georgesi (Figure 

5).   

 

Table 5. Analysis of covariance results comparing the relationship between log-transformed 

MCP’s across species, sex and SPL.  

Source Num df Den df F value P value 

Species * 1 13 9.36 0.016 

Sex 2 13 2.56 0.138 

Species x sex 1 13 0.97 0.354 

SPL 1 13 0.93 0.364 
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2020). However, this was primarily a result of significantly higher relative abundance of E. 

macquarii downstream compared to the low CPUE of M. georgesi. Additionally, the two 

species had similar tendencies to move, and moved similar distances across their overlapping 

distributions. Males of both species were found to move the furthest (particularly male E. 

macquarii). Emydura macquarii had larger home range size than M. georgesi, however I 

interpret the findings with caution due to low sample size for both species. The difference I 

observed in home range size between M. georgesi and E. macquarii was not driven by 

differences in turtle body size (i.e. predominately juvenile M. georgesi and adult E. 

macquarii; Chessman et al. 2020). The larger home range size of E. macquarii suggests E. 

macquarii are able to occupy and exploit more habitat in comparison to M. georgesi.  

Taken together, these results have implications for the recovery and conservation of 

M. georgesi, and the future of E. macquarii in the Bellinger River. The overlap in distribution 

and lack of significant differences in the movement of both species suggests high potential for 

interactions between these species wherever they co-occur (Blanchet, Cazelles and Gravel 

2020), especially if one or both species increases in density in the future. This could be a 

significant future threat to the Critically Endangered M. georgesi because there is high 

potential for the two species to compete for food (Spencer et al. 2014) and hybridise (Georges 

et al. 2018). The overlapping distributions of both species through most of the Bellinger River 

leaves minimal places for M. georgesi to escape interactions with E. macquarii. Distribution 

overlap and high relative abundance of E. macquarii downstream may increase pressures 

associated with competition (i.e. habitat or food; Spencer et al. 2014), however an assessment 

of the degree of competition since the decline of M. georgesi is yet to be explored.  

The overlap in distribution means that hybridisation events may increase in frequency, 

particularly as the low relative abundance of M. georgesi increases the chance of them 



 46 

encountering an E. macquarii mate rather than their own species (Chessman et al. 2020). This 

could potentially be the case in the downstream sections of the Bellinger River where E. 

macquarii occurs in high relative abundance. If male E. macquarii are involved in 

hybridisation, their propensity to move further distances may increase their chances of 

encountering and mating with female M. georgesi, particularly as female M. georgesi move 

substantially less (< 2 km).  Further research is required to determine the directionality of 

hybridisation, and if male E. macquarii are involved.  

Given the overlap in distribution, and increased potential for competition (Spencer et 

al. 2014) and hybridisation (Georges et al. 2018) to occur, the long-term survival of M. 

georgesi may require the removal of E. macquarii. Evidence from invasive red-eared slider 

(Trachemys scripta elegans) removal suggests that a reduction in invasive species density 

may relieve ecological and behavioural pressures (Lambert et al. 2019). In the USA, native 

western pond turtles (Emys marmorata) were found to shift their basking behaviour after red-

eared slider densities were reduced, and showed an increase in their body condition after 

slider removal (Lambert et al. 2019). In the case of M. georgesi, a similar reduction in the 

abundance of E. macquarii may be sufficient to reduce the potential for both competition and 

hybridisation.  

In this study, I identified localities that had high relative abundance of E. macquarii, 

and subsequent high juvenile E. macquarii recruitment. Juvenile E. macquarii accounted for 

30-50% of the total number of E. macquarii caught in areas with high relative abundance, 

which is substantially higher than the percentage of juveniles caught at localities in the 

Murray River where E. macquarii is native (Thompson 1983; Chessman 2011; Van Dyke et 

al. 2019). To reduce the number of E. macquarii in the Bellinger River, management efforts 

could target two stages of reproduction during the nesting season: 1) the small distance 
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moved by females in the current study, may mean that management could focus on the 

removal of female E. macquarii from sites with high juvenile E. macquarii recruitment, as a 

means of reducing reproduction in these areas, and 2) remove E. macquarii hatchlings from 

nesting beaches identified in areas of high recruitment, to reduce the number of E. macquarii 

hatchlings entering the river. Both of these management strategies would reduce the 

abundance of E. macquarii at these sites in subsequent reproductive years, but would not 

completely eradicate E. macquarii from the Bellinger River. If invasive E. macquarii are not 

removed, then my results suggest that monitoring the potential for competition and 

hybridisation must continue as one or both species increase in density over time. 

Complete eradication of E. macquarii from the Bellinger River requires careful 

consideration. Invasive species are rarely completely eradicated, especially when 

introductions are continuing (Gaeta et al. 2015; García-Díaz et al. 2017), and are labour 

intensive and economically costly. For example the removal of 177 red-eared sliders (T. s. 

elegans) from the UCD Arboretum required > 2,000 person hours across 40 days, equivalent 

to $26,000- $31,000 US in hourly wages (Lambert et al. 2019). Furthermore, the effort only 

reduced the number of invasive sliders, and did not achieve complete removal. Trial removals 

of E. macquarii from sections of the Bellinger River should be undertaken to determine how 

M. georgesi responds to a reduction in invasive species abundance, and the impact of E. 

macquarii reductions on the threats of hybridisation and competition (see Gosling, Baker and 

Clarke 1988; Bertolino and Genovesi 2003). However, if M. georgesi fails to recover due to 

hybridisation or competition with E. macquarii, it may be ecologically beneficial to leave E. 

macquarii in the Bellinger River. Turtles fill multiple ecological roles, and are particularly 

important in decomposition and nutrient-recycling (Ernst and Barbour 1989; Lovich et al. 

2018; Santori et al. 2020). As such, if M. georgesi were to go extinct in the wild, E. macquarii 



 48 

may be left in the Bellinger River to ensure the ecological role of turtles is filled. While this 

scenario is unlikely given the captive breeding program and production of head-start M. 

georgesi, it is important to consider entire-ecosystem functioning in invasive species 

management (Zavaleta, Hobbs and Mooney 2001).  

In conclusion, this study shows that M. georgesi and E. macquarii overlap extensively 

in spatial distribution, and as such, have high potential for competition (Spencer et al. 2014) 

and hybridisation (Georges et al. 2018), which both endanger M. georgesi. If E. macquarii is 

not removed from the river, then the potential for competition is likely to increase if one or 

both species increase in population size, which will require further assessment. Given the high 

percentage of juvenile E. macquarii detected in the Bellinger River, additional studies should 

be undertaken to determine levels of fox (Vulpes vulpes) predation. The abundance of juvenile 

E. macquarii indicates successful local recruitment, and potentially reduced nest predation 

rates by foxes, compared to what E. macquarii experiences in its native range (Thompson 

1983; Spencer and Thompson 2005). Evaluation of fox predation on nests will help us to 

understand the recruitment success of E. macquarii observed in the current study and will also 

benefit the long-term recovery of M. georgesi. Furthermore, management must consider the 

consequences (i.e. costs of control and eradication, and the community perspective) of 

removing a native species that has become invasive in a new region.  
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Abstract 

Hybridisation is of growing concern for species conservation. Human-mediated movement of 

species into habitats outside their native range has increased the potential for hybridisation. 

Hybridisation between introduced species and endangered species can increase the risk of 

extinction of the endangered species from genetic swamping, or can be a source of genetic 

rescue increasing the potential for endangered species to persist. The Bellinger River turtle 

Myuchelys georgesi, experienced a significant die-off during a novel disease outbreak 

(Bellinger River virus) and is now also threatened with possible genetic swamping through 

hybridisation with the Murray River short-necked turtle, Emydura macquarii which was 

recently introduced to the Bellinger River. I used single nucleotide polymorphisms to identify 

F1 hybrids and backcrossed turtles in the Bellinger and Kalang rivers to determine; 1) 

changes in the number of F1 hybrids and backcrossed turtles between capture periods (2007 

vs 2015 - 2019), and 2) survival of F1 hybrids and M. georgesi backcrosses in comparison to 

pure M. georgesi during the disease outbreak. There was no significant difference in the 

number of F1 hybrids or M. georgesi backcrossed turtles detected between periods, 

suggesting F1 hybrids and M. georgesi backcrossed turtles had higher survival than pure M. 

georgesi during the disease outbreak. Hybrid turtles may show some level of resistance to the 

Bellinger River virus. If hybrid turtles are resistant to the virus, they may offer a degree of 

genetic protection to remaining M. georgesi, however this may come at a potential cost of 

losing the genetically unique M. georgesi to genetic swamping. This study highlights the need 
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to explore the hybrid-disease relationship further, particularly as hybridisation with E. 

macquarii threatens other species within the Myuchelys genus. 

 

Introduction 

Hybridisation, sexual reproduction by individuals from distinct genetic lineages (Harrison 

1993), is common in nature (Mallet 2005). Naturally-occurring hybridisation can be 

beneficial. It can increase genetic diversity at a population level (Madsen et al. 1999; Madsen, 

Ujvari and Olsson 2004; Frankham 2015), increase individual fitness through increased 

heterozygosity (Charpentier, Williams and Drea 2008; Abbott et al. 2013), improve 

adaptation to new environments (Seehausen 2004), and create new hybrid lineages through 

speciation (Mallet 2007; Abbott et al. 2013). Human movement of species into habitats 

outside their native range has increased the potential for hybridisation. Such anthropogenic 

hybridisation occurs when distinct species which were historically allopatric are moved into 

contact, mate, and produce offspring with genetic admixture (Pysek et al. 1995; Rhymer and 

Simberloff 1996; Allendorf et al. 2001).  

Hybridisation between native and invasive species is a growing concern for species 

conservation (Brennan et al. 2014). When hybrids are fertile, and backcrossing occurs 

between first generation (F1) hybrids and one of the parental species, locally-adapted 

genotypes of the native species may be lost as the native genepool is diluted (Mallet 2005; 

Meilink et al. 2015). When introgression of genes from an introduced species is extensive, the 

risk of extinction of the native species increases because of genetic swamping (Dowling and 

Childs 1992; Rhymer and Simberloff 1996; Allendorf et al. 2001; Buerkle, Wolf and 

Rieseberg 2003; Todesco et al. 2016). Genetic swamping is likely to be exacerbated in small 

populations, as typically seen in endangered species, because the endangered species 
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represents a relatively smaller proportion of breeding individuals (Levin, Francisco‐Ortega 

and Jansen 1996; Lawson et al. 2017). The rarer species is less likely to encounter and mate 

with conspecifics because of low population numbers, and will be more likely to mate with 

the invasive species as they usually occur in increased numbers (Hubbs 1955; Vaz Pinto et al. 

2016). For example, the Critically Endangered hairy marron, Cherax tenuimanus, is 

threatened by hybridisation with the invasive smooth marron, Cherax cainii. The invasive 

marron C. cainii is three times more abundant than the native C. tenuimanus, with estimates 

suggesting that 21.1% of the population is of hybrid or backcrossed origin, while pure C. 

tenuimanus comprise only 18.4%. The extent of genetic swamping, in conjunction with small 

population size therefore places the native C. tenuimanus at increased risk of extinction 

(Guildea et al. 2015). 

In contrast, hybridisation may also act as a mechanism for conserving threatened 

alleles, through genetic rescue (van Eeden et al. 2018) and help reduce extinction risk. 

Populations that are threatened by inbreeding depression may be ‘rescued’ through the 

introgression of genes from a diverse population into the inbred population, either naturally or 

after introduction by humans. Genetic rescue via hybridisation can increase heterozygosity in 

the population, and also increase individual fitness (Slate et al. 2000; Charpentier, Williams 

and Drea 2008; Chan, Hoffmann and van Oppen 2019). For example, interspecies 

hybridisation has been proposed for the genetic rescue of the Critically Endangered orange-

bellied parrot Neophema chrysogaster. Restricted to a small population of less than 30 birds 

in south-west Tasmania, N. chrysogaster has been in decline over the past century and 

suffered significant disease outbreaks (Hogg et al. 2021). Captive-bred N. chrysogaster have 

been released into the population, but have not contributed to genetic variation with low 

genetic diversity and inbreeding occurring (Hogg et al. 2021). Hogg et al. (2021) therefore 
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propose interspecies hybridisation between N. chrysogaster and sister species the blue-winged 

parrot Neophema chrysostoma to improve the genetic diversity of the critically endangered N. 

chrysogaster.   

  The Bellinger River turtle Myuchelys georgesi is an Australian freshwater turtle 

species (Family Chelidae; Cann 1997) threatened by hybridisation and, possibly, genetic 

swamping by the invasive, Murray River short-necked turtle Emydura macquarii. Myuchelys 

georgesi is endemic to the small Bellinger River catchment (which includes the Kalang River, 

confluent via their common estuary) on the mid-north coast of NSW, Australia (Cann 1997). 

Emydura macquarii is native to the Murray-Darling Basin, with subspecies that occur in river 

systems along eastern Australia, but not the Bellinger River catchment (Georges et al. 2018a). 

Emydura macquarii was first detected in the Bellinger River in the early 1990s (Georges et al. 

2011). Genetic evidence revealed that E. macquarii has been introduced into the Bellinger 

River (from the Clarence, Macleay, Hastings and Nambucca drainages; Georges et al. 2011). 

Hybridisation and introgression occur between E. macquarii and the Critically 

Endangered M. georgesi in the Bellinger River (Georges et al. 2018b) but the threat of 

hybridisation to the persistence of M. georgesi remains unknown. Hybridisation between M. 

georgesi and E. macquarii is particularly interesting, as unlike other instances of 

hybridisation which occur among species of the same genus (i.e. Muhlfeld et al. 2014; Cairns 

et al. 2020), hybridisation here is occurring between different genera. The threat of 

hybridisation is now urgent as the population of M. georgesi was significantly reduced in 

2015 by a novel nidovirus, the Bellinger River virus (BRV) (Moloney, Britton and Matthews 

2015; Zhang et al. 2018). Adult M. georgesi succumbed to the disease, while juvenile M. 

georgesi and E. macquarii appeared to be unaffected (Zhang et al. 2018; Chessman et al. 

2020). The population of M. georgesi was estimated to be 150 individuals between 2015 and 
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2019 and predominately comprised of juveniles (Chessman et al. 2020). The overlapping 

distributions, and similarities in movements among M. georgesi and E. macquarii (Chapter 

2), may increase encounter rates among M. georgesi and E. macquarii and potentially 

increase the potential for hybridisation to occur. The likelihood of M. georgesi encountering a 

conspecific mate is likely to be reduced due to low numbers of M. georgesi (ca 150 M. 

georgesi), and high population numbers (ca 500 E. macquarii) and extensive distribution of 

E. macquarii in the Bellinger River (Chapter 2; Chessman et al. 2020). Further the longevity 

of M. georgesi (~29 years) and E. macquarii (~50 years; Thompson 1993; Blamires et al. 

2005) is likely to contribute to the persistence of hybrids in the population. The remaining M. 

georgesi estimated as 3-5 years old in 2015 (Spencer et al. 2018), may now be sexually 

mature or 1-2 years away from sexual maturity, based on sexual maturity estimates of 10.3 

years for males and 11.3 years for females (Chessman et al. 2020). It therefore has become 

increasingly important to assess the threat of hybridisation to the survival of M. georgesi in 

the Bellinger River.  

In this study, I use single nucleotide polymorphisms (SNPs) to identify F1 hybrids and 

M. georgesi backcrossed and E. macquarii backcrossed turtles in the Bellinger and Kalang 

Rivers and determine; 1) whether the number of F1 hybrids and backcrossed turtles has 

increased between 2007 (pre-disease) and 2015 – 2019 (post-disease), 2) whether F1 hybrids 

or M. georgesi backcrossed turtles had higher survival than pure M. georgesi during the BRV 

disease outbreak, and 3) the demographics of identified F1 hybrids and backcrosses. I 

compared the number of F1 hybrids and backcrossed turtles captured in 2007 (pre-disease) to 

the number captured in 2015 - 2019 (post-disease). I predicted that; 1) the number and 

proportion of F1 hybrids and backcrossed turtles remained the same post-disease due to the 

lack of adult M. georgesi and subsequent breeding. If the number of F1 hybrids and 
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backcrossed turtles remained the same post-disease, this would indicate, 2) that F1 hybrids 

and M. georgesi backcrossed turtles had higher survival than pure M. georgesi during the 

disease outbreak. I analyse the demography of genetically-identified hybrids and backcrossed 

turtles within the Bellinger and Kalang Rivers to determine the future potential for 

hybridisation events to occur in these river systems. Lastly, I determined the locations of 

hybrids and backcrossed turtles within the Bellinger and Kalang Rivers to identify potential 

hybrid hotspots. 

 

Materials and Methods 

Study location 

This study was conducted in the Bellinger River (-30.451, 152.899) on the mid-north coast of 

New South Wales. I also included the Kalang River, which flows adjacent to the Bellinger 

River, and joins the Bellinger at the estuary, as a reference population based on previous 

reports of pure M. georgesi (Cann 1997) and hybridisation being detected subsequently 

(Georges et al. 2018b). 

 

Turtle sampling 

Initial collections in 2007 were conducted using baited cathedral traps, snorkelling, and 

dipnets by spotlight at night (Georges et al. 2011). Collections in 2015 – 2019 by the 

Department of Planning, Industry and Environment (DPIE) were conducted using cathedral 

traps, fyke nets and snorkelling (Chessman et al. 2020). Surveys were held bi-annually in 

autumn (March/April) and spring (November/December) of each year, during the active 

season of freshwater turtles. Captured turtles were identified as either M. georgesi, E. 

macquarii, or potential hybrids based on morphological characteristics (Table 1; Cann 1997; 
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NSW Scientific Committee 2009; Georges and Thomson 2010; NSW Scientific Committee 

2016). Potential hybrids were identified as turtles with a combination of these morphological 

attributes, that were unable to be confidently identified as either species (pers. comm Shane 

Ruming, DPIE 2020).  

 

Table 1. Morphological characteristics of M. georgesi and E. macquarii. 

Morphological 

differences 

M. georgesi E. macquarii 

Plastron Dark plastron with black markings 

 

Pale coloured plastron

 

Eyes Silver eyes Yellow eyes 

Head  Distinct yellow jaw stripe Cream coloured jaw stripe 

 Head shield No head shield 

 Two barbels on the chin 

 

No barbels 

 

Photo: Kristen Petrov Photo: Kristen Petrov 

Photo: Kristen Petrov 

 

 

Photo has been removed 

to respect copyright 
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All turtles were weighed (g), measured (straight carapace and plastron length; mm), 

and individually marked. Sex was determined in adult and subadult individuals, with males of 

both species distinguished from females by their enlarged tails. Juveniles were distinguished 

by a carapace length below 13 cm for both species and the absence of enlarged tails. Prior to 

2015, skin was sampled from the webbing between the 4th toe and vestigial toe of the rear foot 

for genotyping (Georges et al. 2011). Between 2015 – 2019, blood was sampled from the 

jugular vein for genotyping. When blood was difficult to sample, skin was sampled from the 

webbing between the 4th toe and vestigial toe of the rear foot. Blood was stored on FTA 

Whatman Cards at room temperature, or in heparin tubes and stored at -80°C. Skin tissue was 

stored in 70% ethanol at -20°C. All samples were stored at the University of Canberra, in the 

UC Wildlife Tissue Collection (UC<Aus>).  

All samples (n = 1,043) were assigned to either the historical population (2007) or 

current population (2015 – 2019) within the Bellinger or Kalang River. Also included were 

two parental populations; five M. georgesi sampled from the Bellinger River in 1986 and 58 

E. macquarii sampled from the Macleay and Hastings drainages and localities near Coffs 

Harbour township. Myuchelys georgesi from the insurance population (N = 75) at Taronga 

Zoo were also included in the dataset.  

 

DNA extraction, sequencing and genotyping 

DNA was extracted by DArT-seqTM (Diversity Arrays Technology Pty Ltd, Canberra, 

www.diversityarrays.com). Samples were incubated for four hours (blood) or overnight (skin) 

with proteinase K. After incubation, DNA was extracted using a NucleoMag 96 Tissue Kit 

(Macherey-Nagel, Duran, Germany) connected to a NucleoMag Sep (Ref. 744900) on a 
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Freedom Evo robotic liquid handler (TECAN, Männedorf, Switzerland) (see Georges et al. 

2018a). 

Single nucleotide polymorphisms (SNP’s) were called using DArT-seqTM proprietary 

pipelines. DArT-seqTM employs a combination of complexity reduction using restriction 

enzymes, fragment selection (Kilian et al. 2012), and next-generation sequencing (Sansaloni 

et al. 2011). The method selects a defined fraction of the genome, and is capable of analysing 

lower quantities of DNA, and DNA of poorer quality (Sansaloni et al. 2011) than is typical 

for double digest RAD sequencing (Peterson et al. 2012). Selection of restriction enzymes is 

species-specific and evaluated based on the fraction of genome represented controlling for 

read depth and the number of polymorphic loci generated (Kilian et al. 2012), prior to sample 

analysis. The restriction enzyme combination of Pstl (rare enzyme, recognition sequence 5’-

CTGCA|G-3’) and Sphl (frequent enzyme, recognition sequence 5’-GCA TG|C-3’) were 

selected for the double digestion of M. georgesi and E. macquarii based on previous studies 

(Georges et al. 2018a; Georges et al. 2018b).  

DNA samples were processed in digested/ligation reactions (Kilian et al. 2012). The 

Pstl-compatible adaptor included the Illumina flow cell attachment sequence, a sequencing 

primer sequence, a barcode region and the Pstl-compatible overhang sequence (Georges et al. 

2018a; Georges et al. 2018b). The reverse adaptor contained flow cell attachment sequence 

and Sphl-compatible overhang sequence. Pstl-Sphl double digest fragments were amplified in 

30 rounds of polymerase chain reaction (PCR) (Georges et al. 2018b). Equimolar amounts of 

amplification products from each sample were bulked and applied to c-Bot (Illumina) bridge 

PCR for sequencing on the Illumina Hiseq 2500. Single-read sequencing was run for 77 

cycles. The sequences generated were processed using proprietary DArT Pty Ltd analytical 

pipelines (Georges et al. 2018b).  
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SNP filtering 

After initial filtering from DArT Pty Ltd, additional filtering and analysis was conducted 

through R statistical software package {dartR} (Gruber et al. 2018). SNP data and 

corresponding metadata were read into R as a genlight object (Jombart 2008). The number of 

loci, number of populations, and list of population names were first examined to confirm the 

assignment and labelling of population names. Loci were filtered on repeatability, with loci 

with a repeatability of 99% retained for analysis. Filtering selected only one SNP at random 

from sequence tags that contained more than one SNP, and retained only loci with a call rate 

of 95% or higher. The data were further filtered on read depth with sequences with less than 5 

base pairs and above 100 removed. The data were then filtered on call rate a second time, this 

time removing individuals with a call rate less than 60%. Lastly monomorphic loci and loci 

that were not scored for any individual were removed. 

 

Hybridisation determination 

Hybrid turtles were determined from the SNP data using the program NewHybrids (Anderson 

and Thompson 2002). NewHybrids is a Bayesian method for identifying F1 crosses, F2 

crosses, and backcrosses to the parental stock (bin membership). The method computes the 

posterior probability that an individual belongs to each of the hybridisation bins, allowing a 

decision to be made based on its hybridisation status. NewHybrids is limited to the number of 

loci that can be used, typically 200, so I selected at random 200 loci showing fixed allelic 

differences between the parental populations, M. georgesi (p0) and E. macquarii (p1) for the 

analysis.  Myuchelys georgesi that were sampled in 1986 were set as the parental population 

(p0) for M. georgesi, as this includes historical individuals from populations that are assumed 

to be genetically pure (i.e. prior to the introduction of E. macquarii). For E. macquarii, the 
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parental population was defined as that which was first established in the study area after 

introduction (based on previous mitochondrial analyses, Georges et al. 2011), from the 

Macleay and Hastings Rivers and the vicinity of Coffs Harbour (Georges et al. 2011). These 

were merged to create the parental population for E. macquarii (p1). Additional filtering 

removed loci with reproducibility scores below 1, and with read depth above 10, to better 

constrain the error rate in SNP calling, which were evident in the, albeit low, number of F1 

hybrids that were not heterozygotes. I compared the river, capture period (i.e. historical or 

current), sex (male, female, juvenile), size (SCL) and morphological appearance for turtles 

that identified as hybrid or backcrossed individuals. 

 

Visualisation and location of hybrids 

Genetic similarity between M. georgesi and E. macquarii was visualised using a principal 

coordinate analysis (PCoA). Genetic similarity between individuals was mapped in PCoA 

space using ordination by Euclidean distance (differing from the classical Rogers D by a 

constant factor). A scree plot of eigenvalues was used to determine the number of informative 

axes to consider in the PCoA plot. I also mapped the location of identified hybrids in the 

Bellinger and Kalang Rivers, using {leaflet} package in R statistical software. 

 

Change in the number of hybrids and disease survival 

To determine whether there was an increase in the number of F1 hybrids or backcrossed 

turtles between sampling periods, I statistically tested for differences in the number of F1 

hybrid and backcrossed turtles between 2007 and 2015-2019, using Pearson Chi-square test 

(McHugh 2013) in Microsoft Excel (Version 16.0). I included observed numbers of adult and 

juvenile pure M. georgesi, pure E. macquarii, F1 hybrids, backcrossed M. georgesi and 
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backcrossed E. macquarii from 2007 and 2015-2019, which were genetically identified in the 

NewHybrids analysis above, and calculated expected values for each species demographic 

group using a contingency table as per McHugh (2013). The Chi-square statistic value, χ2, 

was calculated using the following equation, from McHugh (2013): 

 

χ2 = (O – E)2 / E 

 

where O is the observed value and E is the expected value. The chi-square p value was 

calculated using the ‘CHISQ.TEST’ function in Microsoft Excel (Version 16.0). I compared 

the number of turtles across each species’ demographic group, using a Bonferroni post-hoc 

test. I then compared the proportion of F1 hybrid and backcrossed turtles in 2007 (pre die-off) 

and 2015 – 2019 (post die-off) in; 1) the M. georgesi population, and 2) the E. macquarii 

population, to determine whether F1 hybrids and backcrossed turtles survived the disease 

outbreak. F1 hybrids were included in both the M. georgesi population and E. macquarii 

population. Backcrossed turtles were separated by parental species in the analysis, so that 

backcrossed M. georgesi were included in the M. georgesi population, and backcrossed E. 

macquarii were included in the E. macquarii population. A visual representation of these 

changes is presented as a histogram.  

 

Results 

Hybridisation of species  

A total of 64,937 polymorphic SNP loci were scored for 1,043 individuals. Qualitative 

analysis of genetic similarity between M. georgesi and E. macquarii in the principal 

coordinates analysis (PCoA) determined two distinct population groups (M. georgesi and E. 
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macquarii), with axis 1 accounting for 97.3% of the variation between the two populations 

(Figure 1). No substantial variation was captured by axis 2 (0.1%). Putative F1 hybrids and 

backcrosses were placed at intermediate distances between the M. georgesi and E. macquarii 

populations (Figure 1).  

 

 

Figure 1. Principal coordinates analysis (PCoA) showing genetic similarity between M. 

georgesi and E. macquarii using ordination by Euclidean genetic distance. Individuals were 

plotted based on loci, as determined by the relative frequency of the alternate allele.  
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After filtering 5,229 loci, 961 individuals were analysed through NewHybrids 

(Anderson and Thompson 2002). The assignment of most genotyped turtles to a preassigned 

parental population (i.e. historical or current, Bellinger or Kalang) was confirmed through 

NewHybrids, allocating individuals to the classes p0 and p1, based on posterior probabilities 

of 1 or close to 1. The analysis confirmed the assignment of 58 parental E. macquarii sampled 

from the Macleay and Hastings Rivers and Coffs Harbour. The analysis also confirmed the 

assignment of 48 turtles from the historical Bellinger population and 336 turtles from the 

current Bellinger population to the species Emydura macquarii (Table 2). An additional 6 

turtles from the historical Kalang population and 39 turtles from the current Kalang 

population were also assigned to E. macquarii. The analysis also confirmed the assignment of 

204 turtles from the historical Bellinger population and 172 turtles from the current Bellinger 

population to the species Myuchelys georgesi. The five parental M. georgesi sampled in 1986 

were assigned to M. georgesi (Table 2). An additional turtle sampled from the Kalang River 

in the current period was assigned to M. georgesi, but later determined to be a hybrid. The 

turtles held at Taronga Zoo as part of the captive breeding program were assigned to M. 

georgesi, although this takes into account removal of a hybrid individual from the insurance 

colony following the analysis of Georges et al. (2018b).  

F1 hybrid and backcrossed turtles were detected in both the Bellinger and Kalang 

Rivers. During historical sampling of the Bellinger River, two E. macquarii backcrosses and 

two M. georgesi backcrosses were detected in the Bellinger River (Table 2). During current 

sampling of the Bellinger River five F1 hybrids, and one M. georgesi backcross were detected 

in the Bellinger River (Table 2). Historical sampling of the Kalang River detected three F1 

hybrids and one E. macquarii backcross. Current sampling of the Kalang detected one F1 

hybrid and two E. macquarii backcrosses. Physical mapping of the five F1 hybrid turtles 
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detected during current sampling in the Bellinger River showed that F1 hybrids are widely 

distributed throughout the river, but do not overlap substantially with high numbers of E. 

macquarii or M. georgesi, except for one F1 hybrid which was detected upstream ca 71 km 

from the ocean (Figure 2; Chapter 2). Backcrossed turtles predominately occur in the 

downstream reaches of the Bellinger River (Figure 3), however these turtles were detected 

during historical sampling and have not been detected recently (Table 2). In the Kalang River, 

hybrids were more clustered, however this may be as a result of patchy sampling (Figure 3). 
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Table 2. Assignment of individuals to classes for turtles in the Bellinger and Kalang Rivers, 

based on posterior probabilities calculated by NewHybrids. Parental (Myuchelys georgesi and 

Emydura macquarii), F1 hybrids (F1) and backcrosses to M. georgesi (F1 x Mg) or E. 

macquarii (F1 x EM) are shown. Sample sizes (N) summed for turtles with the same profile. 

Population Mg Em F1 F2 

F1 x 

Mg 

F1 x 

Em N 

Emydura - Parental 0 1 0 0 0 0 58 

Emydura - Historical Bellinger 0 1 0 0 0 0 48 

Emydura - Bellinger 0 1 0 0 0 0 336 

Emydura – Historical Kalang 0 1 0 0 0 0 6 

Emydura - Kalang 0 1 0 0 0 0 39 

F1 x Em – Historical Bellinger 0 0 0 0 0 1 2 

F1 x Em – Historical Kalang 0 0 0 0 0 1 1 

F1 x Em - Kalang 0 0 1 0 0 0 2 

F1 - Bellinger 0 0 1 0 0 0 5 

F1 – Historical Kalang 0 0 1 0 0 0 3 

F1 - Kalang 0 0 0.99998 0.00002 0 0 1 

F1 x Mg - Historical Bellinger 0 0 0 0 1 0 1 

F1 x Mg – Historical Bellinger 0.99916 0 0 0 0.00084 0 1 

F1 x Mg – Bellinger 0.99871 0 0 0 0.00129 0 1 

Myuchelys - Bellinger 1 0 0 0 0 0 172 

Myuchelys - Historical Bellinger 1 0 0 0 0 0 204 

Myuchelys – Kalang 1 0 0 0 0 0 1 

Myuchelys – Insurance Pop 1 0 0 0 0 0 75 

Myuchelys - Parental 1 0 0 0 0 0 5 
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Figure 3. Location of F1 hybrids, M. georgesi backcrossed turtles and E. macquarii 

backcrossed turtles in the Bellinger and Kalang Rivers.  

 

Survival of hybrid and introgressed individuals  

I found a significant difference in the number of turtles detected in the Bellinger River 

between 2007 and 2015-2019 (P < 0.001, Table 3). Bonferroni post-hoc tests showed a 

significant increase in the numbers of pure adult E. macquarii (P  < 0.001 ), pure juvenile E. 

macquarii (P < 0.001), and pure juvenile M. georgesi (P < 0.001, Table 3), while the number 

of pure adult M. georgesi decreased significantly between 2007 and 2015-2019 (P < 0.001). I 

found a significant decrease in the number of backcrossed E. macquarii between sampling 

periods (P = 0.043, Table 3). There was no significant difference in the number of F1 hybrid 

turtles (P = 0.118) or backcrossed M. georgesi (P = 0.212, Table 3) between sampling 

periods. F1 hybrids represent 11.36% of the current adult M. georgesi population, while 

backcrossed M. georgesi represent 2.27% of the current adult M. georgesi population (Figure 
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4). Conversely, F1 hybrids represent only 1.97% of the current adult E. macquarii population 

(Figure 4). Because no juvenile F1 hybrids or backcrossed turtles were detected in the 

Bellinger River, I only looked at the proportion of F1 hybrids and backcrossed turtles in the 

adult populations of M. georgesi and E. macquarii. 

 

Table 3. Results of the Chi-square analysis, comparing the number of pure M. georgesi, pure 

E. macquarii and F1 hybrids, backcrossed M. georgesi and backcrossed E. macquarii in the 

Bellinger River between 2007 and 2015-2019. 

 

 

 

Species’ demographic N 

2007 

2007  

X2 

N 2015-

2019 

2015-2019 

X2 

Df P value 

Overall p - value      < 0.001 

E. macquarii adults 45 27.54 249 13.47 6 < 0.001 

E. macquarii juveniles 3 22.24 82 10.88 6 < 0.001 

M. georgesi adults 190 176.94 38 86.54 6 < 0.001 

M. georgesi juveniles 5 0.001 130 11427.80 6 < 0.001 

F1 Hybrids 0 1.64 5 0.803 6 0.118 

Backcross E. macquarii 2 1.04 0 0.51 6 0.043 

Backcross M. georgesi 2 2.75 1 1.34 6 0.212 
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Demographics of hybrid and introgressed individuals 

In 2007, one male and one female E. macquarii backcross, and two male M. georgesi 

backcrosses, were detected in the Bellinger River, with straight carapace lengths above 12 cm 

(Table 4). During the recent sampling period (2015-2019), two male F1 hybrids (SCL = 18.9 

cm) and three female F1 hybrids (SCL > 23.75) were detected, as well as one M. georgesi 

backcross male (SCL = unmeasured) (Table 4). During historical sampling of the Kalang 

River, two female F1 hybrids (SCL > 23.7 cm), one male F1 hybrid (SCL = 17.17) and one 

E. macquarii backcross (SCL = unmeasured) were detected. During the recent sampling 

period (2015-2019) one juvenile backcross E. macquarii (SCL = 10.87 cm), one male 

backcross E. macquarii (SCL = 13.55) and one female F1 hybrid (SCL = unmeasured) were 

detected in the Kalang River. All F1 hybrids sampled in the current period 2015 - 2019 in the 

Bellinger River were morphologically identified as potential hybrids, prior to genetic 

assignment. One E. macquarii backcross sampled in the Kalang in 2007 was identified as a 

hybrid (Table 4).  
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Table 4. Demographics of introgressed individuals in the Bellinger River. Individuals noted 

as Em x Mg under “Species ID” indicate individuals that appeared to be hybrids 

morphologically.  

Classification River System Species ID Year Sex SCL 

F1 x Em Historical Bellinger Emydura 2007 Female 17.97 

F1 x Em Historical Bellinger Emydura 2007 Male 17.71 

F1 Bellinger Em x Mg 2016 Male 18.9 

F1 Bellinger Em x Mg 2016 Male 18.9 

F1 Bellinger Em x Mg 2016 Female 30.7 

F1 Bellinger Em x Mg 2016 Female 24.19 

F1 Bellinger Em x Mg 2019 Female 23.75 

F1 x Mg Historical Bellinger Myuchelys 2007 Male 12.15 

F1 x Mg Historical Bellinger Myuchelys 2007 Male 15.97 

F1 x Mg Bellinger Myuchelys 2015 Male NA 

F1 x Em Historical Kalang Em x Mg 2007 NA NA 

F1 x Em Kalang Emydura 2016 Male 13.55 

F1 x Em Kalang Emydura 2016 Juvenile 10.87 

F1 Historical Kalang Em x Mg 2007 Female 23.7 

F1 Historical Kalang Em x Mg 2007 Male 17.17 

F1 Historical Kalang Em x Mg 2007 Female 23.6 

F1 Kalang Myuchelys 2015 Female NA 
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Discussion 

In this study I identified F1 hybrid and backcrossed turtles using SNP data, and quantified the 

prevalence of hybridisation historically and in the present population. The number of F1 

hybrids detected did not change significantly between the two sampling periods, nor did the 

number of M. georgesi backcrossed turtles. There was, however, a significant decrease in the 

number of E. macquarii backcrossed turtles with two E. macquarii backcrossed turtles 

detected in 2007, not detected during sampling in 2015-2019. The lack of significant 

difference in the number of F1 hybrids and backcrossed M. georgesi between sampling 

periods, coupled with the adult-dominated demographics of these  F1 hybrids and 

backcrossed turtles suggests these turtles may have had higher survival during the disease 

outbreak, compared to pure M. georgesi, which declined sharply.  

 F1 hybrid turtles and backcrossed M. georgesi now comprise 11.36% (5 F1 turtles) 

and 2.27% (1 backcrossed M. georgesi) of the adult M. georgesi population (totalling 44 

turtles), respectively. The proportion of F1 hybrids in the population has increased since 

initial surveys in 2007, largely due to the detection of F1 hybrids during recent sampling and 

the extensive loss of adult M. georgesi due to BRV (Chessman et al. 2020). The adult 

demographic of the F1 hybrids detected in the current sampling period indicates these turtles 

were present during the 2007 sampling, but were not detected. Additionally, in 2007 only 

backcrossed turtles were detected indicating that F1 hybrids had to at some point be present 

in the population.  

 Although hybridisation and introgression has been detected (Georges et al. 2018b), 

the lack of detection of juvenile F1 hybrids or juvenile backcrossed turtles in the Bellinger 

River suggests no recent hybridisation events have occurred, which is to be expected 

considering low numbers of adult M. georgesi (Chessman et al. 2020). While the percentage 

of hybrid and backcrossed turtles is low relative to other populations with hybridisation (i.e. 
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Riley et al. 2003; Roberts et al. 2009; Guildea et al. 2015; Cairns et al. 2020), future 

hybridisation events may become more common as juvenile M. georgesi reach adulthood. 

Myuchelys georgesi juveniles are expected to reach sexual maturity in the next 1-2 years 

given the estimated age of surviving M. georgesi was 3-5 years old (Spencer et al. 2018) and 

sexual maturity estimates of 10.3 years for males and 11.3 years for females (Chessman et al. 

2020).  

The probability of M. georgesi encountering a conspecific mate has likely reduced 

due to BRV, with an estimated ca 150 M. georgesi and ca 500 E. macquarii in the Bellinger 

River (Chessman et al. 2020). Given the high number of E. macquarii and overlapping 

distributions of M. georgesi and E. macquarii (Chapter 2; Chessman et al. 2020), it is likely 

an increase in the likelihood and frequency of hybridisation will be observed. The loss of M. 

georgesi adults during the disease outbreak means that the likelihood and frequency of 

hybridisation cannot be assessed in the short to medium term. Instead the likelihood and 

frequency of hybridisation can only be assessed once M. georgesi reach adulthood, when the 

threat of genetic swamping increases. Over time, F1 hybrids and backcrossed M. georgesi 

may replace genetically pure M. georgesi as may have occurred in the Kalang River (Georges 

et al. 2018b), however encounter rates and the future projection of hybridisation between the 

two species is yet to be modelled. 

 The outbreak of BRV, which drove the rapid decline of the only population of M. 

georgesi, could be viewed as a natural selection event. Turtles that survived the disease 

outbreak (F1 hybrid turtles, juvenile pure M. georgesi and pure E. macquarii) potentially 

have greater fitness in an environment with BRV. Prior to making conservation decisions 

regarding the future management of hybrid individuals, research should be undertaken to 

determine 1) the extent of hybridisation in the population; 2) the potential risks to the 
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longevity of parental populations, especially if endangered species are involved; and 3) the 

potential genetic and ecological benefits hybrids may provide.  

 This study has broader implications for turtle conservation. Freshwater turtle species 

are in decline in Australia (Van Dyke, Ferronato and Spencer 2018) and the increasing risk of 

hybridisation through human-mediated dispersal could exacerbate the decline of already 

threatened populations. Emydura macquarii has been introduced into the ranges of other 

endangered Myuchleys spp. including M. bellii and M. purvisi (Chessman 2021). Future 

research should therefore monitor potential hybridisation between Myuchelys spp. and E. 

macquarii and explore the hybrid-disease relationship further.  
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Chapter 4 

 

 

Stable isotope analysis reveals dietary overlap between the invasive freshwater turtle Emydura 

macquarii and Critically Endangered Myuchelys georgesi in the Bellinger River. 
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Abstract 

Dietary overlap between native and invasive species can lead to competition for shared food 

resources, with invasive species potentially outcompeting native species by virtue of their 

often-generalist diet and ability to exploit available resources. The Murray River short-

necked turtle Emydura macquarii is a generalist consumer, which is invasive in the Bellinger 

River; the only known locality of the Critically Endangered Bellinger River turtle Myuchelys 

georgesi. Emydura macquarii has the potential to compete with M. georgesi for food, as 

indicated by previous studies based on gut content analysis. However, this research was 

undertaken prior to the decline of M. georgesi in 2015, when the M. georgesi population was 

comprised of adult turtles, and when E. macquarii occurred in low numbers. In this study, I 

assess the current potential for dietary competition between M. georgesi and E. macquarii 

within sites by comparing the isotopic composition (δ13C and δ15N ) of M. georgesi and E. 

macquarii. I found evidence for dietary overlap between M. georgesi and E. macquarii at 

three out of four sites in the Bellinger River. Overlap in isotopic composition (δ13C and δ15N 

) at three sites suggests potential for dietary overlap and competitive interactions to occur, 

particularly as the overlap detected at one of these sites coincides with increased abundance 

of E. macquarii. A before/after experiment should be undertaken to determine the diets of M. 

georgesi and E. macquarii together, and in isolation to test for competition and associated 

negative effects on M. georgesi.  
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Introduction 

Interactions between invasive and native species, including their potential to compete for 

shared limited resources have been widely studied (Lodge 1993; Kareiva 1996; David et al. 

2017). Successful invasive species tend to be dietary generalists, which allows them to 

exploit a variety of available resources and trophic niches (Marvier, Kareiva and Neubert 

2004; Snyder and Evans 2006). Invasive species can reduce food availability and force native 

species to adopt suboptimal diets, leading to competitive exclusion of the native species and, 

ultimately, driving declines (Moyle and Light 1996; Bøhn and Amundsen 2001; Snyder and 

Evans 2006; Ziemba 2015).  

While competition alone among invasive and native species has rarely caused native 

species extinctions (Mooney and Cleland 2001; Sax, Gaines and Brown 2002; Davis 2003), it 

can lead to native species declines, particularly if the invasive species is able to exploit foods 

more efficiently than the native species (David et al. 2017). Competition for food can lead to 

a reduction in native species’ fitness, through reduced growth rates, reproduction, and 

survivorship (Petren and Case 1996; Cadi and Joly 2004; Pearson, Avery and Spotila 2015). 

Furthermore, the impacts of competition by invasive species may not be immediately obvious 

because of delayed effects (i.e. reduced fecundity will not be observed until the individual 

reproduces) (Petren and Case 1996; Davis 2003) and indeed, may not be detected until 

multiple generations have passed.  

For long-lived species, such as turtles, negative effects associated with competitive 

interactions with invasive species, may not be detected in the population until a significant 

decline is experienced over several generations. This is largely due to the life-history of 

turtles, which follows a type-3 survivorship curve, with high mortality experienced early in 

life, followed by a late onset of sexual maturity (Iverson 1991). The Murray River short-

necked turtle, Emydura macquarii,is a species of freshwater turtle that is native to the 
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Murray-Darling Basin and coastal drainages of eastern Australia. Despite the species being 

threatened and in decline in the Murray-Darling Basin (Thompson 1983; Chessman 2011; 

Van Dyke et al. 2019), E. macquarii is now invasive in the Bellinger River, on the mid-north 

coast of New South Wales, as a result of human introductions (Georges et al. 2011). Since its 

introduction, the population of E. macquarii has increased substantially in the Bellinger 

River, with current estimates of up to ca 500 individuals (Chessman et al. 2020). Emydura 

macquarii also hybridises with the endemic and Critically Endangered Bellinger River turtle 

Myuchelys georgesi (Chapter 2; NSW Scientific Committee 2016; Georges et al. 2018). 

Myuchelys georgesi recently experienced a mass mortality event from a disease thought to be 

caused by a novel nidovirus (Bellinger River virus, BRV; Zhang et al. 2018; Chessman et al. 

2020). Adult M. georgesi were especially affected, and the current population is comprised 

predominately of juveniles (Chessman et al. 2020). 

The generalist diet of E. macquarii in its native range (Chessman 1986; Spencer et al. 

2014; Petrov et al. 2018) may have contributed to its successful invasion of the Bellinger 

River. Spencer et al. (2014) suggested the potential for M. georgesi and E. macquarii to 

compete for food based on gut content analyses. Both species are omnivorous, and a high 

proportion of their diet includes benthic macro-invertebrates, such as caddisfly larvae 

(Trichoptera) which are present in the diets of both species (Allanson and Georges 1999; 

Spencer et al. 2014). However, these previous studies took place prior to the M. georgesi 

disease event, when the population was dominated by adult turtles, and when E. macquarii 

occurred in low numbers (Georges et al. 2011; Spencer et al. 2014). In this study, I compare 

the isotopic compositions of M. georgesi and E. macquarii, as a means of assessing the 

potential for dietary overlap and possible competition between remaining M. georgesi 

(predominately juveniles) and the abundant E. macquarii. As the remaining M. georgesi 

reach maturity, it becomes increasingly important to assess the risk of interspecific 
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competition between M. georgesi and the invasive E. macquarii. Interspecific competition 

between the two species may impact the growth and survival of juvenile M. georgesi and 

may have consequences for the reproductive success of M. georgesi when maturity is reached 

(see Petren and Case 1996). As such, it is important to assess the threat of dietary overlap and 

competition posed by E. macquarii before M. georgesi reach sexual maturity, so that the 

potential threat of E. macquarii to the long-term recovery of M. georgesi in the wild can be 

better understood. 

Unlike gut content analyses, which offer only short-term snapshots of dietary intake, 

stable isotope analyses reflect the mean isotopic composition of the consumer diet over 

extended time-frames. They can be used to test for dietary overlap (Zambrano, Valiente and 

Vander Zanden 2010; Pearson et al. 2013; Balzani et al. 2016; Galetti et al. 2016) over 

timeframes that are more meaningful when understanding the long-term effects of dietary 

overlap and potential competition (i.e. weeks and months) (Post 2002; Bearhop et al. 2004). 

Isotope analyses integrate dietary uptake and avoid the issues of lack of independence among 

dietary items in stomach contents, and the biases arising from differential digestibility and 

passage rates (Windell and Bowen 1978). Stable isotope analysis is also less invasive than 

gut content analysis and was more suitable for examining dietary overlap between M. 

georgesi and E. macquarii, given the small body size (juvenile) of M. georgesi (Legler 1977) 

and the species Critically Endangered status (NSW Scientific Committee 2016). To examine 

dietary overlap of E. macquarii with M. georgesi, I used ratios of carbon isotopes (ratio of 

13C to 12C relative to that of a standard; δ13C) to compare sources of primary production 

underlying the food webs of each turtle species (Layman et al. 2007; Layman et al. 2011). I 

used ratios of nitrogen isotopes (ratio of 15N to 14N relative to that of a standard; δ15N) to 

identify the relative trophic positions occupied by both turtle species (Gannes, O’Brien and 

Martínez del Rio 1997; Layman et al. 2011). In this study, I determine whether M. georgesi 
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and E. macquarii overlap in mean isotopic composition, δ13C and δ15N within sites of the 

Bellinger River. I predict that these two species will overlap in isotopic composition within 

sites given; 1) their overlapping distributions (Chapter 2), 2) the similarities in the diets of M. 

georgesi and E. macquarii (Spencer et al. 2014), and 3) the generalist diet of E. macquarii 

(Petrov et al. 2018; Petrov et al. 2020).  

 

Materials and Methods 

Study location 

This study was conducted in the Bellinger River (ca -30.45071, 152.89885) on the mid-north 

coast of New South Wales. The Bellinger River is unregulated and flows from the Great 

Dividing Range east to the Tasman Sea. It flows through steep, wet sclerophyll forest 

(Georges et al. 2018) in the headwater’s sections above Thora (Lunney, Grant and Matthews 

2004). The upper stretches are characterised by well-defined pools with large rock structures 

and sand-silt substrate, separated by fast flowing riffles. Large rock structures and riffles are 

less common in the lower reaches of the Bellinger River, with pools becoming longer and 

wider (Cohen 2003). Extensive land clearing for agriculture has driven the loss of riparian 

vegetation in the lower sections.  

 

Turtle isotope sampling  

In 2017 I surveyed the Bellinger River for M. georgesi and E. macquarii. I undertook two 

surveys, one in February 2017, and another as part of the NSW Department of Planning, 

Industry and the Environment (DPIE) bi-annual surveys in November 2017. Waterholes were 

selected based on previous research (Blamires et al. 2005; Spencer, Georges and Welsh 2007; 

Georges et al. 2011; Blamires & Spencer 2013; Chessman et al. 2020) and local knowledge 

of past turtle sightings and accessibility (Chessman et al. 2020). Turtles were caught by hand 
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via snorkelling. Snorkelling during each survey was conducted by groups of 2-9 snorkelers. I 

recorded the latitude and longitude of each survey location using a GPS (Garmin GPSMap 62 

series, ca 5 m accuracy). Captured turtles were identified as M. georgesi or E. macquarii 

using the keys provided by Georges and Thomson (2010), or potential hybrids based on 

conflicting morphological characteristics. Turtles were weighed (+ 5 g), measured (straight 

carapace and plastron length, + 0.1 mm) (Chessman et al. 2020) and individually marked by 

notching the marginal scutes and via insertion of passive integrated transponder (PIT) tags 

into the body cavity. Adult and sub-adult turtles were sexed, with males distinguished from 

females by their enlarged tails. Juveniles were distinguished by a carapace length below 13 

cm for both species. Claw clippings were sampled from one of the hind legs of each turtle 

caught. Claw was selected as it reflects the isotopic signature of the diet consumed over 

approximately the past 12 months (Seminoff, Bjorndal and Bolten 2007; Petrov et al. 2020). 

Samples were stored at -20oC prior to analysis. 

 

Stable isotope analyses 

Samples were rinsed in deionized water and freeze-dried at -40oC to asymptotic mass using 

an Edwards Modulyo Freeze Dryer (Burgess Hill, United Kingdom). Claw samples were 

homogenised using bone cutting forceps. Samples were stored in a desiccator until isotopic 

analysis. I weighed 1 mg of claw homogenate and packaged the samples into 96-well 

microplates prior to analysis. δ13C and δ15N were determined using a Thermo Scientific Delta 

V Advantage isotope ratio mass spectrometer (Waltham, Massachusetts, United States) 

coupled to a ConfloIV and FlashHT at the Centre for Carbon, Water and Food of the 

University of Sydney. For full isotope ratio mass spectrometer methodology, refer to Petrov 

et al. (2020). Isotopic values are presented in delta notation (‰), relative to VPDB for carbon 
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and AIR for nitrogen. Precision was between 0.04 and 0.13‰ for carbon analysis (1 SD, n = 

3) and between 0.04 and 0.08‰ for nitrogen analysis (1 SD, n = 3).  

 

Statistical analysis 

For statistical analyses, I considered the locations of creeks and major tributaries that flow 

into the Bellinger River in the division of waterholes into sites, due to the potential for 

tributary inputs to affect the isotopic compositions of primary producers downstream 

(Kendall, Silva and Kelly 2001). Based on tributary locations, I divided the Bellinger River 

into 4 sites and assumed turtles foraged on prey closest to the location of turtle capture 

because the majority of M. georgesi and E. macquarii recaptured in previous studies (Chapter 

2), were found to move minimal distances (predominately < 3 km). 

 I ran a multivariate analysis of covariance (MANCOVA) in SAS (PROC GLM) to 

test for differences between the isotopic composition δ13C and δ15N of M. georgesi and E. 

macquarii. Species, site and straight plastron length (SPL) were included as the main effects. 

Sex was not included as an effect in the model due to it confounding with SPL (i.e. sexes 

differ in maximum body size; Cann and Sadlier 2017), and due to the small sample size for 

M. georgesi females (N = 1) and M. georgesi males (N = 8). Least-squared means of turtle 

δ13C and δ15N were compared within sites using Tukey-Kramer post-hoc tests. I did not 

compare turtle δ13C and δ15N across sites due to potential local differences in δ13C and δ15N 

fractionation that would cause differences in turtle isotopic composition independently from 

diet differences (Kendall, Silva and Kelly 2001). 

 

Normality and homoscedasticity were assessed for all statistical tests using Shapiro-Wilk test 

(P > 0.05). All statistical tests were assessed at α = 0.05 and means are presented ± 1 standard 

errors.  
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Results 

In 2017 a total of 46 M. georgesi and 151 E. macquarii were sampled (Table 1). I sampled 10 

M. georgesi and 3 E. macquarii during the February 2017 survey, and 36 M. georgesi and 

148 E. macquarii during the November 2017 survey.  

 

Table 1. Number of turtles isotopically sampled, per sampling period across sites.  

 Site 1 

Upstream 

Site 2 Site 3 Site 4 

Downstream 

February 2017 

Myuchleys georgesi 

Emydura macquarii 

 

6 

1 

 

4 

2 

 

0 

0 

 

0 

0 

November 2017 

Myuchleys georgesi  

Emydura macquarii 

 

3 

41 

 

16 

9 

 

1 

3 

 

16 

95 

 

Isotopic composition of M. georgesi and E. macquarii 

The isotopic compositions in the full factorial MANCOVA differed with site, but did not 

differ with species, SPL, or any interactions (Table 2). I ran a reduced model without the 

interactions associated with SPL due to potentially confounding effects of species and SPL, 

given differences in body size among the species (i.e. juvenile bias in M. georgesi and adult 

bias in E. macquarii). In the reduced MANCOVA, isotopic composition differed 

significantly with an interaction of species and site (P < 0.001, Table 3).  
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Table 2. Multivariate analysis of covariance comparing isotopic composition of δ13C and 

δ15N of turtles within sites and among species and body size (SPL).  

Effect Pillai’s Trace Num df Den df F value P values 

Species 0.007 0.67 2 181 0.513 

Site 0.153 5.03 6 364 <0.001 

Species*Site 0.032 1.50 4 364 0.202 

SPL 0.017 1.60 2 181 0.205 

SPL*Species 0.005 0.43 2 181 0.648 

SPL*Site 0.059 1.85 6 364 0.089 

SPL*Species*Site 0.018 0.83 4 364 0.504 

 

 

 

Table 3. Multivariate analysis of covariance comparing isotopic composition of δ13C and 

δ15N of turtles within sites and among species and body size (SPL). 

Effect Pillai’s Trace Num df Den df F value P values 

Species 0.012 1.10 2 187 0.335 

Site 0.918 53.17 6 376 <0.001 

Species*Site 0.133 4.47 6 376 <0.001 

SPL 0.310 42.07 2 187 <0.001 
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The interaction of species and site in the reduced MANCOVA was driven by an interaction 

of species by site in both univariate analyses of δ13C (Table 4) and δ15N (Table 5). 

Comparison of least-square means of δ13C of M. georgesi and E. macquarii within sites, 

showed no significant within-site differences (site 1 P = 0.999; site 2 P = 0.172; site 3 P = 

0.922; site 4 P = 0.643; Figure 1). Instead the interaction of species by site was driven by 

across site differences in M. georgesi and E. macquarii δ13C.  

 

 

Table 4. Univariate effects of species, site and body size (SPL) on turtle δ13C. 

Effect Num df  Den df F value P value 

Species 1 196 0.74 0.392 

Site 3 196 53.46 <0.001 

Species*Site 3 196 4.12 0.007 

SPL 1 196 1.44 0.232 
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(Trichoptera) and plant material such as ribbon weed (Vallisneria) are common in the diets of 

M. georgesi and E. macquarii (Allanson and Georges 1999; Spencer et al. 2014). Algae is 

also common in the diet of M. georgesi (Allanson and Georges 1999), and while it was less 

common in the diet of Bellinger River E. macquarii in the study by Spencer et al. (2014), it 

comprises a large proportion of the diet of E. macquarii in the Murray River (Petrov et al. 

2018) and may be consumed in the Bellinger River when available.   

 If M. georgesi and E. macquarii are eating the same prey at sites 2, 3, and 4, there is 

likely to be high potential for competitive interactions to occur. The overlap in δ13C and δ15N 

at site 4 in particular coincides with high turtle abundance (Chapter 2). The higher abundance 

of E. macquarii at this site (Chapter 2) may result in a depletion of potentially shared prey. In 

its native range, E. macquarii is a generalist consumer and has the capacity to alter its diet 

based on the availability of prey (Petrov et al. 2020). If prey availability is low, E. macquarii 

may be able to alter its diet more readily in response than M. georgesi, which is a more 

specialised consumer (Allanson and Georges 1999; Spencer et al. 2014).  

I found a significant increase in turtle δ15N with increasing turtle body size (SPL), 

suggesting that larger turtles are more carnivorous than juvenile turtles. This finding was not 

driven by differences among species and is inconsistent with ontogenetic dietary shifts 

usually observed in turtles, where juveniles of omnivorous species tend toward carnivory and 

adults tend toward carnivory (Kennett and Tory 1996; Bouchard and Bjorndal 2006). Given 

that the current study did not explore potential environmental differences in δ15N across the 

river length, this finding should be interpreted with caution. The tendency for larger turtles to 

be more carnivorous in the present study may reflect potential differences in prey size 

consumed by larger and smaller turtles, with smaller turtles feeding upon smaller prey (i.e. 

Allanson and Georges 1999), differences in the availability of prey (i.e. Petrov et al. 2018; 

Petrov et al. 2020) or the tendency for smaller juveniles to seek refuge among aquatic 
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vegetation (Congdon, Gotte and McDiarmid 1992; Santori et al. 2021) and potentially forage 

on available prey within the refugia.  

A slight variation in the isotopic composition of δ15N of M. georgesi and E. macquarii 

was detected between upstream and downstream sites. At site 1 upstream both species appear 

to be slightly more herbivorous than the downstream sites (i.e. sites 2, 3 and 4) where they 

appear to be more carnivorous. This result however need to be interpreted with caution, as the 

pattern detected may be caused by local fractionation differences (i.e. inputs from tributaries 

or surrounding land). Although environmental sampling did not take place in this study, the 

differences between sites may suggest differences in the river environment, similar to those 

proposed by the river concept continuum (Vannote et al. 1980; Doretto, Piano and Larson 

2020). The upper reaches of the Bellinger River are narrower, have more riparian vegetation 

and are less disturbed than downstream sites that have been cleared for agriculture (Cohen 

2003; Lunney, Grant and Matthews 2004; Georges et al. 2018). This difference may 

influence the distribution and abundance of aquatic plants, with more degraded reaches such 

as site 4, potentially having less available aquatic vegetation (Liboriussen and Jeppesen 

2003). The lack of vegetation would force turtles to be more carnivorous and could alter their 

isotopic compositions at downstream sites, or cause turtles to move into areas where 

vegetation is more abundant. 

 The isotope data suggest that direct competition for similar prey may be occurring 

within specific location in the river. If M. georgesi are the less efficient forager and are 

forced to consume suboptimal prey as a consequence of competition with E. macquarii, M. 

georgesi may experience reduced growth, body condition and fitness (Cadi and Joly 2004; 

Pearson, Avery and Spotila 2015). For example, in a controlled feeding experiment between 

invasive red-eared sliders Trachemys scripta elegans and native red-bellied sliders 

Pseudemys rubriventris, T. s. elegans were found to consume more food, gain weight faster 
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and maintain body condition when resources were limited, in comparison to P. rubriventris 

which declined in body condition (Pearson, Avery and Spotila 2015).  

A reduction in growth and body condition, as a consequence of competition with an 

invasive species, could be particularly threatening for remaining M. georgesi. The current M. 

georgesi population is predominately juvenile (Chessman et al. 2020) and juveniles require 

access to optimal food to aid growth and development (Gibbons 1967; Parameter 1980). To 

determine whether competition is occurring between E. macquarii and M. georgesi, and 

potential negative impacts of competition on M. georgesi, further research is required. A 

before/after experiment (e.g. Lambert et al. 2019) could be implemented in the Bellinger 

River to determine the diets and respective growth rates of M. georgesi and E. macquarii 

together, and in isolation, via a combination of gut content analysis and stable isotope 

analysis. Because of the slight variation in isotopic composition of M. georgesi and E. 

macquarii between upstream and downstream sites, prey composition and abundance should 

also be taken into consideration, to determine fractionation differences, or whether prey 

availability affects foraging strategies, or increases competition. Additionally, as the extant 

juvenile M. georgesi reach adulthood, which is likely to occur in the next 1 to 2 years, the 

acquisition of optimal prey becomes increasingly important for reproduction, maintenance, 

and survival (Petren and Case 1996; Pearson et al. 2013). As such it is important to determine 

the threat of competition between M. georgesi and E. macquarii now and into the future to 

ensure the longevity and survival of M. georgesi in the wild.  
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Abstract 

Food availability influences the amount of energy females can acquire and allocate to each 

physiological process. Females that are food-limited have less energy available for 

reproduction. To reduce the amount of energy, they allocate away from other physiological 

processes, females may reduce the frequency of reproductive events, the number or size of 

offspring, or the nutrient composition of their eggs. I determined whether differences in 

maternal diet influence female reproductive output in turtles, using Murray River short-

necked turtles, Emydura macquarii in north-central Victoria. Specifically, I tested for 

differences in total clutch mass, individual egg mass, bulk egg composition, and hatching 

success across sites that vary in food availability. Total clutch mass increased significantly 

with maternal body size at each site. At sites where food availability was limited and E. 

macquarii were carnivorous, females produced smaller clutches relative to body size 

compared to females from sites where food was more abundant. Isotopic analysis showed a 

significant correlation between female δ13C (claws) and egg δ13C; females allocated heavy 

and light carbon to their eggs in the same proportion as found in their bodies. Females also 

allocated more amino acids with 15N (heavier nitrogen) to their eggs than amino acids with 

14N (lighter nitrogen), however this result did not differ across sites. No effect of site on 

individual egg mass, bulk egg composition or hatching success was found. This study 

suggests that food-limited females produce fewer eggs, but other aspects of their reproduction 

are not impacted. A reduction in clutch size due to food availability may further reduce 

recruitment in E. macquarii, which is in decline across its range.  
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Introduction 

When food is abundant and not limiting, an animal can theoretically allocate unlimited 

energy to each physiological process (Congdon, Dunham and Tinkle 1982; Dunham, Grant 

and Overall 1989). However, when food is limited, a trade-off in energy allocation will occur 

between these processes. When food is limited, the animal may: 1) cease reproduction and 

allocate available energy to physiological functions for their immediate survival, such as 

body maintenance, activity, growth or storage, usually sacrificing reproductive effort for the 

immediacy of their own survival, or 2) allocate energy to reproduction to maximise 

reproductive fitness, at a cost of growth, activity and maintenance of their own body 

condition, with a potentially higher likelihood of mortality (Stoeckmann and Garton 2001; 

Beaupre 2007). 

The availability of food and accumulated resources determines the amount of energy 

a female can allocate overall to reproduction (Congdon 1989; Mousseau and Fox 1998; 

Bernardo 1996a). Based on the availability of energy, females may vary the frequency of 

reproductive events per year, the number of offspring produced, or the size of offspring 

(Congdon 1989; James and Whitford 1994; Shine and Madsen 1997; Warner, Lovern and 

Shine 2007; Van Dyke and Griffith 2018). Theory predicts a trade-off occurs between the 

number and size of offspring produced, with females either producing many small offspring, 

or few large offspring (Smith and Fretwell 1974; Rollinson and Hutchings 2013; 

Stahlschmidt and Adamo 2015). Food-limited females produce fewer offspring than females 

with high food availability, either by reducing the frequency of reproduction each year, or 

producing fewer offspring per clutch (Ford and Seigel 1989; Price 1998; Du 2006). This has, 

for example, been observed in Jacky dragons (Amphiboluros muricatus). Female Jacky 

dragons fed a diet of crickets raised on corn only produced fewer clutches each year than 

females fed crickets and roaches that had been raised on a varied diet of cat food, apples, 
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carrots and leafy greens (Warner, Lovern and Shine 2007). Therefore, the diet of females 

during reproduction can affect fecundity and offspring size (Mousseau and Fox 1998).  

Food type (i.e. plant, animal, or both) eaten by females during reproduction may also 

affect the availability of specific nutrients to offspring during development. For example, in 

some species carnivory was associated with higher consumption of protein and calcium 

(Clark and Gibbons 1969; Sánchez-Vázquez et al. 1999), while herbivory was associated 

with higher consumption of fat, carbohydrates, potassium and sodium (King 1996; Sánchez-

Vázquez et al. 1999; Sterner and Elser 2002). If food types eaten by females during 

reproduction varies based on the availability of foods or abundance of prey, this may alter the 

proportions of different macro and micronutrients available to be allocated to offspring 

(Finkler and Claussen 1997; Warne 2014). In oviparous species, the egg contains all the 

nutrients available to the embryo for development (Congdon, Tinkle and Rosen 1983). 

Females allocate available nutrients obtained from the diet to the egg yolk during 

vitellogenesis, and to the albumen layer and eggshell after ovulation based on the nutrients 

available from their diet (Van Dyke and Griffith 2018). As such, the diet of a female during 

reproduction can influence the availability of nutrients to eggs (Finkler and Claussen 1997).  

In particular, maternal diet can influence the availability of essential and non-essential amino 

acids in the eggs (Guisande, Maneiro and Riveiro 1999). Under food limitation, essential 

amino acids (those which cannot be synthesised from other nutrients and must be provide by 

the diet), may be reduced or absent in the diet (Wu 2009). The reduction or absence of amino 

acids is likely to be less pronounced with non-essential amino acids which can be synthesised 

by the females from other nutrients, assuming the dietary nutrients required for synthesis are 

available (Wu 2009). Amino acids are essential for embryonic development and growth (Wu 

2013), with imbalances in dietary amino acids being shown to reduce fecundity (Grandison, 

Piper and Partridge 2009).  
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I determined how Murray River short-necked turtles Emydura macquarii are likely to 

be affected by food limitation, and determine the effects of site-specific maternal diet on 

reproductive allocation. I use E. macquarii as a model species for turtles in general because 

females produce a clutch of 15-25 eggs during reproduction (Chessman 1978) and E. 

macquarii is a generalist consumer that should be more capable of responding to variations in 

the availability of prey, in comparison to specialist consumers which occupy a narrower 

niche and eat a limited diet (Chessman 1986; Spencer et al. 2014; Petrov et al. 2018). 

Previous research on E. macquarii in its native range found variation in the diet of E. 

macquarii among sites which vary in the availability of prey and turbidity (Petrov et al. 2018; 

Petrov et al. 2020). For instance, at Safes Lagoon where turbidity is low and primary 

producer abundance is high, E. macquarii consume a high proportion of filamentous green 

algae, whereas at Longmore Lagoon where turbidity is high and primary producer abundance 

is low, E. macquarii were more carnivorous (Petrov et al. 2018; Petrov et al. 2020). At 

Longmore Lagoon where E. macquarii were more carnivorous, they also exhibited higher 

rates of empty stomachs, and female turtles had lower body condition (Petrov et al. 2020), 

which are potential consequences of reduced food availability. At Cockatoo Lagoon and 

Gunbower Creek where turbidity and primary producer abundance were intermediate in 

comparison to Safes and Longmore Lagoons, E. macquarii were more omnivorous (Petrov et 

al. 2018). 

 In this study, I determined whether differences in maternal diet influence mothers’ 

reproductive output. Specifically, I tested for differences in total clutch mass, individual egg 

mass, bulk egg composition, and hatching success across sites, with the assumption that any 

differences among sites are caused by diet (e.g., Petrov et al 2018; Petrov et al 2020). I 

predict that; 1) females from Longmore Lagoon (low food availability) will produce smaller 

clutches, 2) females from Safes Lagoon (high food availability) will produce bigger clutches, 
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and 3) females from Cockatoo Lagoon and Gunbower Creek (intermediate food availability) 

will produce intermediate clutch sizes. Because maternal diet constrains the nutrients and 

proportion of nutrients allocated to the yolk of each egg (Congdon, Tinkle and Rosen 1983; 

Finkler and Claussen 1997), I determined the bulk composition of eggs. Specifically, I 

determined the amount of water, protein, lipid and energy allocated to each egg. Lastly, I 

determined hatching success across sites, to determine whether differences in the availability 

of maternal diet across sites are associated with hatching success. 

 

Materials and Methods 

Study sites 

This study was conducted at four sites adjacent to the Murray River between Cohuna and 

Gunbower, in north-central Victoria, Australia: Cockatoo Lagoon, Gunbower Creek, 

Longmore Lagoon and Safes Lagoon. Cockatoo Lagoon, Longmore Lagoon and Safes 

Lagoon are wide-bodied oxbow lakes, connected to Gunbower Creek (Figure 1; Petrov et al. 

2018).  
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Figure 1. Location of Cockatoo Lagoon, Gunbower Creek, Longmore Lagoon and Safes 

Lagoon in north-central Victoria, Australia (Image redrawn from Petrov et al. 2018). 

 

Turtle sampling and egg collection 

Emydura macquarii were trapped at the four sites between the 30th October 2016 and the 6th 

November 2016, using baited cathedral traps. Traps were set at least 5 m apart and were 

checked every 10 - 14 hours (Petrov et al. 2020). For the purpose of this study, trapping 

continued until ~ 10 gravid female E. macquarii were sampled from each site. However, 

some gravid females caught were not ready to oviposit, so these were released without 

collecting their eggs. Gravid females were weighed (to the nearest g) and measured (carapace 

and plastron length and width, to the nearest mm).  

Gravid females were held on-site in water-filled tubs and injected intramuscularly 

with 20mg/kg of oxytocin to induce oviposition (Ewert and Legler 1978), and it was assumed 
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all eggs were retrieved from the one injection (Spencer, Thompson and Banks 2001; 

McGlashan, Spencer and Old 2012). The number of eggs laid by each female, and the weight 

(to the nearest g), length and width (to the nearest mm) of each egg were recorded. The first 

and last eggs of each clutch were immediately frozen and stored at -20 oC for isotopic and 

compositional analysis, outlined below. After oviposition, females were reweighed. Claw 

clippings were sampled from each of the toes of the left hind leg of each female E. macquarii 

for stable isotope analysis (Petrov et al. 2020). Claw clippings reflect the isotopic 

composition of the prey eaten over the past ~ 12 months (Seminoff, Bjorndal and Bolten 

2007; Petrov et al. 2020). Claw samples were frozen and stored at -20 oC for stable isotope 

analysis, outlined below.  

The remaining eggs in each clutch were labelled with a pencil, placed in moist 

vermiculite and transported to Western Sydney University for incubation. Each clutch was 

divided into one of two incubation temperatures, with ‘even numbered’ eggs incubated at 26 

oC and ‘odd numbered eggs’ incubated at 30 oC to account for the temperature gradient, of up 

to 6 oC, experienced by natural nests and variation in development time (Thompson 1988). 

Naturally E. macquarii deposits layers of eggs in a shallow nest. Eggs at the top of the nest 

experience warmer temperatures and develop faster than eggs at the bottom of the nest that 

experience cooler temperatures and develop slower (Thompson 1988). The two treatments 

were incubated in separate incubators. Eggs were grouped by clutch and placed in covered 

(but unsealed) plastic tubs filled with a 1:1 mixture of vermiculite and deionized water. The 

mass of each tub was measured weekly, and any mass lost due to the evaporation of water 

was replaced with a spray bottle. Tubs were randomly rotated around the incubator to account 

for shelf-specific variation in temperature. Eggs that did not develop or developed fungi were 

removed from the clutch and frozen at -20 oC. The hatchlings were weighed (to the nearest g) 
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and measured (carapace and plastron length and width, to the nearest mm). The number of 

successful hatchings were recorded. 

 

Compositional analysis of eggs 

All frozen eggs samples and maternal claw clippings were freeze dried at -40 oC to 

asymptotic mass using an Edwards Modulyo Freeze Dryer (Burgess Hill, United Kingdom). 

Eggs (including the shell) and claw clippings were homogenised to powder using a Retsch 

400MM ball mill (Haan, Germany), and stored in a desiccator until further analysis. I 

estimated the moisture, protein, lipid, and energy contents of each homogenised egg (i.e. two 

eggs per clutch, N = 62). I determined the moisture content (g) of each egg by subtracting the 

dry mass of the egg from the initial wet egg mass when it was first laid. Total protein content 

was determined by measuring the total nitrogen content of each sample using a Thermo 

Scientific Delta V Advantage isotope ratio mass spectrometer (Waltham, Massachusetts, 

United States) at the Centre for Carbon, Water and Food, of the University of Sydney, 

following Van Dyke, Griffith and Thompson (2014). As per the stable isotope analyses 

below, one mg of egg homogenate was weighed into tin capsules and packaged into 96-well 

microplates prior to analysis. The nitrogen content (%) of each sample was multiplied by 

6.25, following the Dumas method (Jung et al. 2003) to calculate the protein content (%) of 

each sample. Percent protein was then multiplied by the dry mass of the sample to determine 

total bulk protein mass (g). Total lipid was determined by a two-step extraction and 

separation process. Lipids were extracted from a subsample of homogenate (~0.5 mg) via 

further homogenisation in a chloroform-methanol-water (1:1:1) mix, using a dounce grinder. 

The subsample homogenate was filtered through a Büchner funnel, and transferred to a 50 

mL graduated cylinder for lipid separation. The chloroform/lipid layer of the filtrate was 

allowed to separate from the methanol/water layer for ~ 10 min, and the methanol/water layer 
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removed via aspiration (Van Dyke, Griffith and Thompson 2014). The remaining chloroform 

was evaporated using nitrogen gas. Total lipid was determined gravimetrically, by dividing 

the mass of the extracted lipid by the mass of the subsample to get the proportion of the lipid 

relative to the total subsample mass. This was then multiplied by the total dry mass of the 

whole egg, giving the amount of lipid (g) in the entire egg. Total energy (kJ) was determined 

using a Parr 6200 calorimeter (Illinois, United States). A subset of each sample homogenate 

(~ 0.4 mg) was pressed into pellets, weighed, and combusted in the calorimeter (Thompson et 

al. 1999). The calorimeter was calibrated every 20 samples using benzoic acid.  

 

Stable isotope analysis 

Stable isotope analyses were used to 1) validate the site differences in adult turtle diet found 

in Petrov et al. (2020), and 2) determine whether the isotopic composition (δ13C and δ15N) of 

the eggs reflected the isotopic composition of the mothers. I analysed δ13C and δ15N of the 

claw clippings sampled from each gravid E. macquarii, and δ13C and δ15N of the eggs. One 

mg of claw homogenate and one mg of egg homogenate were weighed into tin capsules, and 

packaged into 96-well microplates prior to analysis. δ13C and δ15N were determined using a 

Thermo Scientific Delta V Advantage isotope ratio mass spectrometer (Waltham, 

Massachusetts, United States) coupled to a ConfloIV and FlashHT at the Centre for Carbon, 

Water and Food of the University of Sydney. For full isotope ratio mass spectrometer 

methodology, refer to Petrov et al. (2020). Isotopic values are presented in delta notation 

(‰), relative to VPDB for carbon and AIR for nitrogen. Precision was between 0.03 and 0.05 

‰ for carbon analysis (1SD, N = 2) and between 0.02 and 0.04 ‰ for nitrogen analysis 

(1SD, N = 2).  
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Statistical analyses 

 Isotopic composition of E. macquarii across sites 

I tested whether female E. macquarii differed in isotopic composition (δ13C and δ15N) among 

sites, in order to confirm that the adult turtle diet differences detected between 2015 and 2016 

as reported in Petrov et al. (2020) were still occurring. I ran separate analyses of variance 

(ANOVA) in SAS (PROC GLM) comparing the isotopic composition, δ13C and δ15N of E. 

macquarii females among sites. I set δ13C and δ15N as the dependent variables in each 

analysis, with site as a main effect.  

 

Effect of maternal diet on reproductive allocation 

To determine the effect of maternal diet on reproductive allocation I compared the following 

parameters across the four sites in my study: total clutch mass (as an index of clutch size), 

individual egg mass, and bulk egg composition (including moisture, protein, lipid, energy and 

isotopic composition). I also tested for among-site differences in hatching success to 

determine whether maternal diet differences or egg composition differences were related to 

differences in hatching success. To test for among-site differences in total clutch mass, I ran 

an analysis of covariance (ANCOVA) in SAS (PROC GLM) with log-transformed total 

clutch mass as the response variable, site as a fixed effect and log-transformed maternal body 

size (SCL) as a covariate. Least-squared means of total clutch mass were compared across 

sites using Tukey-Kramer post-hoc test. To test for differences in individual egg mass I ran 

an analysis of covariance (ANCOVA) in SAS (PROC GLM) with log-transformed initial egg 

wet mass (i.e. see Finkler and Claussen 1997) as the response variable, site and laying order 

as fixed effects and log-transformed maternal body size as a covariate. Laying order was 

included in the analysis as a continuous effect to test for potential egg size differences 

between eggs laid early in a clutch, and those laid later (Louden F, 2014). Maternal ID was 
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included as a random effect in the model to account for pseudoreplication of the clutches, due 

to the inclusion of two eggs per clutch (Hurlbert 1984). Least-squared means of egg wet mass 

were compared across sites using Tukey-Kramer post-hoc test. Maternal body size was 

included in the analysis of total clutch mass and individual egg mass due to the potential for 

the volume of the mothers’ body cavities and diameters of their pelvic openings to influence 

both clutch and egg size (Congdon 1989). 

 To determine the composition of moisture, protein, lipid, and energy in each egg, I 

ran four separate analyses of covariance in SAS (PROC MIXED). For each separate analysis, 

I log-transformed moisture, protein, lipid, and energy contents to meet the assumptions of an 

ANCOVA. Log-transformed moisture, protein, lipid, and energy was set as the response 

variables in each analysis. In each analysis site and laying order were included as fixed 

effects, log-transformed egg dry mass as a covariate and maternal ID as a random effect. 

Least-squared means of moisture, protein, lipid, and energy were compared separately across 

sites using Tukey-Kramer post-hoc test. To determine whether the isotopic composition (δ13C 

and δ15N) of the eggs reflects the isotopic composition of the mothers, I ran two separate 

analyses of variance (ANOVA) in SAS (PROC MIXED): one ANOVA each for δ15N and 

δ13C. For both analyses, I set the isotopic composition of the eggs (i.e. either egg δ13C or egg 

δ15N) as response variables, with site and maternal isotopic composition (i.e. either maternal 

δ13C or maternal δ15N, respectively) as fixed effects. Maternal ID was included as a random 

effect to account for pseudoreplication of the clutches (Hurlbert 1984). Least-squared means 

of egg δ13C and egg δ15N across sites were compared using Tukey-Kramer post-hoc tests. 

 

 Hatching success 

To determine the effect of maternal diet on hatching success I ran a logistic regression in 

SAS (PROC GLIMMIX). I set the response variable as the number of eggs hatched divided 
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by the number of eggs laid. Site and incubation temperature were fixed effects and maternal 

ID was a random effect. Incubation temperature was included as a fixed effect as incubation 

temperature can affect hatching success in reptiles (Deeming and Ferguson 1991; Booth 

1998; Dormer et al. 2016). Least-squared means of hatching success were compared across 

sites using Tukey-Kramer post-hoc test. 

 Normality and homoscedasticity were assessed for all statistical tests using Shapiro-

Wilk test (P > 0.05). All statistical tests were assessed at α = 0.05. Best-fit covariate 

structures for random effects were determined using AIC in mixed models. All significant 

main effects were further examined by post-hoc Tukey-Kramer multiple comparisons.  

 

Results 

 Emydura macquarii body size and clutch size across sites 

Thirty-two gravid female E. macquarii were trapped from the four wetlands (9 from Safes 

Lagoon, 7 from Cockatoo Lagoon, 9 from Longmore, 7 from Gunbower Creek). Gravid E. 

macquarii were bigger at Longmore Lagoon (mean body size 280.18 ± 14.77 mm SCL) in 

comparison to E. macquarii from Cockatoo Lagoon (mean body size 269.29 ± 9.49 mm 

SCL), Gunbower Creek (mean body size 262.71 ± 11.27 mm SCL) and Safes Lagoon (mean 

body size 260.33 ± 12.59 mm SCL; Appendix 2, Tables 1 - 4). Clutch sizes of E. macquarii 

from Cockatoo Lagoon were variable and ranged from 11 to 29 eggs. Clutch sizes of E. 

macquarii from Gunbower Creek and Safes Lagoon ranged from 14 to 23 eggs and 12 to 22 

eggs respectively. Clutch sizes of E. macquarii from Longmore Lagoon were the least 

variable and ranged from 16 to 21 eggs (see Appendix 3, Tables 1 – 4).  

 

 

Isotopic composition of E. macquarii across sites 

I found a significant difference in maternal δ15N and maternal δ13C across sites (δ15N, F3, 59 = 

38.75, P < 0.001; δ13C, F3, 59 = 65.78, P < 0.001, respectively). These differences aligned with 
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site differences in adult turtle diet found by Petrov et al. (2020) (see Appendix 2, Table 5 for 

post-hoc differences). 

 

Effect of maternal diet on reproductive allocation 

Total clutch mass:  

Total clutch mass differed across an interaction of site and maternal body size (P < 0.038), 

(Table 1). Average clutch mass was 177.05 ± 41.04 g (range 119.31 – 250.11 g) at Cockatoo 

Lagoon, 189.65 ± 41.97 g (range 137.9 – 250.84 g) at Gunbower Creek, 191.02 ± 23.45 g 

(range 159.89 – 225.38 g) at Longmore Lagoon and 180 ± 43.32 g (range 107.46 – 217.77 g) 

at Safes Lagoon (see Appendix 2, Tables 1 – 4). There was an overall positive relationship 

between total clutch mass and maternal body size, in each site, with total clutch mass 

increasing with maternal body size (Figure 2, Table 2). At Longmore Lagoon, the slope of 

the relationship between maternal body size and total clutch mass is less than at the other 

three sites. Thus, in Longmore turtles, clutch size increased at a slower rate relative to body 

size than in turtles from the other three sites (Figure 2, Table 2). Also, at all body sizes, E. 

macquarii at Cockatoo Lagoon produced slightly smaller clutches in comparison to E. 

macquarii at Safes Lagoon and Gunbower Creek (Figure 2, Table 2). 

 

Table 1. Analysis of covariance results comparing the relationships between total clutch 

mass, across sites and maternal body size (SCL).  

Effect Num df Den df F P 

Site * 3 33 3.20 0.040 

Log SCL * 1 33 41.27 <0.001 

Log SCL x Site * 3 33 3.25 0.038 
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Table 2. Linear equations for the relationship between total clutch mass and maternal body 

size, for each site.  

Site Estimate y-intercept 

Cockatoo 4.199 ± 4.444 - 7.967 ± 1.832 

Gunbower 4.466 ± 3.874 – 8.534 ± 1.602 

Longmore 1.458 ± 3.088 – 1.289 ± 1.272 

Safes 5.110 ± 0 – 10.098 ± 0 
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 Egg mass:  

Females at Cockatoo and Safes laid on average slightly smaller eggs (9.64 ± 1.15 g, range 

8.15 to 10.85 g and 9.49 ± 0.99 g, range 8.96 to 10.65 g respectively), than females at 

Gunbower and Longmore (10.34 ± 1.14 g, range 8.81 to 11.94 g and 10.61 ± 0.87 g, range 

8.91 to 11.86 g respectively; see Appendix 2, Tables 1 - 4). Individual egg mass differed 

across an interaction of laying order and maternal body size (SCL, P < 0.008). I found no 

significant higher-order interactions (Table 3). To determine how egg size is affected by 

laying order and the interaction of laying order and maternal body size, I determined the 

slopes of the linear relationships between egg mass, laying order, SCL, and the interaction 

between laying order and SCL (Table 4). Egg mass was found to increase with increasing 

laying order (Table 4), but SCL alone had no effect on egg mass (Tables 3 and 4). The 

interaction between laying order and maternal SCL is negative (Table 4), which indicates that 

the positive effect of laying order is reduced in larger turtles. Thus, smaller turtles tended to 

produce larger eggs later in a clutch, whereas larger turtles tended to produce larger eggs 

earlier in a clutch. While the interaction between laying order and maternal SCL is 

statistically significant, the effect is small as indicated by the size of the parameter estimated 

(Table 4).  
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Table 3. Analysis of covariance comparing the relationships between individual egg mass, 

across sites, order and maternal body size (SCL).  

Effect Num df Den df F P 

Site 3 601 2.21 0.086 

Laying order * 1 601 7.41 0.007 

Laying order x Site 3 601 0.49 0.691 

SCLLog 1 601 0.68 0.408 

SCLLog x Site 3 601 2.20 0.087 

Laying order x SCLLog * 1 601 7.21 0.008 

Laying order x SCLLog x Site 3 601 0.48 0.695 

 

Table 4. Parameter estimates (± SE) of the relationships between individual egg mass, laying 

order and maternal body size (SCL). 

Effect Estimate 

Intercept -0.419 ± 0.786 

Laying order  0.031 ± 0.016 

SCLLog 0.582 ± 0.323 

Laying order x SCLLog -0.012 ± 0.006 

 

 

Egg composition: 

Egg moisture, protein, lipid, and energy contents (see Appendix 2, Tables 6 – 9 for raw data) 

all increased with egg dry mass (all P < 0.001) but these relationships did not differ across 

sites, with laying order, or across the full factorial interactions (See Appendix 2, Tables 10 - 

17). I ran a reduced model for each compositional analysis, without the interactions of the 
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fixed effects and egg dry mass. In the reduced models, there were still significant effects of 

egg dry mass on the moisture content (P < 0.001, Table 5), protein content (P < 0.001, Table 

6), lipid content (P = 0.001, Table 7) and the energy content (P < 0.001, Table 8) of the eggs, 

but no significant effect of site (all P > 0.154, Tables 5 - 8) or laying order (all P > 0.16, 

Tables 5 - 8). Thus, egg compositions did not differ across sites in this study, despite the 

differences detected in maternal diet. 

 

Table 5. Analysis of covariance comparing the relationships between moisture content of the 

eggs, site, laying order, and egg dry mass.  

Effect Num df Den df F P 

Site 

Laying order 

LogDry * 

3 

1 

1 

29 

29 

29 

1.89 

2.08 

24.15 

0.154 

0.160 

<0.001 

 

Table 6. Analysis of covariance comparing the relationships between the protein content of 

the eggs, site, laying order, and egg dry mass.  

Effect Num df Den df F P 

Site 

Laying order 

LogDry * 

3 

1 

1 

29 

29 

29 

0.14 

0.09 

72.91 

0.937 

0.768 

<0.001 
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Table 7. Analysis of covariance comparing the relationships between the lipid content of the 

eggs, site, laying order, and egg dry mass.  

Effect Num df Den df F P 

Site 

Laying order 

LogDry * 

3 

1 

1 

28 

28 

28 

1.00 

1.02 

16.17 

0.408 

0.321 

0.001 

 

Table 8. Analysis of covariance comparing the relationships between the energy content of 

the eggs, site, laying order, and egg dry mass.  

Effect Num df Den df F P 

Site 

Laying order 

LogDry * 

3 

1 

1 

29 

29 

29 

0.34 

0.25 

345.45 

0.798 

0.620 

<0.001 

 

I found a significant effect of maternal δ15N on egg δ15N (P < 0.001) but no 

significant effect of site (P = 0.541, Table 9), or the interaction of maternal δ15N and site (P = 

0.089, Appendix 2, Table 18). There was an overall positive relationship between egg δ15N 

and maternal δ15N (Figure 3). The slope of the relationship between egg δ15N and maternal 

δ15N was equal to one, suggesting mothers are allocating similar ratios of heavy and light 

nitrogen into their eggs, as they themselves have (Table 12). However the y-intercept was 

greater than zero (~ 1.5‰, Table 12), indicating that mothers allocate more heavier nitrogen 

15N to the eggs, than lighter nitrogen 14N. Egg δ13C differed with maternal δ13C (P < 0.001, 

Table 10) and across sites (P < 0.035, Table 10), but did not differ with an interaction of 

maternal δ13C and site (P = 0.091, Appendix 2, Table 19). There was an overall positive 

relationship between egg δ13C and maternal δ13C (Figure 4). The slope of the relationship 
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between egg δ13C and maternal δ13C was equal to one, and y-intercept was not different from 

zero (Table 12), indicating that mothers are allocating the same ratios of heavy and light 

carbon into their eggs as they themselves have (Figure 4). The site difference detected 

suggests variation in egg δ13C across sites however the site effect observed is weak (P < 

0.035) and the adjusted p-values in the post-hoc tests detected no significant pairwise 

differences across sites (all P > 0.13, Table 11).  

 

Table 9. Analysis of variance comparing the relationships between egg δ15N and maternal 

δ15N across sites.  

Effect Num df Den df F P 

Md15N 1 30 59.03 <0.001 

Site 3 30 0.73 0.541 
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Table 10. Analysis of variance comparing the relationships between egg δ13C and maternal 

δ13C, across sites.  

Effect Num df Den df F P 

Md13C 1 30 194.57 <0.001 

Site 3 30 3.27 0.035 

 

Table 11. Differences of least-squared means, comparing egg δ13C across sites.  

Site Site Estimate Den df T value P Adj P 

Cockatoo Gunbower -1.143 30 -2.22 0.034 0.141 

Cockatoo 

Cockatoo 

Gunbower 

Gunbower 

Longmore 

Longmore 

Safes 

Longmore 

Safes 

Safes 

0.039 

0.295 

1.182 

1.438 

0.256 

30 

30 

30 

30 

30 

0.06 

0.33 

2.26 

2.03 

0.48 

0.953 

0.743 

0.031 

0.051 

0.638 

0.999 

0.987 

0.130 

0.198 

0.964 
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Table 12. Linear equations for the relationships between 1) egg δ15N and maternal δ15N, and 

2) egg δ13C and maternal δ13C.  

Effect Estimate y-intercept 

δ15N 0.938 ± 0.075 1.514 ± 0.433 

δ13C 1.019 ± 0.040 - 0.074 ± 0.960 

 

 Hatching success 

Hatchlings emerged after ~ 52 ± 2.46 d and ~ 62 ± 2.27 d for 26 oC and 30 oC incubation 

temperatures, respectively. Hatching success rates did not differ across sites (P = 0.121), 

incubation temperatures (P = 0.840) or with the interaction of site and temperature (P = 

0.332, Table 13). At 26 oC the proportion of eggs that hatched was 0.79 ± 0.28 at Cockatoo 

Lagoon, 0.98 ± 0.06 at Gunbower Creek, 0.72 ± 0.30 at Longmore Lagoon and 0.96 ± 0.11 at 

Safes Lagoon. At 30 oC the proportion of eggs that hatched was 0.82 ± 0.33 at Cockatoo 

Lagoon, 0.95 ± 0.08 at Gunbower Creek, 0.80 ± 0.38 at Longmore Lagoon and 0.91 ± 0.08 at 

Safes Lagoon.  

 

Table 13. Generalised linear mixed model testing the effects of site, temperature and the 

interaction of site and temperature, on hatching success rates.  

Effect Num df Den df F P 

Site 

Temp 

Site x Temp 

3 

1 

3 

28 

28 

28 

2.12 

0.04 

1.19 

0.121 

0.840 

0.332 
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Discussion 

Maternal diet influences how energy and nutrients are allocated to offspring during 

reproduction. In the current study, a significant positive relationship between clutch mass and 

maternal body size in turtles from each site was found, with clutch mass increasing with 

maternal body size. This finding was expected, as an increase in clutch mass with increasing 

maternal body size is common across oviparous species (Gatto et al. 2020). At Longmore 

Lagoon, where food is limited (Petrov et al. 2018), clutch mass increased at a slower rate 

relative to body size than the other three sites, suggesting a potential constraint of maternal 

diet on reproductive allocation. Female E. macquarii at Longmore Lagoon are more 

carnivorous, have higher rates of empty stomachs, and consequently lower body condition 

(Petrov et al. 2018; Petrov et al. 2020). The absence of preferred prey in the diet of Longmore 

E. macquarii likely attributed to the reduced body condition detected (Dunham, Grant and 

Overall 1989; Beaupre et al. 2017; Petrov et al. 2020), and subsequent reduction in the 

number of eggs that a female can produce (Olsson and Shine 1997). For example, adult 

female brown anole lizards (Anolis sagrei) raised under low prey availability produced 

significantly fewer eggs per clutch than females raised under high prey availability (Warner 

et al. 2015). A similar trend has been observed in reproductive female phrynosomatid lizards 

(Sceloporus virgatus), with females producing smaller clutch sizes when prey availability and 

rainfall are low (Abell 1999). Clutch size in turtles is likely determined by maternal body 

condition and the availability of prey in late summer and autumn, as follicles begin to enlarge 

and continue to mature through to winter (Harless and Morlock 1979; Georges 1983; 

Wilkinson and Gibbons 2005). As such, the availability of prey at this time, likely influences 

the amount of energy available for reproduction.  

Unexpectedly, female E. macquarii at Cockatoo Lagoon produced clutches of slightly 

smaller mass in comparison to E. macquarii at Safes Lagoon and Gunbower Creek. Emydura 
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macquarii at Cockatoo Lagoon have similar diets to E. macquarii at Gunbower Creek (Petrov 

et al. 2020), with both sites having similar turbidity and primary producer abundance (Petrov 

et al. 2018). Because of the similarities between the environment and diets of E. macquarii at 

Cockatoo Lagoon and Gunbower Creek, it was expected that any effect of maternal diet 

observed at one of these sites, would likely be present at the other. However, no reduction in 

clutch size at was detected at Gunbower Creek. The smaller clutch sizes observed at 

Cockatoo Lagoon may be due to among year variations in maternal diet that the isotope 

approach was not able to detect. Environmental sampling, and stomach content and isotopic 

sampling by Petrov et al. (2018 and 2020), were conducted in 2015 and the start of 2016, 

while the reproductive allocation data in the present study was collected at the end of 2016. If 

prey availability or abundance at Cockatoo Lagoon declined early in 2016, at the time when 

follicles begin to enlarge (Harless and Morlock 1979; Georges 1983), E. macquarii females 

may have had less energy available for reproduction than E. macquarii at Gunbower Creek. 

Differences in prey availability or abundance could have also occurred at the other sites, 

however this was not detected through the reproductive allocation data. As such future 

studies examining reproductive allocation should sample the environment and diet (i.e. 

stomach content and isotopic sampling) throughout reproduction. 

I found no significant effect of maternal diet on egg size, with female E. macquarii 

producing similar sized eggs across sites. This result suggests that females alter the number 

of eggs produced in response to prey availability, but do not alter egg size. This result is 

similar to the findings of Warner et al. (2015), who found female brown anole lizards A. 

sagrei raised on a low prey diet, produced similar sized eggs to females on a high prey diet. 

Egg size in the current study, did however vary with an interaction of laying order and  

maternal body size (Congdon and Gibbons 1985; Congdon and Gibbons 1987). Freshwater 

turtles construct nest chambers shaped like a flask, with the bottom of the nest being wider in 
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diameter than the top (Goode 1965). The wider base allows more eggs to be incubated at the 

bottom of the nest (Booth 2010), away from daily temperature fluctuations (Thompson 

1988). Smaller turtles may produce smaller eggs earlier in a clutch to ensure more eggs are 

protected against temperature fluctuations. Laying bigger eggs at the bottom of a nest has 

also been hypothesised to support the mass of the eggs at the top of the nest during 

development (Tucker and Janzen 1998), however this hypothesis and reasons for bigger eggs 

being laid later in a clutch are yet to be explored.  

I found no effect of site on the compositions of eggs (i.e. moisture, protein, lipid or 

energy), suggesting E. macquarii at different sites are allocating similar proportions of 

nutrients into their eggs regardless of maternal diet. However, this study does not take into 

account the proportions of inorganic ions such as calcium, sodium, magnesium or iron which 

constitute 5% of an eggs composition (Thompson, Stewart and Speake 2000) or the 

proportions of specific amino or fatty acids (Speake and Thompson 1999; Thompson, Stewart 

and Speake 2000). Elevated levels of Omega-3 fatty acids in particular increased cognitive 

maturation in ring-billed gulls (Larus delawarensis), which led to earlier fledging (Lamarre et 

al. 2021). Further research should examine the proportion of these additional macro- and 

micronutrients in eggs to determine whether maternal diet is influencing egg composition, 

and potentially hatchling physiology at a scale not studied here.  

Females allocated similar ratios of maternal δ15N and maternal δ13C to their eggs as 

they had available in their bodies. Female δ13C was highly correlated with egg δ13C, with 

females allocating the same ratio of heavy and light carbon into their eggs as they themselves 

have. I also found a weak significant effect of site on egg δ13C, suggesting variation in egg 

δ13C across sites. Potential site differences in the bases of the food webs of female E. 

macquarii at Cockatoo and Longmore Lagoons, and Gunbower Creek and Longmore Lagoon 

(Appendix 3, Table 1) may drive the site differences in egg δ13C I detected, however the lack 
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of significant differences in the adjusted post-hoc values suggest the effect of site should be 

interpreted with caution. Females were found to preferentially allocate slightly more amino 

acids with 15N (heavier nitrogen) to their eggs than amino acids with 14N (lighter nitrogen), 

however this result was not driven by maternal diet (i.e. site differences). Instead, the 

enrichment in the eggs was likely driven by the fact that offspring tissues, or in this instance 

the egg, are formed from maternal resources (Pilgrim 2007).  

Offspring are expected to have δ15N values that are approximately one trophic 

position higher than their mother, as offspring are “consuming” their mother (Jenkins et al. 

2001). The correlation I observed between maternal δ15N and δ13C, and egg isotopic δ15N and 

δ13C was similar to those found in other studies of turtles (Caut et al. 2008; Zbinden et al. 

2011; Frankel et al. 2012; Carpentier et al. 2015). For instance, in leatherback turtles 

(Dermochelys coriacea) a positive relationship was found between maternal blood δ15N and 

δ13C and egg yolk δ15N and δ13C (Caut et al. 2008), while in loggerhead turtles (Caretta 

caretta) a significant relationship was found between egg yolk δ15N and δ13C and respective 

adult tissues (Carpentier et al. 2015). Whole blood of C. caretta was the best predictor for 

egg-yolk isotopic values, with loggerhead turtle egg yolk enriching in δ15N by ~ 1 trophic 

position (Carpentier et al. 2015), as observed in the current study. A distinguishing difference 

between my study and those mentioned above is the samples used. In the current study, I 

analysed δ15N and δ13C from whole turtle eggs and maternal claws, whereas other studies 

have isolated egg yolk, and compared this to maternal blood (Caut et al. 2008; Carpentier et 

al. 2015) and maternal carapace (Zbinden et al. 2011). Despite these sampling differences, I 

observed similar relationships between egg isotopic values and maternal isotopic values.  

Taken together these results have long-term implications for the viability and 

conservation of turtle populations. Emydura macquarii is in decline in the Murray River 

system, largely due to high nest predation by European red foxes Vulpes vulpes (Thompson 
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1993; Van Dyke et al. 2019). The reduction in clutch size found in E. macquarii in response 

to food limitations may further contribute to the species decline, with potentially reduced 

recruitment across years (Dimond and Armstrong 2007; Vincenzi et al. 2008; Spencer 2018). 

Future research should determine whether other populations of E. macquarii in the Murray 

River system, and two sympatric species the Eastern long-necked turtle Chelodina longicollis 

and the Broad-shelled turtle Chelodina expansa, demonstrate similar reproductive responses 

to food limitations. As much of the Murray River system is degraded (Quiggin 2001), similar 

to Longmore Lagoon (Petrov et al. 2018) it may become increasingly important to 

supplement the populations via head starting to potentially bypass reproductive constraints 

(Spencer, Van Dyke and Thompson 2017) and prevent further species declines.  
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Chapter 6 

 

Synopsis 

 

The aim of this thesis was to investigate the potential threat of invasive E. macquarii to the 

recovery of M. georgesi in the Bellinger River, New South Wales (NSW). The Bellinger 

River system presented an interesting and rare opportunity to evaluate the compounding 

effects of an invasive species E. macquarii (Georges et al. 2011) on the potential recovery 

and survival of M. georgesi in the Bellinger River after an extensive disease-related mortality 

event (Zhang et al. 2018). 

The mortality of M. georgesi due to BRV in 2015 had a significant impact on the M. 

georgesi population. With only ca 150 M. georgesi, most of which are juvenile, remaining in 

the Bellinger River after the disease event, the recovery of the species is likely to take 

decades due to the late onset of maturity (Chessman et al. 2020). Recovery of the population 

depends on the current juveniles surviving to adulthood and then reproducing (Zhang et al. 

2018; Chessman et al. 2020). However, my results show that the recovery of M. georgesi is 

likely to be impeded by the presence of invasive E. macquarii, which now has an estimated 

population of ca 500 in the Bellinger River (Chessman et al. 2020). Myuchelys georgesi and 

E. macquarii overlap substantially in distribution in the Bellinger River, had similar 

tendencies to move and moved similar distances across their overlapping distributions 

(Chapter 2). This a finding, coupled with their overlapping distributions, increases the 

potential for interactions (Chapters 3 and 4) to occur (Blanchet, Cazelles and Gravel 2020).  

Given the overlapping distributions and similar movement tendencies of M. georgesi 

and E. macquarii (Chapter 2), along with the relatively fewer potential intraspecific mates for 

M. georgesi (and greater number of E. macquarii), hybridisation and introgression to is likely 

to continue and threaten the recovery and persistence of pure M. georgesi (Georges et al. 
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2018). F1 hybrids and backcrossed M. georgesi currently comprise a total of 13.63% of the 

adult M. georgesi population (Chapter 3). This percentage is low relative to other taxa with 

hybridisation. However as juvenile M. georgesi reach adulthood, the frequency of 

hybridisation and introgression is likely to increase, with a greater likelihood of pure M. 

georgesi encountering and mating with E. macquarii or hybrids, than pure conspecific mates 

(Chapters 2 and 3; Hubbs 1955; Vaz Pinto et al. 2016; Chessman et al. 2020). The 

directionality of hybridisation, unidirectional (i.e. male E. macquarii mate with female M. 

georgesi, or male M. georgesi mate with female E. macquarii) or bidirectional (i.e. male E. 

macquarii mate with female M. georgesi, and male M. georgesi mate with female E. 

macquarii), has been determined using mitochondrial DNA (Petrov un. published data 2021). 

Hybridisation is bidirectional (Petrov un. published data 2021) and may further increase the 

incidence of hybridisation, particularly as male E. macquarii are involved and tend to move 

the furthest (Chapter 2). 

Unfortunately, the juvenile-dominated M. georgesi population means that the 

likelihood and frequency of hybridisation and introgression cannot be assessed in the short 

term. Instead it can only be experimentally tested once M. georgesi reach sexual maturity, in 

1-2 years’ time, when they are at risk of mating with E. macquarii. F1 hybrids and 

backcrossed turtles appear to have persisted through the BRV outbreak (Chapter 3) and may 

be important in the long-term recovery of M. georgesi, however this finding alone may not be 

sufficient to justify keeping E. macquarii, the F1 hybrids, or backcrossed turtles in the 

Bellinger River given the threat of genetic swamping and potential extinction of pure M. 

georgesi. 

Overlap in isotopic compositions of M. georgesi and E. macquarii was detected in the 

Bellinger River. The higher abundance of E. macquarii present in the downstream section of 

the Bellinger River, coupled with dietary overlap is likely to increase competition pressure 
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between M. georgesi and E. macquarii particularly as both species consume similar food 

(Spencer et al. 2014). If E. macquarii reduce food availability to M. georgesi, then M. 

georgesi may be forced to forage on alternative and potentially suboptimal food, and face a 

potentially higher risk of starvation. Alternatively, the lack of dietary overlap and lower 

abundance of M. georgesi and E. macquarii upstream (Chapter 2 and 4), may indicate a 

lower potential for competition in upstream reaches (Chapter 4).  

Competition for food is likely to have long-term consequences for M. georgesi. 

Competition with E. macquarii for food may reduce food available to M. georgesi, and could 

subsequently cause reductions in body condition, growth rates, and survival of juvenile M. 

georgesi (Cadi and Joly 2004; Pearson, Avery and Spotila 2015). If food limitation occurs 

particularly as M. georgesi reach sexual maturity, we may see female M. georgesi reduce the 

energy and nutrients allocated to reproduction (see Congdon 1989; Mousseau and Fox 1998; 

Bernardo 1996). The result would be reduced frequency of reproductive events, the number 

of offspring produced, or the size of eggs (Chapter 5; Congdon 1989; James and Whitford 

1994; Van Dyke and Griffith 2018). Although I could not experimentally test this on M. 

georgesi due to the few breeding adults available, by using E. macquarii in its native range I 

found females reduced clutch sizes in response to reduced food abundance (Chapter 5). 

Females did not reduce egg size or change egg composition in response to maternal diet 

(Chapter 5). Assuming female M. georgesi respond similarly to E. macquarii when food is 

limited, M. georgesi may reduce clutch sizes in response to food limitations. Reduction in 

clutch size will have long-term consequences for M. georgesi populations due to reductions 

in recruitment. Reduced recruitment across years due to reduced clutch sizes would slow the 

rate at which M. georgesi recovers, and probably affect population viability (Dimond and 

Armstrong 2007; Vincenzi et al. 2008; Spencer 2018).  
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Future directions and research 

The recruitment success of invasive E. macquarii in the Bellinger River, as indicated 

by the high percentage of juveniles found in areas of high relative abundance of E. macquarii 

(Chapter 2), highlights the immediacy of the threat of E. macquarii to M. georgesi. Based on 

the extensive distribution overlap, hybridisation between the species, and potential for dietary 

overlap at sites with high turtle numbers, E. macquarii needs to be managed in the Bellinger 

River, for M. georgesi to be able to recover. However, prior to implementing strategies to 

manage E. macquarii in the Bellinger River, it is important to address key gaps that remain in 

our knowledge of the interactions between M. georgesi and E. macquarii. An overview of the 

key gaps is detailed below: 

 

1) Origin, transmission and re-occurrence of the Bellinger River virus (BRV): 

The origin, routes of transmission, and potential for reoccurrence of BRV remain unknown, 

and we do not know why adult M. georgesi were susceptible to BRV. In the Bellinger River, 

E. macquarii appeared to be unaffected by BRV, raising questions on the attributes of M. 

georgesi which caused them to become susceptible. Environmental conditions and low 

genetic diversity have been proposed as reasons for the susceptibility of M. georgesi to the 

virus (Spencer et al. 2018), but they remain to be tested. Recently there have been reports of 

BRV being detected in captive freshwater turtles in Queensland (Wildlife Health Australia 

2021). The turtles displayed signs of disease similar to those observed during the BRV 

outbreak in the M. georgesi population, with some turtles dying (Zhang et al. 2018; Wildlife 

Health Australia 2021). Further research is therefore required on BRV, its origin, route of 

transmission and the factors influencing the susceptibility of turtles to BRV. The occurrence 

of BRV in a captive population could provide an opportunity to better understand what leads 

freshwater turtles to become susceptible to BRV and may assist in identifying other wildlife 
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populations at risk of BRV. Unfortunately, Wildlife Health Australia (2021) do not specify 

the species affected by BRV in captivity, but this information would be important in 

understanding the potential susceptibility of other species to BRV.  

 

2) Future projections of hybridisation and introgression should be modelled: 

The juvenile M. georgesi population means that the likelihood and frequency of hybridisation 

and introgression cannot be assessed in the wild for another 1-2 years, when M. georgesi 

reach sexual maturity and begin reproducing. Future research should therefore model 

projections of hybridisation and introgression using a stage-based matrix model (see 

Santostasi et al. 2020) and take into consideration the following parameters for pure and 

hybrid turtles across multiple generations: initial abundance, average clutch size, juvenile 

survival, hatchling survival and adult survival (Santostasi et al. 2020). The model should also 

incorporate degrees of E. macquarii management (i.e. no management, 5-10% of the E. 

macquarii population removed, 50% of the E. macquarii population removed, 75% of the E. 

macquarii population removed, complete eradication of E. macquarii; see Santostasi 2020). 

By modelling hybridisation and introgression frequency, management can further assess the 

threat to M. georgesi and make better informed decisions regarding the presence of E. 

macquarii in the Bellinger River.  

 

3) Quantification and consequences of dietary overlap: 

Competition pressures are likely to be highest in areas of high density (Gurnell et al. 2004; 

Lambert et al. 2019). As such, efforts to further assess competition between M. georgesi and 

E. macquarii should focus on the downstream section of the Bellinger River where a high 

abundance of turtles, particularly E. macquarii are present (Chapter 2) and overlap with M. 

georgesi in trophic position (Chapter 4). Turtle body size, mass, and growth data should be 
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collected prior to removal of E. macquarii to determine differences in the body condition and 

growth of M. georgesi with, and without E. macquarii. After E. macquarii are removed, 

analyses should be repeated on M. georgesi to detect differences in diet and body condition 

without E. macquarii. Environmental sampling is necessary both before and after E. 

macquarii removal to account for environmental variations in the availability of prey. 

Environmental sampling, stable isotope analyses and gut content sampling should also be 

conducted on M. georgesi and E. macquarii upstream as a control. Given the rivers high 

connectivity and susceptibility to flooding, it is not possible to restrict turtle movements with 

a physical barrier. As such, it is also important to assess to competitive interactions between 

M. georgesi and E. macquarii in a controlled, captive environment using artificial ponds, 

however this has yet to be explored.   

 

4) Identify nesting beaches and monitor reproductive effort and success of M. 

georgesi: 

To ensure natural recruitment is occurring when M. georgesi reaches adulthood, it is 

important to first identify nesting beaches, and monitor nesting beaches during the nesting 

season (October – December). Once baseline data are established, reproductive success may 

be improved through a number of interventions. Fox predation has been identified as key 

threat to Australian freshwater turtles, particularly within the Murray-Darling Basin 

(Thompson 1983; Spencer and Thompson 2005). Given the high level of nest predation 

witnessed in the Murray-Darling Basin (i.e. up to 93% of nests destroyed, Thompson 1983), 

it is important to assess fox predation as a factor limiting future M. georgesi recruitment, and 

intervene with fox control or nest protection where necessary. Furthermore, given the finding 

that turtles reduce clutch sizes in response to reductions in food availability (Chapter 5), it is 

important to count the number of eggs laid by M. georgesi females, and the number of 
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successful hatchlings. Blood or skin samples could also be sampled from hatchlings as they 

emerge from the nest to determine the number of hybrid and introgressed turtles produced 

each year. Hatchlings could be held in captivity until their genetic identity is determined and 

then only released into the Bellinger River if they are pure M. georgesi.  

 

5) Community perceptions, knowledge, and concerns: 

In the past 20 years, the Bellingen community has been exposed to conflicting and confusing 

information about the turtles residing in the Bellinger River. Prior to E. macquarii being 

identified as an introduced species (Georges et al. 2011) E. macquarii was protected and 

promoted as the local community’s flagship species (NSW NPWS 2001). The finding that E. 

macquarii was introduced in the Bellinger River (Georges et al. 2011), coupled with the 

extensive mortality of native M. georgesi, there is likely confusion in the community about 

which species requires conservation management. The local community are currently 

involved in the conservation of M. georgesi and the river, through the implementation of 

OzGreen’s Bellingen Riverwatch Program and riparian restoration through Bellingen Land 

Care. Prior to any decision being made surrounding the management of E. macquarii, it is 

important to consult with members of the public, Traditional Owners and various 

stakeholders, to determine their knowledge on invasive species, and their perceptions and 

concerns of species management (McNeely 2001; García-Llorente et al. 2008; Santori et al. 

2020b; Santori et al. 2021).  

 To help inform management, members of the Bellingen community and important 

stakeholders should be surveyed to determine: 1) ability to distinguish between M. georgesi 

and E. macquarii, 2) extent of knowledge on the potential impacts of E. macquarii and 3) 

current perceptions and opinions relating to species management. If confusion on the species 

and their conservation needs is evident from the surveys, management should undertake 
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community education sessions, to raise awareness about the protection of M. georgesi and 

highlight the threats of invasive E. macquarii to M. georgesi (i.e. see Dunn et al. 2018). 

Without the support of the Bellingen community, any attempt to manage E. macquarii in the 

Bellinger River is likely to fail (Bertolino and Genovesi 2003). 

 

Management options for Emydura macquarii in the Bellinger River 

Emydura macquarii needs to be managed in the Bellinger River for M. georgesi to 

sufficiently recover. Management of E. macquarii in the Bellinger River presents an 

opportunity to explore the impact of invasive species further, determine changes in M. 

georgesi (i.e. growth and behaviour) and determine changes in community processes after 

invasive species removal. In some instances, reducing the number of an invasive species (as 

opposed to complete eradication) has been sufficient to alleviate associated pressures (see 

Lambert et al. 2019). As such, management of E. macquarii in the Bellinger River should be 

set up as an experiment (Myers et al. 2000) to evaluate the effectiveness of different control 

scenarios and intensities (i.e. 50% E. macquarii population reduction, 75% E. macquarii 

population reduction, complete eradication). Given the difference in the number of E. 

macquarii upstream to downstream, the river should be divided into sections with different 

management strategies. Upstream should be considered a section of complete eradication of 

E. macquarii, the middle reaches as 75% reduction in E. macquarii and downstream where E. 

macquarii occurs in high numbers, as 50% reduction in E. macquarii. The tendency of male 

E. macquarii to move further distances (average movement of 10 km, Chapter 2) should be 

taken into consideration when dividing the river into sections with ongoing surveys of the 

river sections required to ensure the different management strategies, particularly those 

upstream (i.e. complete eradication) are maintained.  
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 Multiple measures of success should be used to determine the effect of E. macquarii 

management on the body condition, growth and survival of M. georgesi. By evaluating 

different control scenarios and intensities, management can establish whether E. macquarii 

needs to be completely removed from the Bellinger River, or if the population can be 

maintained at a specific size without negatively affecting M. georgesi. Furthermore, E. 

macquarii may only need to be managed in the Bellinger River until the M. georgesi 

population has a population size greater than E. macquarii, reflective of that pre-disease.  

 

Removal and potential translocation of E. macquarii: 

To reduce the immediate and future threats of hybridisation and competition for food on M. 

georgesi, E. macquarii in the Bellinger River need to be partially or completely removed. 

Options for E. macquarii removal include: 1) euthanasia of E. macquarii, 2) translocation of 

E. macquarii into the Murray-Darling Basin and 3) use of E. macquarii in a captive breeding 

program. Invasive species eradication usually ends with euthanasia; a topic of controversy 

regardless of the species in question (Simberloff 2015). However, euthanasia of E. macquarii 

may be viewed as wasteful given that E. macquarii is in decline in its native range of the 

Murray-Darling Basin (Van Dyke et al. 2019).  

 As such, management should consider utilising E. macquarii from the Bellinger River 

in the conservation of the species in its native range. Emydura macquarii from the Bellinger 

River could be translocated to areas within the Murray-Darling Basin, such as sites located in 

the lower-Murray River in South Australia where E. macquarii are largely absent (Van Dyke 

et al. 2019). The translocation of E. macquarii from the Bellinger River into other waterways, 

does however require careful consideration, given the uncertainty surrounding BRV. It is not 

known whether translocated E. macquarii from the Bellinger River will transport BRV into 

the new environment. Given the recent finding of BRV in a captive population in Queensland 
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and its virulence (Wildlife Health Australia 2021), the translocation of E. macquarii from the 

Bellinger River into the Murray-Darling Basin, would require intense PCR testing for BRV 

and quarantining prior to their release.  

 Alternatively, a captive breeding program could be established using E. macquarii 

from the Bellinger River. Emydura macquarii from the Bellinger River could be moved into 

captivity and allowed to breed. Eggs laid by E. macquarii could be harvested and incubated, 

with hatchlings swabbed for BRV, and if negative, released into sites in the Murray-Darling 

Basin. While establishment of a captive breeding program is likely to be costly, the process 

of releasing head-started turtles has been a successful strategy in turtle conservation (Green 

2015; Mullin 2019) and identified as an effective strategy for reducing the current decline 

(Spencer, Van Dyke and Thompson 2017). Consideration should be taken regarding the 

genetics of E. macquarii from the Bellinger River, as they are not genetically similar to those 

found in the Murray-Darling Basin and originated from populations of the species from the 

east coast of Australia (Georges et al. 2011). Recent conservation efforts for freshwater fish 

(i.e. Murray hardyhead, Craterocephalus fluviatilis and Macquarie perch Macquaria 

australasica) in the Murray-Darling Basin have utilised assisted gene flow whereby different 

genetic sub-populations are deliberately bred, in order to increase genetic diversity, 

population size and reduce extinction probabilities (Thiele et al. 2019; Lutz et al. 2020). 

Management could trial the breeding of E. macquarii from the Bellinger River and Murray-

Darling Basin, test the genetic diversity of offspring, and release individuals into the Murray-

Darling Basin as means of supplementing the declining population.  

 

Ecological considerations of E. macquarii removal: 

The role of turtles as a scavenger in the food web is particularly important as they breakdown 

animal matter and recycle nutrients throughout the food web (Ernst and Barbour 1989; 
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Santori et al. 2020a). As such, it is important to consider the ecological implications if M. 

georgesi fails to recover, after E. macquarii is removed. If M. georgesi fails to recover after 

E. macquarii are removed, E. macquarii may need to be reintroduced into the Bellinger River 

to ensure the ecological role of turtles is filled.  

 

Human-mediated movement of turtles: 

Even if E. macquarii were successfully removed from the Bellinger River, there is potential it 

could be re-introduced by humans again, as a result of pet releases. It is therefore important 

that removal/eradication of E. macquarii coincides with community engagement, and that the 

public is educated on the impacts of invasive species and the implications of releasing pets 

into nature.  

 

Synopsis Summary 

In my thesis, I have highlighted the potential for invasive E. macquarii to threaten the 

recovery of the critically endangered Bellinger River turtle, M. georgesi in the Bellinger 

River. Myuchelys georgesi and E. macquarii were found to overlap substantially in 

distribution and had similar tendencies to move, increasing the potential for interactions of 

hybridisation and competition for food to occur. Given the disproportionate number of M. 

georgesi (ca 150 turtles) to E. macquarii (ca 500 turtles) there is high potential that 

hybridisation will become more common between M. georgesi and E. macquarii, as juvenile 

M. georgesi reach adulthood. Although F1 hybrids and M. georgesi backcrossed turtles 

appear to have survived the 2015 disease, and may offer a degree of genetic protection to 

remaining M. georgesi, hybridisation may come at a cost of losing genetically unique M. 

georgesi to genetic swamping. The high potential for competition for food to occur between 
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M. georgesi and E. macquarii, particularly in the downstream reaches, may affect the growth, 

survival and future reproduction of M. georgesi.  

Given the increased risk of M. georgesi to extinction, it is important to further assess 

the threats of hybridisation and food competition between M. georgesi and E. macquarii. It is 

important to monitor the reproductive success of M. georgesi when sexual maturity is 

reached to determine the effects of food competition, and identify potential factors limiting 

M. georgesi natural recruitment, and long-term recovery. To ensure the long-term survival of 

M. georgesi it may also be important to reduce or eradicate E. macquarii in the Bellinger 

River. However, prior to any management strategy being implemented, it is crucial that the 

local community, Traditional Owners and stakeholders are consulted. 
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Figure 2. Murray River turtle (Photo: Shane Ruming) 

 

The Murray River turtle poses a number of threats to the Bellinger River turtle. The Murray 

River turtle overlaps substantially in distribution and moves similar distances to the Bellinger 

River turtle (Chapter 2). The Murray River turtle also hybridises (Chapter 3; Georges et al. 

2018) and overlaps in diet (Chapter 4; Spencer et al. 2014) with the Bellinger River turtle. 

 

Given these threats to the Bellinger River turtle, it is important to address whether invasive 

Murray River turtles should be removed from the Bellinger River. 

 

The role of turtles in our rivers 

Head-start Bellinger River turtles from the insurance population are currently being released 

into the Bellinger River. However, this may not be sufficient to recover the species, 

particularly if they continue to encounter Murray River turtles in their efforts to survive.  
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The removal of invasive species can promote native species recovery and restore habitats to 

their prior state. However, the decision to remove Murray River turtles from the Bellinger 

River is complex.  

 

While we can hedge our bets on the Bellinger River turtle recovering, it is important to 

consider the ecological consequences if invasive Murray River turtles are removed, and the 

Bellinger River turtle subsequently becomes extinct.  

 

Turtles fill multiple ecological roles in the environment, but their role as a scavenger is 

particularly important as they breakdown animal matter and recycle nutrients throughout the 

food web (Ernst and Barbour 1989; Santori et al. 2020a).  

 

 

Figure 3. Murray River turtle scavenging on carp (Photo: Claudia Santori) 

 

If management is unsuccessful, and the Bellinger River turtles die off, there is some 

assurance in knowing that invasive Murray River turtles can fill the ecological gap left 

behind by Bellinger River turtles. 
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The Murray River is in decline in its native range of the Murray-Darling Basin (Van Dyke et 

al. 2019). Any proposal to remove the Murray River turtle from the Bellinger River could 

blur conservation actions because the Murray River turtles in the Bellinger River could be 

used for conservation efforts of the species in its native range.  

 

But, Murray River turtles in the Bellinger River are not genetically similar to those found in 

the Murray-Darling Basin. Instead, Murray River turtles in the Bellinger River originated 

from populations of the species from the east coast of Australia (Georges et al. 2011). 

 

Because the Murray River turtles in the Bellinger River did not originate from the Murray-

Darling Basin, consideration needs to be taken regarding the release of Murray River turtles 

from the Bellinger River into the Murray-Darling Basin.  

 

While the removal of Murray River turtles from the Bellinger River will benefit the Bellinger 

River turtle, and can be used to replenish the Murray River turtle population in its native 

range, we have to consider the consequences of releasing Murray River turtles from the 

Bellinger into the Murray-Darling Basin.  

 

After all, we don’t want to further contribute to the spread of species outside their native 

range. 
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Appendices 

 

Appendix 1: Supplementary material for Chapter 2 

 

Table 1: Full factorial interactions of GLMM logistic regression analysis of variables 

affecting movement in M. georgesi and E. macquarii.  
 

Effect  Num df  Den df  F Value  P  

Species  0  .  .  .  

Sex  0  .  .  .  

Species*Sex  1  155  0.40  0.5283  

SPL  0  .  .  .  

SPL*Species  1  155  0.07  0.7959  

SPL*Sex  2  155  0.27  0.7626  

SPL*Species*Sex  1  155  0.14  0.7039  

Time  1  155  0.49  0.4864  

Time*Species  1  155  0.46  0.4971  

Time*Sex  2  155  0.20  0.8179  

Time*Species*Sex  1  155  0.44  0.5069  

SPL*Time  1  155  0.74  0.3901  

SPL*Time*Species  1  155  1.55  0.2152  

SPL*Time*Sex  2  155  9.67  0.0001  

SPL*Time*Species*Sex  1  155  Infty  <.001  

Method  0  .  .  .  

Species*Method  0  .  .  .  

Sex*Method  0  .  .  .  

Species*Sex*Method  0  .  .  .  

SPL*Method  0  .  .  .  

SPL*Species*Method  0  .  .  .  

SPL*Sex*Method  0  .  .  .  

SPL*Species*Sex*Method  0  .  .  .  

Time*Method  0  .  .  .  

Time*Species*Method  0  .  .  .  

Time*Sex*Method  0  .  .  .  

Time*Species*Sex*Method  0  .  .  .  

SPL*Time*Method  0  .  .  .  

SPL*Time*Species*Method  0  .  .  .  

SPL*Time*Sex*Method  0  .  .  .  

SPL*Time*Species*Sex*Method  0  .  .  .  
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Table 2. Full factorial interactions of ANCOVA analysing variables that influence the 

distance moved by M. georgesi and E. macquarii.   
 

Effect  Num df  Den df  F Value  P  

Species  0  .  .  .  

Sex  0  .  .  .  

Species*Sex  0  .  .  .  

SPL  0  .  .  .  

SPL*Species  1  61  0.04  0.8434  

SPL*Sex  2  61  1.77  0.1783  

SPL*Species*Sex  0  .  .  .  

Method  0  .  .  .  

Species*Method  0  .  .  .  

Sex*Method  0  .  .  .  

Species*Sex*Method  0  .  .  .  

SPL*Method  0  .  .  .  

SPL*Species*Method  0  .  .  .  

SPL*Sex*Method  0  .  .  .  

SPL*Species*Sex*Method  0  .  .  .  

Time  1  61  0.72  0.3994  

Time*Species  1  61  0.03  0.8544  

Time*Sex  2  61  0.79  0.4573  

Time*Species*Sex  0  .  .  .  

SPL*Time  1  61  0.54  0.4653  

SPL*Time*Species  1  61  0.06  0.8041  

SPL*Time*Sex  2  61  0.73  0.4882  

SPL*Time*Species*Sex  0  .  .  .  

Time*Method  0  .  .  .  

Time*Species*Method  0  .  .  .  

Times*Sex*Method  0  .  .  .  

Time*Species*Sex*Method  0  .  .  .  

SPL*Time*Method  0  .  .  .  

SPL*Time*Species*Method  0  .  .  .  

SPL*Time*Sex*Method  0  .  .  .  

SPL*Time*Species*Sex*Method  0  .  .  .  

  

  

  

Table 3. Full factorial of ANCOVA comparing the relationship between log-transformed 

MCP’s across species, sex and SPL.  
 

Source  Den df  Num df  F Value   P  

SPL*Species*Sex  13  1  6.01  0.0704  

SPL*Sex  13  2  2.15  0.2328  

SPL*Species  13  1  4.99  0.0891  

Species*Sex  13  1  5.99  0.0707  

SPL  13  1  5.47  0.0794  

Sex  13  2  2.36  0.2105  

Species  13  1  5.01  0.0888  
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Appendix 2: Supplementary material for Chapter 5 

 

Table 1. Life-history parameters and maternal body size of gravid E. macquarii sampled from 

Cockatoo Lagoon 

 

Maternal 

ID SCL (mm) F Mass (kg) 

Clutch 

size 

Total clutch 

mass (g) 

Average egg 

mass (g) 

CL1 286 2.180 24 195.64 8.15 

CL2 260 1.880 20 174.78 8.74 

CL3 258 1.885 11 119.31 10.85 

CL4 268 2.175 15 145.54 9.70 

CL5 274 2.080 29 250.11 8.62 

CL6 273 2.260 17 183.77 10.81 

CL7 266 2.085 16 170.21 10.64 

 

 

 

Table 2. Life-history parameters and maternal body size of gravid E. macquarii sampled from 

Gunbower Creek 

 

Maternal 

ID SCL (mm) F Mass (kg) 

Clutch 

size 

Total clutch 

mass (g) 

Average egg 

mass (g) 

GC1 276 2.100 20 203.56 10.18 

GC2 271 2.215 23 217.88 9.47 

GC3 257 2.005 15 156.34 10.42 

GC4 251 1.590 14 137.90 9.85 

GC5 276 2.302 21 250.84 11.94 

GC6 257 2.020 18 211.16 11.73 

GC7 251 1.630 17 149.84 8.81 

 

Table 3. Life-history parameters and maternal body size of gravid E. macquarii sampled from 

Longmore Lagoon 

 

Maternal 

ID SCL (mm) F Mass (kg) 

Clutch 

size 

Total clutch 

mass (g) 

Average egg 

mass (g) 

LM10 310 3.175 20 221.61 11.08 

LM11 294 2.775 21 200.97 9.57 

LM12 265 1.865 16 159.89 9.99 

LM13 278 2.250 18 160.39 8.91 

LM14 264 2.100 16 165.63 10.35 

LM2 284 2.590 18 200.27 11.13 

LM4 298 2.940 18 205.82 11.43 

LM5 270 1.920 16 180.00 11.25 

LM6 275 2.155 19 203.00 10.68 

LM7 274 1.995 17 178.26 10.49 

LM8 270 2.385 19 225.38 11.86 
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Table 4. Life-history parameters and maternal body size of gravid E. macquarii sampled from 

Safes Lagoon 

 

Maternal 

ID SCL (mm) F Mass (kg) 

Clutch 

size 

Total clutch 

mass (g) 

Average egg 

mass (g) 

SL1 265 2.050 19 196.81 10.36 

SL2 249 1.685 14 132.57 9.47 

SL3 256 1.880 18 167.08 9.28 

SL4 285 2.625 22 234.28 10.65 

SL5 265 2.070 21 217.77 10.37 

SL6 262 2.020 22 198.73 9.03 

SL7 268 2.355 22 216.66 9.85 

SL8 250 1.685 20 148.66 7.43 

SL9 243 1.430 12 107.46 8.96 

 

 

 

Table 5. Least square means Tukey-Kramer post-hoc analysis showing site difference in 

maternal δ15N and maternal δ13C.  
 

Maternal δ15N  P values  Maternal δ13C  P values  

Cockatoo – Gunbower  1.000  Cockatoo – Gunbower  0.004  

Cockatoo – Longmore  < 0.001  Cockatoo – Longmore  < 0.001  

Cockatoo - Safes  < 0.001  Cockatoo - Safes  < 0.001  

Gunbower - Longmore  < 0.001  Gunbower - Longmore  0.002  

Gunbower – Safes  

Longmore – Safes  

< 0.001  

< 0.001  

Gunbower – Safes  

Longmore – Safes  

< 0.001  

< 0.001  
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Table 6. Size and composition data of eggs sampled from gravid E. macquarii from Cockatoo Lagoon. 

 

 

  

Maternal 

ID 

Maternal 

body size 

(SCL; 

mm) 

Maternal 

body mass 

after eggs 

(kg)  

Clutch 

size 

Laying 

order 

Egg 

mass 

(g) 

Egg 

width 

(mm) 

Egg 

length 

(mm) 

Egg 

moisture 

content (g) 

Egg lipid 

content 

(g) 

Egg total 

energy (kJ) 

Egg total 

bulk 

protein 

mass (g) 

CL1 286 2.18 24 First 8.29 20.12 35.04 6.6053 0.1539 28.1854 0.6330 

CL1 286 2.18 24 Last 8.61 20.64 34.6 6.9111 0.1435 39.4998 0.7472 

CL2 260 1.88 20 First 8.65 21.17 33.09 6.9184 0.1519 42.0537 0.6718 

CL2 260 1.88 20 Last 8.8 20.57 35.41 6.9782 0.1581 44.1553 0.8597 

CL3 258 1.885 11 First 10.72 21.88 38.19 8.3255 0.4894 54.3569 1.1028 

CL3 258 1.885 11 Last 10.86 21.29 37.73 8.3017 0.3327 61.9905 0.9623 

CL4 268 2.175 15 First 9.11 28.86 34.94 7.0399 0.2976 58.3262 0.9515 

CL4 268 2.175 15 Last 10.93 21.18 39.49 8.6598 0.3042 54.0714 0.9784 

CL5 274 2.08 29 First 8.96 20.19 35.12 7.0374 0.1515 37.1184 0.8340 

CL5 274 2.08 29 Last 7.59 20.07 32.75 6.2478 0.1540 28.8433 0.5610 

CL6 273 2.26 17 First 10.97 21.45 38.45 8.4487 0.5029 58.1784 0.9453 

CL6 273 2.26 17 Last 11.65 21.63 39.12 8.8123 0.4763 66.7697 1.3972 

CL7 266 2.085 16 First 10.69 21.97 37 8.4732 0.2764 52.0719 1.1086 

CL7 266 2.085 16 Last 10.62 21.66 37.56 8.3682 0.2935 53.7673 0.9609 
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Table 7. Size and composition data of eggs sampled from gravid E. macquarii from Gunbower Creek. 

 

 

 

 

 

 

 

 

 

 

 

 

Maternal 

ID 

Maternal 

body size 

(SCL; 

mm) 

Maternal 

body mass 

after eggs 

(kg)  

Clutch 

size 

Laying 

order 

Egg 

mass 

(g) 

Egg 

width 

(mm) 

Egg 

length 

(mm) 

Egg 

moisture 

content (g) 

Egg lipid 

content (g) 

Egg total 

energy (kJ) 

Egg total 

bulk protein 

mass (g) 

GC1 276 2.1 20 First 9.84 21.11 37.11 7.8 0.1987 42.7569 0.6295 

GC1 276 2.1 20 Last 10.51 21.71 37.3 8.7357 0.1614 41.6099 0.7408 

GC2 271 2.215 23 First 9.1 20.53 35.09 7.1388 0.1562 50.1551 0.9475 

GC2 271 2.215 23 Last 8.86 20.11 34.68 7.0715 0.2932 41.6738 0.7664 

GC3 257 2.005 15 First 10.68 21.56 37.64 7.8566 0.5791 63.5095 1.1119 

GC3 257 2.005 15 Last 9.77 20.52 38.45 7.278 0.3919 63.0992 1.3145 

GC4 251 1.59 14 First 9.21 21.68 33.07 6.9246 0.5087 53.3101 1.1455 

GC4 251 1.59 14 Last 9.87 22.01 34.68 7.6471 0.2279 51.2903 1.0715 

GC5 276 2.3015 21 First 10.66 22.25 36.08 8.1198 0.1928 60.5093 1.1401 

GC5 276 2.3015 21 Last 12.99 23.14 39.15 10.0403 0.3008 65.9349 1.0309 

GC6 257 2.02 18 First 11.63 22.25 37.3 9.0292 0.4203 56.9303 1.2054 

GC6 257 2.02 18 Last 11.23 22.12 37.01 9.0092 0.3453 52.9320 1.0683 

GC7 251 1.63 17 First 8.7 20.78 34.53 7.009 0.3541 37.6524 0.7138 

GC7 251 1.63 17 Last 8.88 20.59 35.07 7.1773 0.2528 40.3452 0.7955 
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Table 8. Size and composition data of eggs sampled from gravid E. macquarii from Longmore Lagoon.  

 

 

 

 

 

 

 

 

 

 

Maternal 

ID 

Maternal 

body size 

(SCL; 

mm) 

Maternal 

body mass 

after eggs 

(kg)  

Clutch 

size 

Laying 

order 

Egg 

mass 

(g) 

Egg 

width 

(mm) 

Egg 

length 

(mm) 

Egg 

moisture 

content (g) 

Egg lipid 

content (g) 

Egg total 

energy 

(kJ) 

Egg total 

bulk protein 

mass (g) 

LM10 310 3.175 20 First 11.04 22.17 37.51 9.0352 0.2328 43.5914 1.0466 

LM10 310 3.175 20 Last 11.02 22.08 38.01 8.8234 0.2210 51.6146 1.0513 

LM11 294 2.775 21 First 9.66 28.84 36.88 7.8883 0.3964 41.0705 0.6307 

LM11 294 2.775 21 Last 9.19 20.87 35.5 7.2682 0.2627 44.9943 0.6637 

LM13 278 2.25 18 First 7.75 20.08 32.47 6.1439 0.2751 39.4054 0.7814 

LM13 278 2.25 18 Last 9.55 21.3 34.58 7.6461 0.3162 46.0732 0.9237 

LM14 264 2.1 16 First 9.9 20.95 37.21 7.2593 0.3699 58.3363 1.1629 

LM14 264 2.1 16 Last 10.78 21.01 39.45 8.1648 0.2401 57.4119 0.9881 

LM2 284 2.59 18 First 11.32 22.9 35.55 8.7333 0.3761 61.3116 1.1904 

LM2 284 2.59 18 Last 10.78 22.24 36.17 8.3025 0.2203 58.0385 1.1662 

LM4 298 2.94 18 First 10.93 22.18 37.56 8.7185 0.3676 58.1339 1.0498 

LM4 298 2.94 18 Last 11.82 22.7 38.53 9.1281 0.4730 63.7952 0.8863 

LM5 270 1.92 16 First 10.64 21.47 37.89 8.4132 0.3352 56.4461 0.9797 

LM5 270 1.92 16 Last 12.05 22.63 39.47 9.6393 0.1962 61.3616 1.2126 

LM8 270 2.385 19 First 11.96 22.73 39.51 9.3587 0.2616 59.6267 1.0670 

LM8 270 2.385 19 Last 12.24 23.21 37.99 9.6447 0.4402 60.5797 1.1132 



 172 

Table 9. Size and composition data of eggs sampled from gravid E. macquarii from Safes Lagoon 

 

 

 

 

 

 

 

Maternal 

ID 

Maternal 

body size 

(SCL; 

mm) 

Maternal 

body mass 

after eggs 

(kg)  

Clutch 

size 

Laying 

order 

Egg 

mass (g) 

Egg 

width 

(mm) 

Egg 

length 

(mm) 

Egg 

moisture 

content (g) 

Egg lipid 

content (g) 

Egg total 

energy (kJ) 

Egg total 

bulk protein 

mass (g) 

SL1 265 2.05 19 First 10.26 21.48 36.71 8.0586 0.5598 50.3958 0.7253 

SL1 265 2.05 19 Last 10.58 21.44 37.77 8.4671 0.3209 46.3210 0.7749 

SL2 249 1.685 14 First 9.38 20.71 36.86 7.8076 0.2354 34.8914 0.6440 

SL2 249 1.685 14 Last 9.1 20.5 36.19 6.9452 0.1660 51.3676 0.9327 

SL3 256 1.88 18 First 8.33 19.53 35.69 6.3193 0.3209 48.2019 0.9367 

SL3 256 1.88 18 Last 10.16 21.02 37.75 8.2979 0.4197 44.1073 0.8708 

SL4 285 2.625 22 First 10.41 22.73 33.94 7.6646 0.4137 65.7118 1.2163 

SL4 285 2.625 22 Last 10.89 22.98 35 8.3893 0.5293 59.3818 1.1512 

SL5 265 2.07 21 First 9.82 20.74 37.41 7.4348 0.2391 54.2249 0.9978 

SL5 265 2.07 21 Last 10.56 20.44 39.78 7.9863 0.3478 58.7447 1.2578 

SL6 262 2.02 22 First 9.41 20.86 35.88 7.4801 0.3200 44.2901 0.6088 

SL6 262 2.02 22 Last 8.88 19.91 36.74 6.8799 0.3136 47.2496 0.7040 

SL7 268 2.355 22 First 9.79 21.51 35.14 7.7352 0.3180 50.1829 1.1616 

SL7 268 2.355 22 Last 9.57 21.45 34.9 7.3338 0.3655 52.1535 1.1142 

SL8 250 1.685 20 First 7.6 19.7 32.32 5.9552 0.1248 38.6870 0.6883 

SL8 250 1.685 20 Last 7.42 19.55 32.54 5.6181 0.2859 42.3152 0.6285 

SL9 243 1.43 12 First 8.69 21.09 33.13 7.1397 0.3481 38.4326 0.6921 

SL9 243 1.43 12 Last 8.66 21.15 33.46 7.0466 0.5038 31.4871 0.7479 
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Table 10. Analysis of covariance comparing the relationships between moisture content of 

the eggs, site, laying order, egg dry mass, and full factorial interactions.   

 

Effect  Num df  Den df  F  P  

Site  3  19  0.66  0.585  

Laying order  

Site x Laying order  

LogDry*  

LogDry x Site  

LogDry x Laying order  

LogDry x Site x Laying order  

1  

3  

1  

3  

1  

3  

19  

19  

19  

19  

19  

19  

0.02  

0.52  

22.10  

1.01  

0.22  

0.45  

0.901  

0.676  

0.001  

0.410  

0.648  

0.722  

  

 

 

Table 11. Analysis of covariance comparing the relationships between moisture content of 

the eggs, site, laying order, egg dry mass, and an interaction of site and order.  
 

Effect  Num df  Den df  F  P  

Site  

Laying order  

Site x Laying order  

LogDry*  

3  

1  

3  

1  

26  

26  

26  

26  

1.82  

2.23  

0.59  

25.85  

0.169  

0.148  

0.626  

<0.001  

  

 

 

Table 12. Analysis of covariance comparing the relationships between protein content of the 

eggs, site, laying order, egg dry mass, and full factorial interactions.  
 

Effect  Num df  Den df  F  P  

Site  3  19  0.62  0.612  

Laying order  

Site x Laying order  

LogDry*  

LogDry x Site  

LogDry x Laying order  

LogDry x Site x Laying order  

1  

3  

1  

3  

1  

3  

19  

19  

19  

19  

19  

19  

0.43  

0.50  

58.03  

0.56  

0.32  

0.52  

0.522  

0.686  

<0.001  

0.646  

0.575  

0.673  

  

 

  
Table 13. Analysis of covariance comparing the relationships between protein content of the 

eggs, site, laying order, egg dry mass, and an interaction of site and order.  
 

Effect  Num df  Den df  F  P  

Site  

Laying order  

Site x Laying order  

LogDry*  

3  

1  

3  

1  

26  

26  

26  

26  

0.12  

0.10  

0.55  

73.72  

0.947  

0.757  

0.653  

<0.001  
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Table 14. Analysis of covariance comparing the relationships between lipid content of the 

eggs, site, laying order, egg dry mass, and full factorial interactions.  
 

Effect  Num df  Den df  F  P  

Site  3  18  3.16  0.050  

Laying order  

Site x Laying order  

LogDry*  

LogDry x Site  

LogDry x Laying order  

LogDry x Site x Laying order  

1  

3  

1  

3  

1  

3  

18  

18  

18  

18  

18  

18  

0.46  

0.60  

18.90  

2.81  

0.82  

0.61  

0.508  

0.623  

0.001  

0.069  

0.377  

0.618  

  

  

 

Table 15. Analysis of covariance comparing the relationships between lipid content of the 

eggs, site, laying order, egg dry mass, and an interaction of site and order.  
 

Effect  Num df  Den df  F  P  

Site  

Laying order  

Site x Laying order  

LogDry*  

3  

1  

3  

1  

25  

25  

25  

25  

1.02  

0.98  

0.45  

15.84  

0.299  

0.331  

0.721  

0.001  

  

 

 

Table 16. Analysis of covariance comparing the relationships between energy content of the 

eggs, site, laying order, egg dry mass, and full factorial interactions.  
 

Effect  Num df  Den df  F  P  

Site  3  19  1.94  0.157  

Laying order  

Site x Laying order  

LogDry  

LogDry x Site  

LogDry x Laying order  

LogDry x Site x Laying order  

1  

3  

1  

3  

1  

3  

19  

19  

19  

19  

19  

19  

0.31  

1.88  

313.43  

1.80  

0.18  

1.40  

0.586  

0.168  

<0.001  

0.182  

0.679  

0.273  

  

 

 

Table 17. Analysis of covariance comparing the relationships between energy content of the 

eggs, site, laying order, egg dry mass, and an interaction of site and order.  
 

Effect  Num df  Den df  F  P  

Site  

Laying order  

Site x Laying order  

LogDry*  

3  

1  

3  

1  

26  

26  

26  

26  

0.32  

0.45  

1.11  

347.86  

0.812  

0.506  

0.362  

<0.001  
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Table 18. Analysis of variance comparing δ15N of the eggs across sites, and maternal δ15N.  
 

Effect  Num df  Den df  F  P  

Md15N *  1  30  53.06  <0.001  

Site  

Md15N x Site  

3  

3  

30  

30  

2.83  

2.39  

0.055  

0.089  

  
 

  

Table 19. Analysis of variance comparing δ13C of the eggs across sites, and maternal δ13C.  
 

Effect  Num df  Den df  F  P  

Md13C  1  29  35.88  <0.001  

Site  

Md13C x Site  

3  

3  

30  

30  

2.16  

2.37  

0.114  

0.091  

  

 

 

 




