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ABSTRACT 

 

Worldwide, there are currently 333 recognised extant species of turtle.  Their basic body form, 

complete with shell armour, has remained relatively unchanged throughout nearly 300 million 

years of natural selective pressures (Buhlmann et al, 2002).  However, previously successful 

survival strategies of turtles have now left them vulnerable to anthropogenic change.  The 

longevity, delayed maturity and high adult survivorship of freshwater turtles has meant that 

they are incapable of rapidly responding to human-induced habitat changes, and at the same 

time served to mask the extent of threat to populations.  It is most often juvenile turtles that 

are impacted by habitat alterations, such that throughout recruitment declines a deceptively 

large, adult-biased population remains (Reese, 1996).  Their widespread occurrence creates 

an illusion of prosperity which is difficult for conservation biologists to overcome when seeking 

protection measures. 

 

In the Murray-Darling Basin – a heavily regulated inland river system encompassing much of 

south-eastern Australia – freshwater turtles are experiencing precipitous declines.  While still 

considered widespread and abundant, Macquarie turtle (Emydura macquarii macquarii) 

populations in the region have declined by 69% since the 1970’s and juvenile recruitment has 

stagnated (Chessman, 2011).  Despite this, the focus of conservation efforts in the Murray-

Darling Basin has been on native fishes, and very little is known about the impact of current 

water management practices in freshwater turtles.  This thesis aimed to address some of these 

knowledge gaps by providing novel insights into the ecology of E. m. macquarii living 

downstream of a large hypolimnetic-releasing impoundment in Australia’s southern Murray-

Darling Basin. 

 

Radiotracking of E. m. macquarii downstream of Hume Dam revealed that turtles often exhibit 

a pattern of movement characterised by dispersal between multiple small core activity areas 

in which they reside for extended periods of time.  Core activity areas used by E. m. macquarii 

encompassed a diversity of habitats including the main river channel, permanent and semi-

permanent lagoons and anabranches, and a farm dam.  Periods of residence in warmer 

floodplain habitats likely provided E. m. macquarii with the opportunity to mitigate the effects 

of artificially depressed stream water temperatures caused by the release of hypolimnetic 

water from Hume Dam – a large impoundment on the upper Murray River. 
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Radiotracking also revealed that E. m. macquarii respond to structural microhabitat patchiness 

at the scale of metres.  Emydura macquarii macquarii showed a strong preference for 

microhabitat patches containing woody debris and aquatic macrophytes, and were negatively 

associated with flow velocity.  This raises the possibility that E. m. macquarii may benefit from 

restoration projects aimed at repairing riparian vegetation and reintroducing woody debris 

undertaken for fish in the Murray-Darling Basin.  However, other large-scale factors 

contributing to turtle declines such as fox predation and altered flow regimes may override 

subtle changes resulting from restoration of microhabitat patchiness, and thus it is unlikely to 

significantly impact turtle conservation. 

 

E. m. macquarii inhabiting an anabranch affected by cold water pollution had different activity 

and basking patterns to individuals residing in an adjacent floodplain lagoon.  In the 

anabranch, E. m. macquarii were less active in terms of distances moved per day, and basked 

significantly less frequently during spring compared to those in the lagoon.  However, during 

summer the opposite occurred.  Emydura macquarii macquarii may thus have been 

responding to artificially depressed water temperatures in the anabranch by extending their 

overwintering period later into spring, and attempting to compensate for this by foraging and 

basking more during summer when water temperatures become more favourable.  Efforts to 

keep threshold spring water temperatures above approximately 17°C - as has been advocated 

to improve spawning, egg and larval survival, and growth opportunities for native fish 

downstream of hypolimnetic-releasing dams in the Murray-Darling Basin – may  also benefit 

E. m. macquarii by maintaining temperatures above their minimum feeding threshold. 

 

Collectively, the findings of this thesis demonstrate that E. m. macquarii has considerable 

behavioural plasticity habitat use, activity patterns and thermoregulation which have enabled 

them to persist in a heavily modified area from which native fish have been largely extirpated.  

However, further research is required to determine the potential impact chronic stressors 

associated with water resource development are having on the demographics and long-term 

viability of turtle populations in the region.  This is particularly pressing given the continuing 

anthropogenic pressures placed on the Murray-Darling Basin and its associated degradation, 

which will increasingly be exacerbated by the effects of climate change.   
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CHAPTER 1 

Introduction 
 

Conservation biology is the applied science of protecting and restoring biological diversity 

(Hunter and Gibbs, 2007).  It differs from most other biological sciences in that it is typically a 

crisis-orientated discipline, where difficult decisions about where to focus conservation 

attention must be made in the absence of complete evidence (Soule, 1985).  This is due to 

the vast magnitude of the current biodiversity crisis, the sheer complexity of nature, and the 

need to rapidly make political decisions in the face of a severe shortage of funds (Caro, 2010).  

Thus, rather than being based on sound ecological criteria, targeted conservation funding and 

attention is often directed towards species that already have regulatory protection, are 

particularly charismatic, or have recreational or economic value (Fleishman et al, 2000, 

Seddon and Leech, 2007).). 

 

The magnitude of biotic degradation and associated difficulties in prioritising species for 

conservation attention is particularly acute in freshwater ecosystems.  Compared to their 

spatial coverage, freshwater ecosystems support disproportionately high levels of biodiversity 

(Heino et al, 2009).  Declines in the biodiversity of these ecosystems has been especially rapid 

(Ricciardi and Rasmussen, 1999; Xenopoulos et al, 2005), owing to factors such as their 

discrete populations (Pimm et al, 1995), linkages within freshwater drainages increasing 

susceptibility to environmental disturbance (Hills et al, 1998), and the characteristically high 

densities of human populations near these systems with concomitant pressures from 

anthropogenic activity and modification (Sala et al, 2000).  Loss of North American freshwater 

fauna is projected to increase from the current 0.5% per decade extinction rate, to an average 

of 4% (Ricciardi and Rasmussen, 1999).   

 

In the face of this biodiversity loss, there has been a disproportionate emphasis on the 

conservation of recreationally and economically important game fish in freshwater 

ecosystems.  While the development of legislation in countries such as the United States and 

Canada mandating recovery plans for all imperilled species regardless of their perceived value 

to humans has led to some improvements in this respect, it is still generally the case that non-

game freshwater species lack comprehensive management strategies and are quietly pushed 

to the edge of extinction without conservation efforts or resources directed towards them 

(Cooke et al, 2005; Ricciardi and Rasmussen, 1999).   
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This has certainly been the case for freshwater turtles, which remain one of the least known 

vertebrate groups on earth, often overlooked by aquatic biologists and herpetologists alike 

(Moll and Moll, 2004).  Presently, nearly half of the world’s modern turtle fauna (Superorder 

Chelonia) are threatened or extinct in the wild, making them the most threatened group of 

animals (Turtle Taxonomy Working Group, 2011).  A significant proportion of turtle diversity 

could be lost over the next century without strategic conservation intervention (Buhlmann et 

al, 2009).  How freshwater turtles slipped largely unnoticed into such a precarious situation is 

probably related to the fact that unlike fish, freshwater turtles generally do not represent an 

economic or recreation resource; nor do they have the ‘charisma and cuteness factor’ of warm-

blooded species (Moll and Moll, 2004).  It is also probably due to the distinctive life history 

traits of turtles, such as extended longevity – potentially surviving up to 150 years in the wild 

(Parmenter, 1985), delayed reproductive maturity and high adult survivorship, which make it 

difficult to evaluate the status of populations (Gibbons et al, 2001).  The apparent resilience of 

adults, combined with classic K-selected life history attributes, induces a lag time in the 

response of turtle populations to impacts (Reese, 1996).  Recruitment declines may occur but 

not be immediately apparent, and adult populations can persist for decades in areas that no 

longer sustain viable populations.   

 

Australia has not been immune from these global trends in freshwater turtle declines.  Of 

particular concern are the severe turtle declines occurring in south-eastern Australia’s Murray-

Darling Basin (MDB) (Figure 1.1).  Producing about 40% of Australia’s agricultural income, the 

MDB is one of the most heavily regulated freshwater systems in the world, with over 4000 

regulatory structures to meet demand for water in the face of a naturally low and variably 

supply (Lintermans, 2007).  Typically, water in the MDB is stored within large impoundments, 

and transferred down river channels to irrigation districts where it is held back by lowland 

structures to meet local demands (Whiterod, 2010).  The specific consequences of this form 

of water management can be variable, reflecting the broad landscape of the MDB, but in 

general there has been a dramatic reduction in total discharge volume and variability, along 

with reduced flooding frequency, duration and magnitude (Thoms et al, 2000; Whiterod, 2010).  

Downstream of large impoundments, an estimated 1705-2805 km of MDB rivers experience 

altered temperature regimes as a result of hypolimnetic water releases (Astles et al, 2003, 

Ryan et al, 2003).  Moreover, other forms of degradation such as loss of riparian vegetation, 

channel homogenisation, bank erosion and poor water quality are prevalent throughout the 

region (Norris et al, 2001). 
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Of the four turtle species inhabiting the region, the western sawshelled turtle (Myuchelys bellii) 

is listed as nationally threatened under the Australian Environment Protection and Biodiversity 

Conservation Act 1999 (Fielder, 2010), and the broadshelled turtle (Chelodina expansa) as 

vulnerable under the South Australian National Parks and Wildlife Act 1972 and threatened 

under the Victorian Flora and Fauna Guarantee Act 1988 (Bower et al, 2012).  The eastern 

long-necked turtle (Chelodina longicollis) and Macquarie turtle (Emydura macquarii macquarii) 

are currently considered widespread and abundant.  However, recent evidence provided by 

Chessman (2011) indicates that increasing water stress is causing dramatic declines and 

reduced juvenile recruitment in these species.  Chessman (2011) sampled turtle populations 

in the southern MDB’s Murray River and floodplains in 1976-82 and again in 2009-11, after 

the end of Australia’s most severe drought on record.  Catch per unit effort had declined by 

91% for C. longicollis and 69% for E. m. macquarii between the 1976-82 and 2009-11 

sampling periods.  Moreover, both species showed limited juvenile recruitment.   

 

Despite these turtle declines, overwhelmingly it is fish – particularly large angling species - 

that are the target organisms for research and conservation action in the MDB.  A Native Fish 

Strategy was formulated in 2003 by the Murray-Darling Basin Commission with the aim of 

rehabilitating native fish communities in the MDB back to 60% of their estimated pre-European 

colonisation levels within 50 years of implementation, to be achieved by eliminating key threats 

to native fish (Murray-Darling Basin Commission, 2004).  Considerable research into the 

ecology of fish in the MDB over the past decade has been instrumental in driving progress 

towards this goal.  Research into the microhabitat preferences of large riverine fishes in the 

MDB such as Murray cod (Maccullochella peelii), trout cod (Maccullochella macquariensis) 

and golden perch (Maquaria ambigua) (Crook, 2002; Growns et al, 2004; Koehn and Nicol, 

2014; Nicol et al, 2007; Thiem et al, 2008) ) has driven projects aimed at the restoration of 

structural heterogeneity in streams which had previously been subjected to extensive removal 

of woody debris (Brooks et al, 2004; Brooks et al, 2006; Brown, 2005; Koehn, 2004; Murray-

Darling Basin Commission, 2004).   
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Figure 1.1: The Murray–Darling Basin - catchment for the Murray and Darling rivers and their 
many tributaries.  It has 23 river valleys and covers over 1 million km2, or 14%, of the Australian 
mainland (Murray-Darling Basing Authority, 2004). 

 

Research into the movement patterns of fish in the MDB has also led to the design and 

construction of fishways along the Murray River with the aim of restoring fish passage for 

species in which long-distance dispersal occurs (Barrett and Mallen-Cooper, 2006).  Similarly, 

with recognition of the impact that hypolimnetic water release has on growth, spawning and 

survival of native fish species has come the development of a cold water pollution strategy 

aimed at ameliorating these impacts below dams where it is economically and technically 

feasible to do so (NSW Cold Water Pollution Interagency Group, 2012; NSW Office of Water, 

2011, Sherman, 2000).   Furthermore, throughout 2007 to 2010, when Australia was 

experiencing severe drought, fish were the target of multi-agency programs that attempted to 

safeguard their populations against the critical water shortages (Hammer et al, 2013).  

Interventions included translocations, creation of artificial refuges, removal of alien predatory 
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fish species, and in situ habitat maintenance projects such as delivery of water to sites and 

water quality enhancement (Hammer et al, 2013). 

 

While the requirements of native fish have been readily incorporated into conservation 

management planning, freshwater turtles in the MDB have been largely overlooked.  

Freshwater turtle declines may threaten not only their long-term persistence, but also 

contribute to further ecosystem degradation due to their role in riverine food webs, energy 

flow, nutrient cycling, dispersal of riparian vegetation and water quality maintenance.  Turtles 

are rarely as diverse as fish species in the rivers they share, and the MDB is inhabited by at 

least 46 species of native freshwater fish (Lintermans, 2007) compared to just four turtle 

species. However, turtles have the capacity to attain very high densities and biomass (Cogdon 

et al, 1986; Iverson, 1982).  Thompson (1993) estimated that the density of C. longicollis and 

E. m. macquarii in the Murray River was between 4 and 159 turtles per hectare, and about 1 

per hectare for C. expansa.  Based on average body mass data, Thompson (1993) projected 

that total turtle biomass in the Murray was between 10 000 and 100 000 metric tons of the 

rivers total standing crop, reaching standard metabolic energy consumption rates of between 

13.5x107 and 13.5x109 kJ per day.   

 

The trophic role played by freshwater turtles in ecosystems is also highly significant.  Some 

omnivorous and herbivorous species are known to eat fruits and seeds, and are considered 

to be probable vectors of seed dispersal for many riparian plants (Kennett and Russell-Smith, 

1993; Kennett and Tory, 1996; Vogt and Guzman-Guzman, 1988).  As even herbivorous turtle 

species eat carrion when it is available, they also likely contribute to ecosystem functioning by 

scavenging (Moll and Moll, 2004).  Thompson (1993) suggested that based on conservative 

estimates, C. longicollis, C. expansa and E. m. macquarii in the Murray River were scavenging 

approximately 180 000 metric tonnes of carrion per year, potentially providing a safeguard 

against excessive eutrophication.  While more research is necessary to refine these estimates, 

even at their lower range the values provided by Thompson (1993) suggest that freshwater 

turtles are keystones – species which exert a disproportionately large influence on their 

environment relative to their abundance or biomass (Paine, 1969; Paine 1995) - in the aquatic 

systems they inhabit (Moll and Moll, 2004).   

 

In addition to their ecological influence, freshwater turtles have an important role in shaping 

Aboriginal cultures.  Prior to European colonisation, adult freshwater turtles were a significant 
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source of protein in the diets of Aboriginal peoples around the Murray, and eggs were a prized 

delicacy (Angas, 1874).  Indeed, some Aboriginal harvesting of turtles still occurs in the MDB 

today (Schnierer, 2011; Turnbull, 2016), albeit at vastly lower levels.  However, perhaps 

perplexingly to new Australians familiar with the hyper-separation of themselves and nature, 

freshwater turtles are often both simultaneously hunted and highly revered by Aboriginal 

people.  For some Aboriginal people and nations, freshwater turtles are totems: species with 

which we share the same life-essence, and are obliged to protect.  For example, Bayadherra 

(Chelodina expansa) is a totem for the Yorta Yorta nation in the southern MDB.  While the 

history books may tell us that the traditional homelands of many Aboriginal peoples have given 

way to contemporary priorities of modern agricultural production (Weir, 2009), we maintain 

strong connections to our lands, and declines in our totem species further contribute to the 

degradation of our cultures.  Nonetheless, the tenuous and generally marginal standing of 

Aboriginal peoples in the land management decision-making arena means that freshwater 

turtles would likely need to have broader community appeal to receive targeted funding and 

attention.   

 

In an era of burgeoning conservation need and tightening budgets, it is often the case that 

species must fall below the threshold of imperilment before resources are directed at their 

protection and management (Simberloff, 1998).  However, while E. m. macquarii is considered 

widespread and abundant, in light of dramatic declines and limited juvenile recruitment 

(Chessman, 2011), now is the opportune time to enact research and recovery initiatives while 

there are still large populations encompassing a high  degree of genetic diversity.  However, 

there is currently insufficient knowledge of many aspects of the ecology of freshwater turtles 

and their responses to particular environmental conditions, which represents a major 

impediment to their effective management.  My research was initiated to help address some 

of these knowledge gaps.  I sought to provide fundamental insights into the ecology of 

Macquarie turtles (Emydura macquarii macquarii) living downstream of a large hypolimnetic-

releasing dam in the southern MDB.  Such information is necessary to guide management as 

relatively little is known about the species, particularly in the context of the impact of water 

resource development.   
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The specific aims of my study were to: 

- Describe the spatial ecology of E. m. maquarii living below a large hypolimnetic 

releasing dam, in terms of habitat types used, home range size and movement 

patterns. 

- Determine whether E. m. maquarii respond to within-stream habitat heterogeneity by 

selecting microhabitat patches characterised by structural parameters such as flow 

velocity, water depth, vegetation and woody debris cover. 

- Determine the impact of hypolimnetic water release on the seasonal and daily activity 

patterns of E. m. macquarii. 

- Determine the impact of hypolimnetic water release on the thermal ecology and 

basking behaviour of E. m. macquarii. 

 

This thesis covers a broad range of aspects of the ecology of E. m. macquarii.  In Chapter 2, 

I provide fundamental insights into the habitat use and movement patterns of E. m. macquarii 

in the southern MDB, documenting their home range locations, sizes, and the prevalence of 

dispersal behaviours.  Chapter 3 examines the microhabitat use of E. m. macquarii, and 

discusses the potential for the creation of structural heterogeneity at the scale of tens to 

hundreds of metres - commonly undertaken with the aim of restoring native fish populations – 

to contribute to turtle conservation. Chapters 4 and 5 investigate the impact of hypolimnetic 

water release – known to affect many aspects of fish biology and ecology – on E. m. macquarii.  

Specifically, Chapter 4 details the impact of artificially depressed water temperatures on daily 

and seasonal activity patterns, while Chapter 5 examines whether E. m. macqaurii can 

mitigate the impact of hypolimnetic water release by atmospheric basking.  To conclude, I 

provide a synopsis discussing the significance of my research findings and highlight its 

implications for the management of freshwater turtles in the MDB (Chapter 6).   
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CHAPTER 2 

Spatial ecology of an Australian freshwater turtle (Emydura 

macquarii macquarii) in a lowland river system of the Murray-

Darling Basin 

 

2.1 Introduction 

As human impacts on natural habitats become widespread, understanding where and how 

animals move within their environment is vital to identifying and mitigating anthropogenic 

disruption (Jacoby et al, 2012).  In aquatic ecosystems, flow regulation by dams - often 

compounded by other modifications such as channelization and levee banks – is so globally 

ubiquitous that existing structures retain approximately 10 000 km3 of water, the equivalent of 

five times the volume of all the world’s rivers (Nilsson and Berggren, 2000).  This flow 

regulation can have a profound impact on the spatial ecology of biota by eliminating upstream-

downstream linkages, isolating river channels from floodplain systems and lowering habitat 

heterogeneity (Bunn and Arthington, 2002; Ward, 1998).   

 

Flow regulation tends to be most aggressive in regions with highly variable flow regimes, since 

these areas typically have the greatest need for flood protection and water storage (Dudgeon 

et al, 2006).  The MDB, a vast inland river system encompassing much of south-eastern 

Australia, is one such region that has been heavily regulated to meet demand for water in the 

face of a naturally low and variably supply (Lintermans, 2007).  To sustain communities and 

livelihoods with its freshwater flows, an array of infrastructure to store, control and regulate 

water for allocation to farmers, pastoralists and townspeople has been created throughout the 

area.  Since 1857, there have been 3600 weirs constructed in the MDB, 446 large dams (>10 

m crest height) and over 50 intra and inter-basin water transfer schemes established to secure 

water supplies for human use (Arthington and Pusey, 2003).  As a result, the natural flow 

regime of these river systems has been drastically altered. 

 

Prior to regulation, the extension of the MDB across several major biogeographical regions 

incorporating substantial precipitation and temperature gradients contributed to a diversity of 

floodplain wetlands (Reid and Brooks, 2000).  However, the establishment of dams meant it 

was possible to cut-off water supply to floodplain wetlands by capturing the flood pulse and 

diverting it for consumptive use.  In addition to loss of wetlands, flow regulation by dams has 
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reduced the connectivity of floodplain systems, as main river channels now rarely connect with 

floodplain wetlands to form a web of aquatic corridors during overbank floods (Sheldon and 

Thoms, 2006).  In main river channels close to major impoundments, annual hydrographs are 

now often the reversal of seasonal patterns, with peak irrigation demand during summer 

necessitating the release of large volumes of water from storages at a time when there would 

naturally be low flows (Reid and Brooks, 2000).  Moreover, since flows are typically released 

from the hypolimnetic layer of thermally stratified large dams in the MDB, the temperatures of 

this water are artificially depressed (Boys et al, 2009).   

 

Research into the spatial ecology of freshwater fishes has been a key driver in the design and 

implementation of strategies aimed at their conservation in the MDB.  Radiotelemetry studies 

have elucidated important information about the site fidelity, dispersal behaviours, response 

to habitat heterogeneity, and movement patterns in response to factors such as season, 

hydrological events and water temperature of a numerous fish species in the region (Crook et 

al, 2001; Crook, 2004a; Crook, 2004b; Koehn and Nicol, 2014; Koehn and Lintermans, 2012; 

Koster et al, 2014; Leigh and Zampatti, 2013; O’Conner et al, 2005;).  This has led to the 

construction of fishways to facilitate passage at dams and weirs that would otherwise obstruct 

movement (Barrett and Mallen-Cooper, 2006), design of environmental flows designed to 

promote certain movement behaviours, the prioritisation of key fish habitats for protection and 

restoration (Koster et al, 2014), and efforts to restore important fish microhabitats (Brooks et 

al, 2006).   

 

Similar research on freshwater turtle species in the MDB is lacking, and this represents a 

major impediment to understanding the impacts of current water management practices on 

their populations and developing effective conservation strategies.  In particular, very little is 

known about the spatial ecology of the Macquarie turtle (Emydura macquarii macquarii), a 

species currently experiencing significant declines in the MDB (Chessman, 2011).  Studies 

focused on the habitat use of E. m. macquarii have indicated that it is primarily a riverine turtle, 

but also occurs in permanent backwaters and lagoons close to main river channels(Bower, 

2012; Chessman, 1988b; Spencer, 2001; Todd, 2013).  However, no previous published 

studies on the movement of E. m. macquarii exist.  In this study, I use radiotelemetry to 

investigate the spatial ecology of E. m. macquarii in a lowland river system of the MDB.  I 

aimed to provide insight into fundamental aspects of their ecology such as home range sizes, 

distances moved, and prevalence of dispersal behaviours, and how these may be impacted 

by current water management practices.   
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 2.2 Methods 

The study was undertaken near Albury in the south-eastern region of Australia’s MDB.  The 

study area was bounded to within approximately 18 square kilometres, encompassing a 

section of the Murray River, its anabranches and backwaters, as well as numerous lagoons of 

varying hydroperiod.  Flows to this section of the Murray River are regulated by Hume Dam – 

the seventh largest water storage in Australia – which primarily supplies irrigation water for 

agriculture (Sherman et al, 2007).  The operation of Hume Dam influences the Murray River 

such that downstream flow regimes are seasonally reversed, with peak discharges previously 

experienced during late winter and spring now occurring throughout late spring, summer and 

early autumn when irrigation demand is high (Pressey, 1990).  Flow variability has been 

reduced, with discharge regimes typically switching between either near bank full during the 

irrigation season and minimal levels throughout the rest of the year, with a consequent 

reduction in floodplain inundation (Pressey, 1990; Thoms et al, 2000).  As Hume Dam is fitted 

with hypolimnetic off-takes, the release of colder water from below the reservoir thermocline 

also leads to reduced and delayed annual maximum temperatures, with these impacts  

persisting for up to 200 km downstream (Walker, 1980).   

 

A total of thirty adult E. m. macquarii were captured in baited cathedral traps between 8th 

January and 26th March 2014, 25 of which were females.  Turtles were captured from four 

different habitats within the study area - Swamp Lagoon (n= 9 females), Dights Lagoon (n= 1 

female and 1 male), Horseshoe Lagoon (n= 7 females and 1 male), and Yellowbelly Creek 

(n= 8 females and 3 males) (Figure 2.1).  Swamp Lagoon and Horseshoe Lagoon are both 

permanent waterbodies with a maximum depth of 1.5 m, and are located approximately 200 

m from the Murray River.  Dights lagoon also has a maximum depth of 1.5 m, however it only 

contains water from approximately October to April as a result of high discharge levels from 

Hume Dam to meet irrigation demand.  Throughout the rest of the year, Dights Lagoon 

remains dry.  Yellowbelly Creek is a small anabranch of the Murray River – approximately 30 

m wide with a maximum depth of two metres, and similarly to Dights Lagoon it dries to a series 

of very shallow pools when demand for irrigation water decreases – generally during autumn, 

winter and early spring.   

 

Emydura macquarii macquarii in all habitats were fitted with a radiotag (model R1850, weight 

12 g, Advanced Telemetry Solutions) epoxied to the posterior carapace and released at their 

point of capture.  Although newer animal tracking techniques such as acoustic tagging and 
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GPS tracking were investigated, radiotracking was ultimate decided upon due to a number of 

factors relating to turtle ecology and the specific aims of the study, namely the need to obtain 

position fixes at pre-determined intervals every three hours, and to locate the turtles within a 

very small margin of error to determine small-scale movements.  A temperature datalogger 

(Thermochron iButton, weight 3.12 g, Maxim Integrated) sealed with a black waterproof 

coating (Plasti Dip International) was also glued to the posterior carapace as part of a separate 

study into turtle thermal profiles (Chapter 5). Beginning on 13th January 2014, fieldtrips were 

undertaken to search for turtles bearing radiotrasmitters using a Yagi antenna attached to a 

Titley Australis receiver two to three times per week during their active season of October to 

April (Chessman, 1988a), and between once per week and once per month from May to 

September.  Occasionally during the active season however, individual turtles which had 

rapidly moved over large distances could not be located during a fieldtrip, resulting in periods 

of up to a week between radiolocation fixes.  For turtles that were tracked for the entire duration 

of the study, this resulted in a total of approximately 77 to 112 radiolocations.   

 

Radiolocation fixes were often estimated by triangulation from locations at or near the water’s 

edge – particularly in deep, fast flowing habitats such as the Murray River, and recorded with 

a Garmin GPS.  As turtles often remained submerged in turbid water, radiolocation fixes could 

generally not be confirmed visually.  A pilot study involving locating hidden transmitters in the 

field established that the accuracy of triangulation varied from four metres in small 

anabranches and lagoons to up to 30 m in the Murray River.  While it was initially intended 

that radiotracking would continue until May 2015, for most individuals the duration was shorter 

as radiotags detached – likely during scute shedding, or turtles could no longer be located due 

to possible transmitter failure or movement out of the study area.  Additionally, from March 

2015 turtles were opportunistically recaptured to recover their temperature data loggers, and 

when this occurred radiotags were removed along with the loggers and tracking ceased for 

these individuals.   

 

Radiolocation fixes were plotted on habitat maps using ArcView GIS.  The total home range 

size of each turtle was estimated using both 95% minimum convex polygon (MCP) and 95% 

kernel density techniques, given debate about which is more appropriate for describing use of 

space in herpetofauna (Row and Blouin-Demers, 2006). In both instances, these analyses 

often incorporated large areas that E. m. macquarii apparently travelled through (e.g. turtles 

moving overland between waterbodies) but did not reside in.  This resulted in very large home 
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range estimates which were not reflective of the area in which individuals would have 

undertaken their normal activities.   

 

Accordingly, I also calculated the MCP and kernel size of each ‘core activity area’ used by a 

turtle, and measured the distance in metres between each of these areas (referred to as ‘inter-

activity area distance’).  A core activity area was defined as more than one radiolocation fix at 

least 200 m distance from other fixes.  Movement between core activity areas consisted of 

turtles moving overland between distinct waterbodies, or moving to different sections of a 

stream.  Where overland movement was involved, I calculated distances between core activity 

areas as the shortest straight line distance between waterbodies.  However, because E. m. 

macquarii are thought to be highly aquatic (Legler and Georges, 1993), where movement 

could have occurred without a turtle needing to leave the water, I measured distances between 

core activity areas within stream boundaries.  The range span of core activity areas was 

similarly measured as the shortest possible distance between the furthermost radiolocation 

fixes of a turtle in that activity area, within the stream or lagoon boundaries.   
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Figure 2.1: Location of study area and waterbodies in which turtles were trapped and/or radiotracked. 
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2.3 Results 

E. m. macquarii utilised a diversity of habitat types throughout the study, encompassing the 

Murray River itself and its anabranches, backwaters, floodplain lagoons and a farm dam 

(Table 2.1).  The characteristics of these habitats ranged from large open lotic systems 

(Murray River and Dight’s Creek) to a small stagnant farm dam just 80 m in diameter and 1 m 

deep (Shed Dam).  E. m. macqaurii made extensive use of seasonally flooded anabranches 

(Yellowbelly Creek and Weidners Creek), as well as two seasonally flooded lagoons 

(Waterbird Lagoon and Dights Lagoon) which were both within 50 m of the Murray River.   

 

Table 2.1: Habitats used by 30 radiotracked E. m. macquarii.  Hydroperiod is based on personal 
observation of habitats from 2013 to 2015. 

Habitat Hydroperiod 

Swamp Lagoon Permanent 

Shed Dam Permanent 

Murray River  Permanent 

Waterbird Lagoon Seasonally flooded 

Horseshoe Lagoon Permanent 

Dights Creek Permanent 

Yellowbelly Creek Seasonally flooded 

Picnic Lagoon Permanent 

Weidners Creek Seasonally flooded 

Dights Lagoon Seasonally flooded 

Dights backwater Seasonally flooded 

 

Total home range estimates for E. m. macquarii were often large (Table 2.2), because they 

included areas that turtles may have travelled through but did not inhabit.  For example “Turtle 

1” had a total home range of 125.6 ha or 353.1 ha according to 95% MCP and kernel analyses 

respectively, but this included extensive areas of unoccupied land (Figure 2.2).  In contrast, 

when separated into core activity areas “Turtle 1” occupied 14.73 (MCP) or 58.15 (kernel) 

hectares comprised of four distinct habitats which it dispersed between throughout the year 

(Figure 2.3; Table 2.3, refer to Appendices 2 to 46 for maps illustrating the MCP and kernel 
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estimates of the total home range and core activity areas of all 30 turtles radiotracked in this 

study).  

 

Table 2.2: Total home range size (ha), as estimated by 95% minimum convex polygons (MCP) and 
95% kernels for 30 radiotracked turtles. M=male, F=female. 

Turtle ID Point of Capture Tracking Duration 95% MCP 
(ha) 

95% Kernel 
(ha) 

1 (F) Swamp Lagoon Mar 2014 - Apr 2015 125.6 353.1 

2 (F) Swamp Lagoon Mar 2014 - Mar 2015 4.6 10.3 

3 (F) Swamp Lagoon Mar 2014 – Mar 2015 2.7 7.7 

4 (F) Swamp Lagoon Mar 2014 – Mar 2015 3.3 8.6 

5 (F) Swamp Lagoon Mar 2014 – Mar 2015 3.2 9.3 

6 (F) Swamp Lagoon Mar 2014 – Mar 2015 1.3 5.7 

7 (F) Swamp Lagoon Mar 2014 – Dec 2014 106.7 312.2 

8 (F) Swamp Lagoon Mar 2014 – May 2015 15.4 30.3 

9 (F) Swamp Lagoon Mar 2014 – Feb 2015 27.2 78.8 

10 (F) Horseshoe Lagoon Mar 2014 – Nov 2014 3.5 12.5 

11 (F) Horseshoe Lagoon Mar 2014 – Apr 2015 53.8 130.9 

12 (M) Horseshoe Lagoon Mar 2014 – Mar 2015 176.3 558.9 

13 (F) Horseshoe Lagoon Mar 2014 – Mar 2015 4.4 11.6 

14 (F) Horseshoe Lagoon Mar 2014 – Mar 2015 4.8 13.1 

15 (F) Horseshoe Lagoon Mar 2014 – Mar 2015 3.9 12.3 

16 (F) Horseshoe Lagoon Mar 2014 – Mar 2015 4.0 11.7 

17 (F) Horseshoe Lagoon Mar 2014 – Mar 2015 23.0 79.8 

18 (M) Yellowbelly Creek Jan 2014 – Dec 2014 124.0 775.0 

19 (M) Yellowbelly Creek Jan 2014 – Dec 2014 210.1 1175.7 

20 (F) Yellowbelly Creek Jan 2014 – Feb 2014 61.1 429.9 

21 (F) Yellowbelly Creek Mar 2014 – Jan 2015 235.2 988.2 

22 (F) Yellowbelly Creek Jan 2014 – Dec 2014 36.6 387.2 

23 (F) Yellowbelly Creek Mar 2014 – Feb 2015 8.8 94.8 

24 (F) Yellowbelly Creek Jan 2014 – Mar 2014 2.8 22.6 
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25 (F) Yellowbelly Creek Jan 2014 – Oct 2014 49.8 606.8 

26 (F) Yellowbelly Creek Jan 2014 – Mar 2014 0.4 2.5 

27 (M) Yellowbelly Creek Mar 2014 – Feb 2015 10.2 95.3 

28 (F) Yellowbelly Creek Mar 2014 – Apr 2015 41.7 424.7 

29 (M) Dights Lagoon Jan 2014 –Dec 2014 250.8 989.1 

30 (F) Dights Lagoon Jan 2014 – Nov 2014 8.2 51.1 
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Table 2.3: Thirty turtles radiotracked throughout 2014-2015 and the locations, sizes and distances between their core activity areas. MCP and kernel sizes 
marked as “–“ indicate there were not enough radiolocation fixes to calculate a value. 

Turtle ID                            Core activity areas 

 Habitat  % radiolocation 
fixes 

95% MCP 
size (ha) 

95% Kernel size 
(ha) 

Range span of 
core activity 

area (m) 

Inter - core activity area 
distance (m) 

1  Swamp Lagoon  5.7 0.04 7.49 211 N/A 

Shed Dam  42.1 0.24 0.62 60 534 

Murray River upstream  40 11.93 34.11 914 402 

Murray River downstream  12.2 2.52 15.93 370 3064 

2  Swamp Lagoon  100 4.61 10.18 519 N/A 

3  Swamp Lagoon  100 2.67 7.61 445 N/A 

4 Swamp Lagoon  100 3.29 8.48 467 N/A 

5  Swamp Lagoon  100 3.16 9.15 450 N/A 

6 Swamp Lagoon  100 1.32 5.62 304 N/A 

7  Swamp Lagoon  8.6 0.01 - 62 N/A 

 Murray River  63.8 4.36 24.76 718 706 

 Waterbird Lagoon  27.6 0.72 4.86 252 1530 

8  Swamp Lagoon  6.7 0.11 3.63 186 N/A 
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 Murray River  93.3 4.38 15.68 673 222 

9  Swamp Lagoon  6.8 0.75 17.01 53 N/A 

 Murray River  93.2 19.06 53.81 1197 189 

10 Horseshoe Lagoon  100 3.47 12.40 522 N/A 

11  Horseshoe Lagoon  6.3 0.02 3.16 26 N/A 

 Murray River  85 20.37 88.11 1310 374 

 Dights Creek  8.7 0.48 6.46 140 245 
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Horseshoe Lagoon 

  

6.3 

 

0.18 

 

- 

 

203 

 

N/A 

 Murray River downstream  11.4 2.32 33.18 398 378 

 Murray River upstream  82.3 9.85 30.22 958 3551 

13  Horseshoe Lagoon  100 4.39 11.44 521 N/A 

14  Horseshoe Lagoon  100 4.83 12.94 548 N/A 

15  Horseshoe Lagoon  100 3.89 12.19 530 N/A 

16  Horseshoe Lagoon  100 3.96 11.59 482 N/A 

17 Horseshoe Lagoon  6.8 0.07 1.63 90 N/A 

 Murray River   93.2 7.54 42.56 633 374 

18  Yellowbelly Creek downstream  20.5 10.80 90.44 863 N/A 

 Yellowbelly Creek upstream  18.0 2.07 9.34 427 2408 

 Murray River   61.5 23.99 71.63 1506 3362 
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19 Yellowbelly Creek upstream  24.7 5.81 52.33 752 N/A 

 Yellowbelly Creek downstream  16.9 0.07 0.51 67 1615 

 Dights Creek upstream  33.8 0.20 0.79 100 660 

 Dights Creek downstream  24.7 1.03 - 373 2905 

20 Yellowbelly Creek  26.5 1.51 9.92 253 N/A 

 Murray River   73.5 1.04 3.99 283 3436 

21 Yellowbelly Creek  7.7 1.19 - 410 N/A 

 Dights Creek upstream  43.1 11.34 71.80 185 1815 

 Dights Creek backwater  30.8 20.54 113.5 1350 502 

 Dights Creek downstream  18.5 11.21 83.09 714 665 

22 Yellowbelly Creek downstream  31.8 0.48 - 210 N/A 

 Murray River  50.6 0.71 3.14 190 3565 

 Yellowbelly Creek upstream  17.7 0.31 - 174 1965 

23 Yellowbelly Creek  4.2 - - 77 N/A 

 Picnic Lagoon  95.8 7.90 25.70 847 3093 

24 Yellowbelly Creek  100 2.81 - 92 N/A 

25 Yellowbelly Creek  43.6 0.73 4.79 280 N/A 

 Murray River   56.4 1.55 - 294 3690 

26 Yellowbelly Creek  100 0.44 2.41 180 N/A 

27 Yellowbelly Creek  4.2 - - 535 N/A 



20 

 

 

 

 

 

 

 

 

 

 

 

 Picnic Lagoon  95.8 9.39 29.60 946 2635 

28  Yellowbelly Creek  47.2 11.34 60.97 1004 N/A 

 Weidners Creek  52.8 0.90 7.90 618 1148 

29 Dights Lagoon   38.3 3.39 29.86 744 N/A 

 Dights Creek upstream  27.2 3.15 26.56 502 520 

 Dights Creek mid  23.5 2.56 33.45 565 1452 

 Dights Creek downstream  18.5 4.62 38.10 763 1567 

30 Dights Lagoon  31.9 0.30 20.76 670 N/A 

 Dights Creek  68.1 2.85 -  604 223 
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Figure 2.2: Radiolocations, and total 95% Minimum Convex Polygon (MCP) and kernel home range estimates for “Turtle 1”. 
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Figure 2.3: Radiolocations, and 95% Minimum Convex Polygons (MCP) and kernel estimates of four core activity areas used by “Turtle 1”.
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The size of core activity areas used by turtles was generally small – ranging between 0.01 ha 

to 23.99 ha, or 0.51 ha to 113.5 ha for MCP and kernel estimates respectively.  Kernel 

estimates were consistently larger than MCP’s, because they typically included larger areas 

of land surrounding waterbodies (Figure 2.2).  Given that radiotracking data suggested that 

turtles confined their non-dispersal movements to within water (no turtle was ever radiolocated 

outside of a waterbody), MCP’s were likely a more accurate reflection the size of areas 

occupied by E. m. mcaquarii in this study than kernels.  The mean range span of core activity 

areas was 488 m, however there was considerable variation, with some activity areas being 

less than 100 m in length, while others were over 1000 m long.  The size or range span of a 

core activity area was not necessarily reflective of the duration a turtle resided there.  For 

example, “Turtle 1” spent nearly eight months in a core activity area with a range span of just 

60 m and an estimated MCP of 0.24 ha.  While core activity areas themselves were generally 

small, dispersal distances travelled by turtles between them were sometimes in excess of 

three kilometres. 

 

Overland movement by E. m. macquarii was common, with most turtles moving at least once 

between habitats that were not connected by water.  These overland movements were 

sometimes considerable, with a minimum straight line distance travelled of up to 534 m (Turtle 

1 moving between Swamp Lagoon and Shed Dam, refer to Table 2.3).  Within-stream 

movements were even greater, with turtles navigating tracts of creeks and river up to eight 

kilometres in length throughout the duration of the study (Turtle 18 moving throughout 

Yellowbelly Creek and the Murray River, refer to Table 2.3).  However, the distances travelled 

by E. m. macquarii were likely even greater than captured in the present study, as six of the 

radiotracked turtles apparently dispersed out of the study area and could no longer be located.  

While transmitter failure cannot be ruled out as the cause of my inability to locate their radiotag 

signals, dispersal is considered more likely given that prior to signal loss the turtles were 

residing in portions of the Murray River or Dights Creek near the boundary of the study area. 

 

18 of the 30 radiotracked E. m. macquarii undertook at least one relocation of their core activity 

area during the study.  Of the 12 turtles that were sedentary, nine remained in Swamp or 

Horseshoe Lagoon from March 2014 to March 2015, two resided in Yellowbelly Creek but 

were only radiotracked from January to March 2014 before their transmitters fell off, and one 

occupied Horseshoe Lagoon from March 2014 until November 2014 when its transmitter 

similarly detached.  A total of 33 core activity area relocations were recorded amongst the 18 

mobile E. m. macquarii throughout the study.  The highest number occurred during March and 
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April equally, with 11 relocations being recorded in each of these months (Figure 2.4).  

However, when adjusted for uneven sampling frequency between months, April had the 

highest mean number of relocations.   

 

 

Figure 2.4: Number of relocations of core activity areas by 30 radiotracked E. m. macquarii from Jan 
2014 to May 2015. Because not all individuals were radiotracked throughout all months, mean activity 
area relocations are also presented.   

 

There were clear differences between the home range size of male and female E. m. 

macquarii.  With a mean 95% MCP of 154.3 ha, the total home range size of male turtles was 

more than four and a half times greater than that of females; a highly significant difference 

(Mann-Whitney U-test: P = 0.008).  The mean number of core activity areas used also differed 

according to sex, with male E. m. macquarii utilising significantly more than females 

throughout the duration of the study (Mann-Whitney U-test: P = 0.009). 

 

2.4 Discussion 

The movement of the majority of E. m. macquarii individuals in this study was characterised 

by extended residence within small core areas of activity, punctuated by rapid dispersal 

between these areas.  Overseas studies indicate that this behaviour also occurs in other turtle 

species.  For example, map turtles (Graptemys geographica) in Pennsylvania’s Juniata River 

have been recorded making long distance short-term movements (defined as distances 

moved of greater than 500 m within a period of ten days or less), mostly consisting of males 
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dispersing in spring or early summer from deep, slow-flowing river sections to more 

heterogeneous upstream or downstream areas where they established small summer home 

ranges for about two months (Pluto, 1983).  In Mississippi’s Pascagoula River, map turtles 

(Graptemys flavimaculata) generally occupied small river sections, but some individuals were 

recorded making long distance seasonal movements of between 500 m and five kilometres 

over a period of a few days to several weeks, whereupon they established small activity areas 

again (Jones, 1996). 

 

It is unclear from the present study whether dispersal movements by E. m. macquarii actually 

represent a permanent relocation in the position of the home range.  Instead, turtles may be 

exhibiting fidelity to multiple small core activity areas which are regularly returned to (e.g. on 

an annual basis), and when linked by dispersal pathways, these core activity areas form a 

much larger total home range.  Two turtles which dispersed out of a small section of 

Yellowbelly Creek they had been occupying as it dried in March 2014 returned to these areas 

in November 2014 when the habitat re-flooded, and such behaviour may have been observed 

in other individuals if radio-tracking had been conducted over a longer duration.  Similar 

behaviour has been observed in other Australian freshwater turtle species (Limpus et al, 2011; 

Tucker et al, 2001) and turtles in North America returning annually to the same overwintering 

site (Chase et al, 1989) or pond to forage (Jones, 1996).   

 

The majority of E. m. macquarii individuals in this study exhibited dispersal between activity 

areas.  In some instances, the cause of dispersal among turtles could clearly be attributed to 

habitat drying, as E. m. macquarii lack adaptations allowing it to aestivate terrestrially 

(Chessman, 1984).  Of the 22 core activity area relocations that occurred throughout 

March/April, half could be attributed to habitat loss because the creeks and lagoons these 

individuals were occupying dried to small shallow pools (maximum depth 30 cm) as discharge 

volumes from Hume Dam were reduced at the end of the irrigation season, and turtles rapidly 

relocated to permanent waterbodies.  Furthermore, March/April coincides with the timing of 

courtship and mating amongst E. m. macquarii (Cann, 1998) and the cessation of feeding 

activity as water temperature declines (Chessman, 1988a).  Thus, these dispersal events may 

have been triggered by mate searching behaviour or movement from preferred foraging areas 

to suitable overwintering habitats.   
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A high proportion of activity area relocations also occurred in November – all amongst females 

– and thus many have been related to nesting behaviours since turtles are known to lay their 

eggs in the upper Murray region predominately throughout this month (Judge, 2001).  In two 

of the five instances, female turtles simply relocated their core activity area upstream or 

downstream in the creek or river they were already inhabiting.  Amongst the other three female 

turtles that undertook core activity area relocations during November, movements were from 

Shed Pond to the Murray River, the Murray River to Waterbird Lagoon, and the Murray River 

to Yellowbelly Creek.  Little is known of the nesting ecology of E. m. macquarii, however 

Spencer (2001) found they nest between 15 and 30 meters from the water’s edge, indicating 

that the turtles in my study likely nested very close to the core activity areas they were 

radiolocated in during November.  Given that there was no consistency in the aquatic habitat 

types female turtles chose to relocate to during nesting season, it may be that terrestrial factors 

such as soil type, riparian vegetation and aspect (Micheli-Campbell, 2012) are the 

predominate drivers of nest site selection.  Moreover, as a group turtles exhibit varying 

degrees of nest site fidelity, with some species returning to their place of hatching to nest when 

they mature, or the same general area or nesting beach year annually (Lovich et al, 2014). 

 

Due to differences in habitat use, the high proportion of E. m. macquarii individuals 

undertaking dispersal movements in this study may not be characteristic of populations in 

other parts of the species range.  In the mid and lower Murray regions, E. m. macquarii 

predominately inhabits the river mainstem, and is rarely found in anabranches, non-permanent 

waterbodies, or habitats less than two metres deep (Chessman, 1988b).  In contrast, I caught 

large numbers of E. m. macquarii in small, seasonally flooded creeks and shallow lagoons.  

Spencer (2001) also found that lagoons in the upper Murray region were densely populated 

by E. m. macquarii, whereas they were rarely caught in the river itself, and hypothesised that 

this was because hypolimnetic water release from Hume Dam made the upper-Murray River 

unsuitable, causing turtles to shift their habitat preference to warmer lagoons.   

 

As site fidelity is linked to habitat quality and stability (Lurz et al, 1997; Switzer 1993), E. m. 

macquarii inhabiting hydrologically stable, high quality habitat such as the mid and lower 

Murray River could be expected to undertake fewer dispersal events than in the apparently 

sub-optimal, variable habitat characteristic of this study.  Movement of E. m. macquarii 

between off-channel habitats and the Murray River was common in this study, suggesting that 

although hypolimnetic water release may have reduced the quality of the Murray River, it still 

functions as important habitat for turtles.  Dispersal would allow E. m. macquarii maintain 
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associations with its preferred riverine habitat, while compensating for reduced foraging 

opportunities that may stem from hypolimnetic water release (Chapter 4) by periods of 

residence in warmer off-channel habitats.   

 

E. m. macquarii in this study utilised a diversity of aquatic habitat types.  Use of non-permanent 

habitats, including seasonally flooded anabranches, backwaters and wetlands was particularly 

common.  Movement between permanent waterbodies and floodplain habitats has been 

documented in many other turtle species both within Australian and internationally (Graham, 

1995; Moll and Legler, 1971; Reese, 1996; Roe and Georges, 2008), and is probably related 

to individuals maximising their foraging opportunities following the bloom of aquatic 

productivity typical of recently flooded areas (Brinson et al, 1981; Roe, 2007).  During periods 

of scarce water availability in the MDB, the practice of confining water to the main river 

channels by closing inflows and draining backwaters and wetlands is likely to be detrimental 

to turtles (Bower, 2012). 

 

In addition to directly reducing the amount of available aquatic habitat, loss of wetlands due to 

water diversions by dams would also likely impact the dispersal processes of turtles.  Unlike 

fish, for which individual waterbodies exist as aquatic islands within an impenetrable terrestrial 

landscape, my results demonstrate that E. m. macquarii does not require overbank flooding 

to disperse throughout the riparian network at distances of tens to hundreds of metres.  

However, loss of wetland habitats, and an associated increase in inter-waterbody distance 

would lead to higher dispersal costs as individuals would be required to expend greater time 

and energy traversing terrestrial landscapes (Baguette et al, 2013).  Risk of unsuccessful 

dispersal with increasing inter-waterbody distance would be particularly detrimental for E. m. 

macquarii as even short nesting forays expose them to considerable predation risk by 

introduced red foxes (Vulpes vulpes) (Spencer, 2001), and the life-history characteristics of 

turtles mean that their populations are severely impacted by adult mortality (Congdon et al, 

1993).   

 

Disruptions to within-stream connectivity from water infrastructure may also impact turtle 

dispersal. In this study, E. m. macquarii navigated tracts of rivers and anabranches up to eight 

kilometres in length, however the distances covered by some individuals may have actually 

been much greater than this, since due to logistical constraints I bounded my study area to 



28 

waterways within three adjoining agricultural properties. Over the course of radiotracking 

some turtles could no longer be located, and this is suspected to be because these individuals 

dispersed out of the study area, although transmitter failure cannot be ruled out. Other turtle 

species have also been recorded making extensive upstream and downstream movements. 

For example, while snapping turtles (Elseya albagula) in northern Queensland generally 

restrict their movements to stream sections less than 1000 m in length, isolated long distance 

movements occur, with some turtles having been recorded making migrations of over 10 km 

in what appeared to be seasonal migrations between scattered feeding areas and localised 

traditional nesting banks where they aggregate for breeding (Hamann et al, 2007; Limpus et 

al; 2011). In the same region, a male Krefft’s river turtle (Emydura macquarii krefftii) was 

recaptured 56.7 km up-river of its original point of capture four years prior (Limpus et al; 2011). 

Radiotracking the movement patterns of broad-shelled turtles (Chelodina expansa) in the 

MDB’s lower Murray River over a period of approximately two years, Bower (2012) also found 

that some males made upstream movements of up to 25 km during the study. 

 

Fishways are now widely used in water infrastructure throughout Australia to provide passage 

for long-distance fish dispersal (Barrett and Mallen-Cooper, 2006), however these appear to 

be ineffective for turtles. At an impoundment in Queensland, Hamann et al (2004) observed 

semi-aquatic C. expansa and E. m. krefftii species unsuccessfully attempting to climb weir 

walls rather than use fishways.  Such turtle behaviour also indicates that even though E. m. 

macquarii is clearly capable of terrestrial dispersal, this does not necessarily translate to 

overland movement to circumvent water infrastructure.  While water infrastructure does not 

pose an absolute barrier to movement as in the case of fully aquatic fish, without appropriate 

modifications it is likely that dams, weirs and barrages act as obstacles to turtles, with their 

low permeability restricting gene flow and altering population dynamics. 

 

Barriers posed to aquatic movement may be particularly detrimental to male E. m. macquarii, 

given their significantly larger home ranges and greater propensity to shift core activity areas.  

This mobility amongst males may also account for why capture rates in this study were 

dominated by E. m. macquarii females.  Perceived sex ratios are influenced by a number of 

biases that result from sampling or interpretation, as well as the actual sex ratio resulting from 

changes that occur as a consequence of natural population processes (Gibbons, 1990).  

Significant bias in adult sex ratio of Emydura captures has been observed in several other 

studies, probably due to a combination of differential home-range sizes, rates of movement 

within those home ranges which in turn influences the rate of encounter of traps, differential 
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rates of dispersal, and differences in habitat preferences between male and female turtles 

(Georges et al, 2006).  Given the very limited temporal and spatial extent of trapping 

conducted for this study, the observed female sex bias is unlikely to be truly representative, 

since local populations will be dynamic in the proportion of the sexes according to emigration 

and immigration at the particular time and location of trapping.   

 

2.5 Conclusion 

The home range size of E. m. macquarii is highly variable.  While some individuals confine 

their movements to a single wetland, most disperse between multiple activity areas covering 

many aquatic habitat types throughout a large area of landscape.  As a result, landscape 

connectivity - the degree to which the landscape facilitates or impedes movement among 

habitat patches (Baguette et al, 2013) - is an important consideration for E. m. macquarii 

conservation.  While further research is needed to establish the impact of ruptures in 

longitudinal connectivity on turtles, these preliminary results suggest that modification of 

fishways may be necessary to allow effective turtle passage past water infrastructure, 

particularly for males. 

 

Flow regulation by dams, often compounded by other structural modifications such as 

channelization and levee banks, has reduced the connectivity floodplain ecosystems (Ward 

and Stanford 1995).  Without this key hydrological process, the viability of populations of 

aquatic organisms may be threatened by isolation, failed recruitment and local extinction 

(Bunn and Arthlington, 2002).  For freshwater turtles such as E. m. macquarii which exhibit 

frequent inter-wetland movement and use multiple types of waterbodies, the effects are likely 

to be particularly severe.  Loss of wetland habitat and connectivity – particularly where it 

persists over longer timescales such as during extended drought - can lead to population 

insularisation and subsequent decline in freshwater turtles (Bodie, 2001).  Improved turtle 

conservation will be dependent on the ability of managers to translate knowledge of their 

spatial ecology into effective habitat protection strategies.   
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CHAPTER 3 

Response of the Macquarie turtle (Emydura macquarii macquarii) to 

microhabitat patchiness in a south-eastern Australian lowland 

stream 
 

3.1 Introduction 

Stream systems are heterogeneous environments consisting of patches of varying structural 

and functional characteristics (Wiens, 2002).  This spatial variation in stream systems occurs 

at multiple scales, and can be viewed as being arranged within a nested hierarchy.  At the 

largest spatial scale, the system incorporates all surface waters within a catchment; within 

which are stream segments, reaches, pool/riffles and microhabitat subsystems such as snags 

and macrophyte beds, each representing a progressively finer resolution of detail (Frissell et 

al, 1986).   

 

The biota within stream systems also respond to habitat patchiness over a range of spatial 

scales within a hierarchical context (Crook, 2002).  For example, habitat selection by an animal 

may involve a process by which a general region such as a stream reach is first selected, 

followed by the establishment of a home range within a major habitat type (e.g. pool/riffle), 

and then the use of specific habitat components within the home range (Kramer et al, 1997).  

The scale at which an animal responds to patchiness depends on the size of the 'window' 

through which it perceives its environment, and is likely differ depending on factors such as 

body size and mobility  (Wiens, 2002). 

 

Amongst the freshwater turtles of Australia, studies of habitat use have typically been 

restricted to a coarse grain of resolution, with correlations between turtle abundance and 

physical attributes used to infer preferences at the landscape (Chessman, 1988b) or stream 

segment level (Bower, 2012).  However, numerous radiotelemetry studies examining habitat 

use of Australian fish species - particularly large percichthyids - have revealed that they 

respond to patchiness at a much finer scale (Crook et al, 2001; Growns et al, 2004; Koehn 

and Nicol, 2014; Nicol et al, 2007; Thiem et al, 2008).  These studies have identified that fish 

select microhabitats (defined as specific locations around telemetry points) that can be 

described by a range of structural parameters including instream cover, water depth, flow 

velocity and streambed substratum.  For example, Koehn and Nicol (2014) found that the 
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telemetry positions of trout cod (Maccullochella macquariensis) were associated with woody 

debris, deeper water and higher surface water velocities than random points in a section of 

the Murray River. 

 

Many streams within Australia have undergone dramatic homogenisation of habitat as a result 

of channel straightening, in-channel grazing, riparian vegetation removal and de-snagging in 

the two centuries following European invasion (Brooks et al, 2004; Brooks et al, 2006; Erskine 

and Webb, 2003).  This is considered to be a driving force behind the degradation of native 

fish populations, estimated to be at approximately 10% of their pre-European levels (Koehn 

and Lintermans, 2012).  In an attempt to recover native fish populations, restoration attempts 

have therefore often focused on the creation of patches of structural microhabitat.  For 

example, stream reaches are targeted for re-snagging where large woody debris have 

historically been removed, log revetment is undertaken to reconfigure channel morphology, 

aquatic vegetation is planted, and riparian areas are fenced from livestock and revegetated  

(Bond and Lake, 2003; Brooks et al, 2006; Brooks and Lake, 2007; Ye et al, 2006).  .   

 

The focus on creation of structural microhabitat patches is a common theme in the design of 

many stream restoration projects worldwide, driven by the ecological concept that species 

abundance is largely controlled by the heterogeneity of the local physical environment (Lepori 

et al, 2005).   In addition to this theoretical basis, the restoration of microhabitat patchiness is 

often a matter of practical convenience, as it does not involve addressing seemingly intractable 

forms of degradation across socio-political boundaries at the watershed scale, such as 

alteration of flow regimes caused by dam operations (Miller et al, 2010).  Such arbitrarily 

defined restoration projects will be of little benefit to stream fauna if species are not strongly 

influenced by patchiness at the microhabitat scale.   

 

The aim of this study was to determine whether the Macquarie turtle (Emydura macquarii 

macquarii) - a species currently experiencing significant declines (Chessman, 2011) - select 

microhabitat patches that can be described by a range of structural parameters including flow 

velocity, water depth, vegetation and woody debris cover within a lowland anabranch of the 

upper Murray River in south-eastern Australia.  This region is currently the focus of a stream 

rehabilitation project involving the replanting of native vegetation, fencing of riparian zones 

and log revetment (NSW Department of Primary Industries, 2014).   Determining the response 
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of E. m. macquarii to microhabitat patchiness will assist in understanding whether turtles are 

likely to benefit from such conservation interventions. 

 

3.2 Methods 

The study was conducted within Yellowbelly Creek, a small anabranch of the Murray River 

approximately 15 km downstream of Albury in south-eastern Australia.  Flows to Yellowbelly 

Creek are regulated by Hume Dam– the seventh largest water storage in Australia – which 

primarily supplies irrigation water for agriculture (Sherman et al, 2007).  Turtle capture and 

radiotracking occurred within a 2.5 km section of Yellowbelly Creek.  This section is 

approximately 15 to 30 m wide with a maximum depth of two metres and encompassed areas 

of dense reeds (Phragmites australis) and rushes (Juncus spp.), and stands of remnant 

eucalypt riparian vegetation.  Yellowbelly Creek was part of the New South Wales Office of 

Water’s River Murray 2010-2014 Works program, which aimed to rehabilitate riverbank along 

the Murray River and its anabranches between Hume Dam and Lake Mulwala, approximately 

200 km downstream (NSW Department of Primary Industries, 2014).  As part of this program, 

most of Yellowbelly Creek was fenced to protect riparian vegetation from livestock, invasive 

willow trees were removed and sites planted with local native species of trees, shrubs, and 

aquatic plants, and log revetments were installed where necessary to protect channel 

morphology.  

 

Six female E. m. macquarii (curved carapace range 30.1 - 32.1 cm) were caught using baited 

cathedral traps in Yellowbelly Creek on 15th January 2014.   A radiotag (Advanced Telemetry 

Systems, model R1850, weight 12 g) was fitted to the posterior carapace of each turtle using 

quick setting epoxy, and they were released at their point of capture.  They were subsequently 

relocated two to three times per week during daylight hours from January 22nd to March 7th 

2014 using a three element Yagi antenna attached to a Titley Australis receiver.  Throughout 

the duration of radiotracking, discharge volumes from Hume Dam were high as is typical 

during summer and early spring to meet peak irrigation demand, and consequently Yellowbelly 

Creek was experiencing peak flow velocity and water depths. 

 

Turtle locations were estimated by triangulation from the bank.  Although this technique 

introduces a degree of spatial error in locating an animal's position, it was considered 

preferable to the observer effects caused by entering the water and encroaching on the 
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radiotagged individual (Broadhurst and Ebner, 2007).  Based on relocation of hidden 

transmitters under field conditions before the study commenced, the accuracy of triangulated 

positions was estimated to be 4 m2.  Turtle locations were marked in situ with wooden stakes 

and their position was also recorded with a handheld GPS.   

 

Between the February 24th and March 15th 2014, habitat characteristics were measured 

retrospectively at each of the turtle locations.  Measurements were undertaken on days when 

Hume Dam discharge levels (as obtained daily from NSW WaterInfo data taken at the Doctors 

Point gauging station on the Murray River, approximately 10 km upstream of Yellowbelly 

Creek) were within 5% of that on radiotracking days, to ensure that flow and depth conditions 

were similar between sampling periods.  A 4 m2 quadrat was centred on the recorded turtle 

location, within which habitat variables were measured by wading or swimming.  The 

percentage of woody debris (defined as fallen timber greater than 5 cm in diameter), 

macrophyte cover and overhead cover were recorded.  The lateral position of the turtle 

location within the stream channel was estimated by dividing the channel width into thirds: 

quadrats in the two outer sections were categorised as 'near bank', and those in the centre 

section as 'midsteam'.  Water depth was measured using a marked stake, and flow velocity 

was taken at 15 cm below the water surface using a submersible probe (Flowmate 2000).  To 

account for potential variation within the 4 m2 quadrat, water depth and flow velocity were each 

averaged from three recordings: the midpoint of the 4 m2 quadrat and +/- 2 metres, lateral to 

the streambank.   

 

To assess habitat availability relative to use, these variables were also measured using the 

same methods outline above at paired random locations within Yellowbelly Creek.  The 

locations of these sites were selected by moving a predetermined distance longitudinally 

(along the streambank) and laterally (within the stream) from the recorded turtle location.  

Distances were determined by using a random number generator, with a 200 m limit imposed 

on longitudinal distances to ensure (based on turtle movement data also collected during this 

study) that randomly selected locations were reflective of available habitat.   

 

Backwards stepwise conditional logistic regression in SPSS® was used to develop a model 

discriminating between radiolocations where E. m. macquarii was present and those were it 

was absent, based on microhabitat characteristics.  As this was a 1:1 matched case-control 
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study examining fine scale habitat selection in which each observed location was associated 

with a specific random location drawn from within a limited spatial domain, the use of 

conditional logistic regression is advantageous because it keeps the paired presence/absence 

data together(Boyce, 2006; Compton et al, 2002; Duchesne et al, 2010).  Backward stepwise 

conditional logistic regression selected the most parsimonious model predicting patch 

occupancy by E. m. macquarii by assessing change in likelihood ratio and Akaike’s information 

criterion when variables were removed from the model.  The odds ratios and 95% confidence 

limits for the parameters in the most supported model were then calculated to facilitate 

interpretation.   

 

3.3 Results 

Microhabitat characteristics were measured at a total of 116 locations.  These comprised of 

20 paired radiolocations and random points for each E. m. macquarii individual, except for one 

turtle for which only 16 were measured due to its radiotag detaching before the study 

concluded.  Flow velocity ranged between 0 ms-1 and 0.51 ms-1 at turtle radiolocations; almost 

identical to the 0 ms-1 to 0.52 ms-1 at paired random points.  However, mean flow velocity at 

random points was 0.22 ms-1, almost double that of turtle radiolocations where flow velocity 

averaged 0.12 ms-1.  Mean percent coverage of woody debris and macrophytes was 4.2% and 

13.1% respectively at turtle radiolocations, compared to 0.5% and 1.4% at the random points.   

 

Backwards stepwise conditional logistic regression revealed that the most parsimonious 

microhabitat model consisted of three variables – flow velocity, % woody debris and % 

macrophytes (Table 3.1).  There was a negative, although not statistically significant 

relationship between flow velocity and E. m. macquarii patch occupancy (Table 3.2).  The 

model clearly indicated that E. m. macquarii preferred locations with more woody debris and 

macrophyte cover, with the odds ratios indicating a 68% and 29% increase respectively in the 

chance of a location being used by turtles for every percentage increase in each of these 

microhabitat characteristics.   
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Table 3.1: Backwards stepwise conditional logistic regression model of microhabitat characteristics 
associated with E. m. macquarii patch occupancy, based on change in -2 log likelihood and Akaike 

Information Criterion (AIC) values, with lower AIC’s indicating a more parsimonious model. 

Step Variables in the model -2 log likelihood AIC 

1 Depth, flow velocity, % woody debris, % macrophytes, 
presence overhead cover, channel position 

21.4 45.3 

2 Depth, flow velocity, % woody debris, % macrophytes, 
channel position 

21.4 43.3 

3 Depth, flow velocity, % woody debris, % macrophytes 21.7 41.3 

4 Flow velocity, % woody debris, % macrophytes 22.3 39.2 

 

 

Table 3.2: Parameter estimates (coefficients and standard error), odds ratios, and 95% confidence limits 
of the most parsimonious model explaining microhabitat characteristics of E. m. macquarii patch 

occupancy. 

      95% confidence limit 

Variable Estimate SE Wald x2 P value Odds Ratio Lower Upper 

Flow velocity - 8.92 4.762 3.516 0.061 <0.001 <0.001 1.498 

% Woody debris 0.51 0.219 5.570 0.018 1.680 1.092 2.584 

% Macrophytes 0.25 0.115 5.001 0.025 1.294 1.032 1.623 

 

3.4 Discussion 

E. m. macquarii were not randomly distributed, but rather selected habitat patches at the scale 

of metres which could be described by structural parameters.  The strongest of these 

microhabitat preferences was for patches of woody debris. Periphyton and filamenous algae 

comprise a large proportion of the diet of E. m. macquarii, and it is thought that these are 

grazed from submerged woody debris as they are often associated with wood and bark 

fragments in stomach samples (Chessman, 1986; Spencer et al, 1998).  Woody debris are 

also an important substrate for invertebrate colonisation (Collier and Halliday 2000; Hrodey et 

al, 2008), however E. m. macquarii is thought to feed predominately on the bottom of 

waterbodies for aquatic invertebrates or at the surface for trapped terrestrial insects (Spencer 

et al, 1998).   
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Woody debris are likely to be important as a basking substrate.  For example, Lindeman 

(1999) found that the density of map turtles (Graptemys spp.) was positively correlated with 

deadwood abundance in the United States, and attributed this to its function as a basking 

substrate.  Woody debris may have been particularly important for the turtles in this study 

since Yellowbelly Creek is affected by hypolimnetic water release from Hume Dam, and E. m. 

macquarii is known to engage in relatively frequent atmospheric basking throughout summer 

in an adjacent reach of the Murray River, possibly in an attempt to mitigate the effects of 

artificially depressed water temperatures (Chapter 5).  Woody debris – both emergent and 

submerged – can also function as flow velocity refuges for turtles in lotic environments.  In 

addition to its thermoregulatory benefits, atmospheric basking provides a means of resting out 

of the flow so that turtles do not need to constantly swim upstream to maintain connection to 

home ranges (Boyer, 1965), and sheltering within patches with submerged woody debris may 

allow turtles to dampen the physical force exerted by strong water currents.   

 

E. m. macquarii were negatively associated with patches of higher flow velocity in this 

microhabitat study.  In contrast, Chessman (1988b) studied habitat preferences of turtles 

across swamps, lagoons, anabranches and the mainstem of the Murray River throughout 

Victoria and New South Wales and concluded that E. m. macquarii was positively associated 

with flow velocity, due to its relatively high capture rate in lotic waterbodies.  This discrepancy 

between landscape and microhabitat preferences of E. m. macquarii illustrates the scale-

dependence of responses to habitat patchiness.  Habitat selection at one scale is not 

necessarily a good predictor of patterns at others (Compton et al, 2002; Luck, 2002; Orians 

and Wittenberger, 1991; Roth et al, 1996); thus demonstrating the importance of gathering 

information across a range of spatial scales in determining habitat use.    

 

The preference of E. m. macquarii for inhabiting lotic waterbodies at the landscape scale may 

be attributed to its relative intolerance to evaporative water loss (Chessman, 1984), making 

residency in desiccation-prone swamps and lagoons a potentially risky strategy.  However, 

within lotic waterbodies, avoiding the physical force exerted by stronger water currents is likely 

to be advantageous to E. m. macquarii, as it would reduce the metabolic costs associated with 

maintaining their position within the stream channel.  During flume experiments, Fitzroy River 

turtles (Rheodytes leukops) have been observed to decrease their surfacing frequency 

twentyfold as water velocity increased from 5 to 30 cms-1   to avoid current displacement while 

surfacing to breathe (Gordos et al, 2004).  Switching to aquatic gas exchange is hypothesised 

to be less metabolically costly than surfacing to air-breathe in faster-flowing water, however 
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unlike R. leukops which is capable of extracting oxygen from water via cloacal bursae, E. m. 

macquarii has a limited ability to acquire aquatic oxygen (Priest and Franklin, 2002), thus 

making inhabiting high flow velocity patches considerably more energetically demanding.   

 

The influence of macrophytes on E. m. macquarii patch occupancy may be related to the 

greater foraging opportunities these microhabitats provide.  Emydura macquarii  macquarii are 

omnivorous, and stomach samples taken from individuals inhabiting a lagoon in the upper 

Murray region indicate that turtles regularly consume plant matter in the form of seeds, leaves 

and shoots (Spencer et al, 1998).  As well as directly consuming macrophytes, given that 

maroinvertebrates also tend to be select microhabitat patches with vegetation cover (Boulton 

and Lloyd, 1991), turtles may be responding to greater invertebrate prey abundance and 

richness in these areas.   

 

The finding that E. m. macquarii respond to microhabitat patchiness may indicate that restoring 

structural habitat heterogeneity in stream systems which have been degraded through habitat 

simplification may be an effective conservation strategy for the species.  However, while a 

diversity of freshwater species have been shown to respond to structural microhabitat 

patchiness, monitoring of restoration projects which have attempted to enhance biodiversity 

through increased habitat heterogeneity has produced equivocal results.  While some studies 

have reported positive effects on species richness or abundance (Brooks et al, 2004; Miller et 

al, 2010; Roni et al, 2006; Roni et al, 2008), others have found negligible responses of 

biodiversity to restoration of stream habitat heterogeneity (Brooks et al, 2006; Lepori et al, 

2005; Palmer et al, 2009; Pretty et al, 2003).  One possible explanation for this failure is that 

while the scale of restoration projects may reflect the grain at which many freshwater fauna 

perceive and respond to habitat patchiness, they are inadequate in terms of their extent.  The 

vast majority of microhabitat restoration projects are confined to a single discrete stream reach 

tens to hundreds of metres long (Brooks and Lake, 2007; Brooks et al, 2006).  The magnitude 

of habitat simplification that has occurred often extends far beyond this scale however, and 

thus species with larger home ranges may spend only a limited portion of their time within the 

restored reach.  While in this study radiotagged E. m. macquarii movements were confined to 

an anabranch reach, a subsequent longer term radiotracking study revealed that turtles 

frequently have extensive home ranges that can encompass multiple anabranches, the river 

mainstem and lagoon habitats (Chapter 2).   
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Restoring structural microhabitat patchiness is also likely to be ineffective where it is 

implemented in locations without due consideration of factors other than habitat 

homogenisation that are likely to be impacting on freshwater fauna in the region.  Streams and 

their fauna are subject to a host of stressors such as invasive species, altered flow regimes 

from dam operations, and reduced water quality from agricultural runoff.  Even in the presence 

of such additional stressors - which typically affect entire catchments - projects focus on 

restoring habitat heterogeneity because it seems more tractable (Palmer et al, 2009).  

However, the response of freshwater fauna to microhabitat heterogeneity may be constrained 

or even overridden where other forms of large-scale degradation persist.  For example, Miller 

et al (2010) found that while restoration projects which increased habitat heterogeneity through 

additions such as boulders and large woody debris generally had a positive effect on 

macroinvertebrates, the strength and consistency of the response was related to land use.  

Restoration projects implemented in forested environments exhibited more consistent, 

positive macroinvertebrate density and richness responses than projects located in 

agricultural or urban areas, presumably because of a decreased likelihood of watershed-scale 

degradation. 

 

 

For E. m. macquarii, the profound impact of altered flow regimes caused by Hume Dam may 

override more subtle changes resulting from restoration of microhabitat patchiness.  Due to 

the operation of Hume Dam to meet agricultural and urban water demands, the downstream 

annual hydrograph is now the reversal of natural seasonal patterns (Reid and Brooks, 2000), 

and discharge variability has been reduced - with regimes typically switching between either 

near bankfull during the irrigation season and minimal levels for the remainder of the year 

(Thoms et al, 2000).  In addition, flow velocity has been increased (Whiterod, 2010), 

floodplains are isolated from the main stream channel for extended periods of time (Pressy, 

1990), and water temperatures have been reduced due to the release of water from the 

hypoliminion layer of the impoundment (Walker, 1980).   

 

 

The impact of these changes on E. m. macquarii has received little attention, however climate 

change and extremely high levels of predation by foxes have been implicated as major factors 

driving turtle declines in south-eastern Australia (Chessman, 2011), making it unlikely that 

current projects focused on riparian enhancement would benefit turtles while these large-scale 

problems persist.  Furthermore, while removal of woody debris has been clearly attributed as 

a causative factor in the decreased fish abundance in the MDB (NSW Department of Primary 

Industries, 2007; Ye et al, 2006), E. m. macquarii is described as a habitat generalist (Todd, 
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2013).  While it may preferentially use certain structural microhabitats where available, this 

does not necessarily indicate that lack of these attributes is a significant contributing factor in 

declines observed in this species.   

 

3.5 Conclusion 

The results presented in this chapter suggest that E. m. macquarii preferentially select certain 

structural microhabitat patches, and therefore restoration of habitat heterogeneity in stream 

systems which have been degraded by habitat simplification may be beneficial to their 

conservation.  Indeed, the types of microhabitat patches which turtles are associated with - 

woody debris and macrophytes - are those most frequently targeted in restoration projects.  

However, due to the small sample size and limited spatial scope of this study, further research 

is warranted to determine the possible effects of factors such as individual variability, sex, 

season and geographic location on microhabitat patch selection.   

 

 

Moreover, there needs to be a greater recognition of how the multitude of stressors present in 

stream systems will constrain biotic recovery.  Just as stream systems are now viewed as a 

series of sequentially nested functional levels in which the behaviour of any system level is 

constrained by the level above it (Poff and Ward, 1990), the process of restoration should be 

similarly conceptualised and implemented hierarchically.  Thus, hierarchical habitat restoration 

would involve addressing catchment-scale forms of degradation impacting turtles before 

restoring microhabitat patchiness.  In many stream systems throughout south-eastern 

Australia, where urban and agricultural development has been most intensive, hierarchical 

habitat restoration will mean that much more attention needs to be focused on addressing 

profound catchment-level forms of degradation that affect turtles before restoration of 

microhabitat patchiness should be considered.   
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CHAPTER 4 

Comparative activity patterns of Macquarie turtles (Emydura 

macquarii macquarii) inhabiting a floodplain lagoon and an 

anabranch affected by hypolimnetic water release 

 

4.1 Introduction 

The impoundment of surface waters is the most prevalent form of hydrological alteration 

worldwide, with over 45,000 large dams located throughout 140 countries (Tharme, 2003).  

Because water within large dams stratifies into distinct thermal bands, the release of cold 

water from the lower hypolimnetic layer can cause profound changes to downstream riverine 

thermal regimes.  While the nature of thermal alternation varies depending on factors such as 

the geomorphic and environmental setting of the dam and its mode of operation, in general 

terms the downstream thermal regime is modified such that water temperatures are lower in 

spring and summer, fluctuate less seasonally, and exhibit muted diurnal variation(Lowney, 

2000; Olden and Naiman, 2010) .  This temperature modification can last for several hundreds 

of kilometres downstream of dams.  Indeed, in the MDB of south-eastern Australia, where 

hypolimnetic water release for irrigation and town water supply is widespread, 14 of the largest 

dams contribute to over 2500 river kilometres affected by temperature depression (Whittington 

and Hillman, 1998).   

 

Numerous studies have documented a link between the artificially depressed spring and 

summer water temperatures characteristic of large dams in south-eastern Australia and 

adverse impacts on various aspects of fish biology, including reductions in growth, swimming 

performance, activity, spawning success and survivorship(Astles et al, 2003; Lyon et al, 2008; 

Sherman et al, 2007; Todd et al, 2005, Whiterod, 2010).  No previous studies have examined 

the effects of hypolimnetic water release on Australian freshwater turtles, despite the fact that 

as ectotherms they are likely to be highly sensitive to altered thermal regimes (Huey and 

Berrigan, 2001), and much of their annual active period during which feeding and growth take 

place in the MDB coincides with lower spring/summer temperature regimes (Chessman, 

1988a) imposed by large dams.  The effect of hypolimnetic water release on the activity 

patterns of freshwater turtles - in terms of the timing, frequency and magnitude of movement 

– is a key area of concern due to the biophysical constraints temperature places on activity, 

and the subsequent impact this has on energy acquisition (Rowe and Moll, 1991). 
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The annual activity cycles of temperate zone freshwater turtles are characterised by periods 

of activity and quiescence as a result of seasonal changes in water temperature, and are 

therefore highly susceptible to disruption from hypolimnetic water release.  For example, 

Ennen and Scott (2008) reported that the frequency and distance of movement in stripe-

necked musk turtles (Sternotherus minor peltifer) decreased with the changing of seasons 

from summer to winter in Tennessee.  In the Murray Valley of southern New South Wales and 

northern Victoria, Chessman (1988a) inferred the annual activity cycles of turtles from 

captures in baited traps and found that they were only caught during the warmer months of 

the year, however incidental observations of turtles swimming during winter indicated that 

although not feeding, they were capable of activity at much lower water temperatures.  

Research has also demonstrated that some species of freshwater turtle are capable of 

adapting to geographic variations in climatic regimes by modifying their annual activity cycle.  

For example, populations of the spotted turtle (Clemmys guttata) - a species with an aversion 

to high temperatures – reach a high level of activity much earlier in the year at southern 

latitudes than northern populations in North America (Lovich, 1988). 

 

Diel activity patterns in freshwater turtles may also be altered by hypolimnetic water release.  

Unlike most bird and mammal species, which can typically be defined as being diurnal, 

crepuscular or nocturnal, many species of freshwater turtles exhibit a diversity of diel activity 

patterns, partly as a result of the influence of temperature as an entraining agent for locomotor 

activity (Graham and Hutchison, 1979).  For example, laboratory experiments have shown 

that activity in the Blanding’s turtle (Emydoidea blandingii) tends to be unimodal with most 

movement occurring between 8 am and 5 pm at 15°C, whereas at 25°C E. blandingii has a 

bimodal activity pattern with post dawn and afternoon peaks – apparently an adaptive 

response that would result in activity being greatest at times when ambient temperature in the 

field might be most conducive to turtle activity (Graham, 1979).  Field studies conducted in 

North America have also reported changes in diel activity patterns attributed to temperature – 

for example the activity pattern of common musk turtles (Sternotherus odoratus) changes from 

crepuscular in summer to diurnal in winter (Mahmoud, 1960). 

 

The purpose of this study was to investigate the activity patterns of Macquarie turtles 

(Emydura macquarii macquarii) inhabiting an anabranch affected by hypolimnetic water 

release in the southern MDB during spring and summer when artificial temperature depression 
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is most severe.  Additionally, I sought to compare the activity patterns of E. m. macquarii 

inhabiting the anabranch with those in an adjacent floodplain lagoon to determine whether 

these habitats provide a thermal environment more conducive to turtle activity. I hypothesised 

that low spring and summer water temperatures in the anabranch would result in turtles 

displaying a lower frequency and magnitude of movement, compared to individuals inhabiting 

the warmer lagoon.  Furthermore, I predicted that the timing of diel activity would differ 

between the habitats, with uniformly low water temperatures in the anabranch promoting 

unimodal activity during the day, while in the lagoon turtles would exhibit bimodal crepuscular 

peaks.  The results of this study are discussed with regard to the general ecology of E. m. 

macquarii and the implications for management and conservation of freshwater turtles in the 

MDB.   

 

4.2 Methods 

The study was conducted within Yellowbelly Creek, a small anabranch (approximately 10 - 40 

m wide, four kilometres long, and with a maximum depth of two metres) of the Murray River 

near Albury in the southern MDB of south-eastern Australia.  Flows to Yellowbelly Creek are 

regulated by Hume Dam, which is fitted with two hypolimnetic off-takes through which all non-

spill discharge must pass, leading to reduced and delayed annual maximum water 

temperatures (Whiterod, 2010).  The operation of Hume Dam also influences downstream flow 

regimes such that they are seasonally reversed, with peak discharges previously experienced 

during late winter and spring now occurring throughout late spring, summer and early autumn 

when irrigation demand is high (Pressey, 1990).  A section of Yellowbelly Creek two kilometres 

in length was selected in which examine the activity patterns of turtles in an environment 

affected by hypolimnetic water release, and the adjacent Horseshoe Lagoon (1.5 m maximum 

depth, 0.8 km length) as the study site for the comparative cohort of E. m. macquarii. 

Five adult female E. m. macquarii (curved carapace length 27.6 cm – 30.2 cm) were captured 

in Horseshoe Lagoon in February 2014 using baited cathedral traps as part of a larger study 

into long-term movement patterns (Chapter 2).  A radiotag (model R1850, weight 12 g, 

Advanced Telemetry Solutions) was glued to the posterior carapace of each turtle using 

marine epoxy, and they were release at their site of capture.  In October 2014, initial attempts 

to capture E. m. macquarii in Yellowbelly Creek using baited cathedral traps were 

unsuccessful, probably due to low water temperatures inhibiting feeding activity.  Instead, an 

array of fyke nets covering the confluence of Yellowbelly Creek and the Murray River was 

deployed, with the intention of passively capturing turtles moving into the anabranch.  This 

resulted in the capture of five adult female E. m. macquarii (curved carapace length 27.9 cm 
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– 29.6 cm), to which radiotags were attached following the same methods as those outlined 

for Horseshoe Lagoon. 

 

Radiotracking was undertaken in Yellowbelly Creek and Horseshoe Lagoon over five days 

during spring (from 20th October to 10th of November) and five days during summer (28th 

December to 23rd of January).  It was not logistically feasible to radiotrack all 10 turtles across 

the two habitat types on the same day.  Instead, I radiotracked the five turtles in each habitat 

type on consecutive days when daily maximum air temperature was forecast to be within 2°C 

to ensure similar prevailing environmental conditions.   

 

Turtles were located every three hours between 4.30 am and 10.30 pm by triangulation from 

near the water’s edge with a Yagi antenna mounted on a 1.5 m pole and a Titley Australis 

receiver.  Although using triangulation results in a degree of spatial error in estimated turtle 

positions (determined to be up to four metres based on trials with hidden transmitters in the 

field), this was considered preferable to observer effects from approaching animals too closely.   

As turtles are particularly wary when basking out of the water, during daylight hours I scanned 

the area from which a turtles radiotag signal was emanating from a distance with binoculars 

before approaching.  On two occasions radiotagged turtles in Horseshoe Lagoon were 

observed through binoculars to be basking, and instead of approaching them, I noted the 

particular log it was basking on and obtained a position for it later in the day. 

 

To determine distances moved, I recorded a turtles position relative to pre-installed spatial 

reference points.  Prior to beginning radiotracking, at both Yellowbelly Creek and Horseshoe 

Lagoon, wooden markers were placed at 10 metre intervals along the waters edge, and 

anchored floats or wooden stakes at 10 metre intervals in open water areas.  Turtle movement 

was calculated as the distance between spatial reference points to the nearest metre.  

Because triangulated positions could only be determined to within an accuracy of four metres, 

any apparent movement less than five metres was disregarded.  At the end of each 

radiotracking day at 10.30 pm, I placed ten fyke nets in the habitat I was working at, to be 

checked at 4.30 am the following morning.  This was not aimed at capturing movement of 

radiotagged turtles, but rather to gain a general indication of nocturnal activity by E. m. 

macquarii.  Any captured E. m. macquarii were to be counted, weighed and measured (curved 

carapace length to the nearest millimetre). 
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Between the spring and summer tracking sessions, the radiotag of one of the turtles in 

Horseshoe Lagoon detached.  The radiotag was recovered, and affixed to another adult 

female E. m. macquarii (curved carapace length 26.2 cm) captured in Horseshoe Lagoon to 

allow the continuation of summer tracking with a sample size of five individuals.  Similarly, 

between the spring and summer tracking sessions, one of the turtles in Yellowbelly Creek 

emigrated to a nearby lagoon.  I recaptured it, removed its transmitter, and affixed it to another 

adult female E. m. macquarii (curved carapace length 27.6 cm) captured in Yellowbelly Creek.   

 

Generalized estimating equations were used to test whether water temperature predicted E. 

m. macquarii activity (1 = movement occurred; 0 = no movement) over the ten days of 

radiotracking in each habitat.  Generalized estimating equations are an extension of 

generalized linear models that account for the strong intra-individual temporal autocorrelation 

in the radiotracking data.  Mann-Whitney U- tests were used to investigate differences in mean 

total daily distance moved and mean daily range (defined as the distance between the two 

furthermost radiolocation fixes) among turtles in each habitat throughout spring and summer.  

Diel activity patterns data contained many observations in which no movement had occurred, 

and could not be transformed to meet normality assumptions of statistical tests.  Therefore, I 

relied on visual inspection of histogram plots of movement at three hourly intervals from 4.30 

am to 10.30 pm to make inferences about differences in turtle activity patterns between 

habitats.  All statistical analyses were carried out using SPSS®. 

 

4.3 Results 

In both Yellowbelly Creek and Horseshoe Lagoon, E. m. macquarii were often inactive, with 

the majority of radiolocation fixes revealing no movement (Figure 4.1).  Turtles were more 

frequently active in Horseshoe Lagoon than Yellowbelly Creek during spring, but there was 

very little difference in activity frequency between the two habitats during summer. The 

probability of E. m. macquarii activity was significantly related to mean daily water temperature 

(P < 0.0001) (Table 4.1).  Probability of activity increased with mean daily water temperature 

in both habitats, but at water temperatures greater than 19°C, turtles were more likely to be 

active in Yellowbelly Creek than Horseshoe Lagoon (Figure 4.2).  In Yellowbelly Creek, water 

temperatures of 16°C or less were associated with a very low probability of activity.  

Throughout the 10 days of radiotracking in Horseshoe Lagoon, water temperatures ranged 

from a minimum of 17.5°C in spring to a maximum of 30.5°C in summer.  In contrast, water 

temperatures in Yellowbelly Creek ranged from 14.5°C in spring to 22.5°C in summer.  
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Dataloggers in both habitats measuring water temperature every 90 minutes from 23/10/2014 

to 23/02/2015 confirmed that temperatures during the 10 radiotracking days were 

representative of broader seasonal trends (Figure 4.3).  Water temperatures in Horseshoe 

Lagoon were consistently higher than those in those in the Murray River, except for a short 

period in late January to early February 2015 when the weather was unseasonably cool and 

the shallow lagoon – more susceptible to the effects of air temperature than the river – 

experienced a sharp decrease in water temperatures.   

 

 

 

Figure 4.1: Percentage of radiolocation fixes where E. m. macquarii were inactive in Yellowbelly Creek 
and Horseshoe Lagoon, based on relocation of turtles every three hours between 4.30 am and 10.30 
pm during spring (n=5) and summer (n=5). 
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Table 4.1: Modelled relationship between the probability of E. m. macquarii activity occurring, and mean 
daily water temperature and habitat type as determined by generalised estimating equations.  Activity 
is defined as the presence or absence of movement based on relocation of turtles every three hours 
between 4.30 am and 10.30 pm during spring (n=5) and summer (n=5). 

              Type III statistics 

Parameter β 95% CI  df X2 P 

Mean daily water 
temperature 

-0.057 -0.153 – 0.039  1 12.9 < 0.0001 

 

Habitat (Yellowbelly 
Creek/Horseshoe Lagoon) 

 

2.961 

 

0.601 – 5.321 

  

1 

 

6.1 

 

0.014 

 

Mean water temperature * 
Habitat type 

 

-0.154 

 

-0.254 – 0.054 

  

1 

 

9.1 

 

0.003 

       

 

Figure 4.2: Modelled relationship between mean daily water temperature and the probability of E. m. 

macquarii activity occurring in Yellowbelly Creek, and Horseshoe Lagoon.  Activity is defined as 
the presence or absence of movement based on relocation of turtles every three hours between 4.30 
am and 10.30 pm during spring (n=5) and summer (n=5). 
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Figure 4.3: Water temperature measured at one metre depth every 90 minutes from 23/10/2014 to 

23/02/2015 in Yellowbelly Creek, and Horseshoe Lagoon.   

Despite being sedentary most of the time, E. m. macquarii were capable of extensive 

movement (Table 4.2 and 4.3).  Turtle behaviour generally consisted of extended periods of 

inactivity punctuated by discrete, directed movements between locations corresponding to a 

physical habitat feature such as a macrophyte bed or accumulation of woody debris.  Mean 

total daily distance moved (MTDDM) and mean daily range (MDR) was particularly high 

amongst turtles inhabiting Yellowbelly Creek during summer.  In contrast, during spring turtles 

in Yellowbelly Creek displayed very little movement and were confined to small daily ranges.    

 

Within each habitat, there was considerable variation in MTDDM and MDR between individual 

turtles during both spring and summer.  Individual turtles also displayed large variations in 

total daily distance moved and range between radiotracking days.  Nonetheless, clear and 

significant differences existed between the two habitats, with E. m. macquarii in Yelllowbelly 

Creek having a significantly lower MTDDM and MDR than those in Horseshoe Lagoon during 

spring (Mann-Whitney U-test: P < 0.0001 for MTDDM and P = 0.005 for MDR).  Conversely, 

during summer E. m. macquarii in Yelllowbelly Creek had a significantly higher MTDDM and 

MDR than those in Horseshoe Lagoon (Mann-Whitney U-test: P = 0.004 for MTDDM and P = 

0.001 for MDR). 
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Table 4.2:  Mean total daily distance moved (MTDDM) and mean daily range (MDR) of five E. m. 
macquarii over five days of radiotracking during spring in Yellowbelly Creek and Horseshoe Lagoon, 
with standard deviations in parenthesis.  Total daily distance moved refers the sum of all movements 
from three hourly radiolocation fixes between 4.30 am to 10.30 pm.  Daily range refers to the distance 
between the two furthermost radiolocation fixes. 

    Yellowbelly Creek          Horseshoe Lagoon 

Turtle MTDDM (m) MDR (m)  MTDDM (m) MDR (m) 

1 20 (18.7) 

 

18 (16.8)  133 (124.9) 106 (119.6) 

2 20 (30.1) 

 

16 (23.5) 

 

 116 (152) 96 (142.2) 

3 54 (73) 

 

46 (69.8) 

 

 221 (63.3) 121 (88.5) 

4 16 (23.8) 

 

12 (17.8) 

 

 195 (288.4) 

 

136 (251.1) 

5 23 (24.9) 

 

21 (21.3) 

 

 208 (274.7) 72 (87.7) 

 

Table 4.3:  Mean total daily distance moved (MTDDM) and mean daily range (MDR) of five E. m. 
macquarii over five days of radiotracking during summer in Yellowbelly Creek and Horseshoe Lagoon, 
with standard deviations in parenthesis.  Total daily distance moved refers the sum of all movements 
from three hourly radiolocation fixes between 4.30 am to 10.30 pm.  Daily range refers to the distance 
between the two furthermost radiolocation fixes. 

    Yellowbelly Creek          Horseshoe Lagoon 

Turtle MTDDM (m) MDR (m)  MTDDM (m) MDR (m) 

1 647 (421.3) 

 

521 (421.7) 

 

 73 (41.9) 

 

38 (21.9) 

 

2 374 (275.3) 

 

212 (165.2) 

 

 165 (109.8) 72 (51.8) 

 

3 499 (513.1) 

 

432 (485.9) 

 

 110 (111.5) 

 

53 (53.7) 

 

4 569 (514.7) 

 

510 (533.6) 

 

 186 (224.6) 

 

93 (100.5) 

 

5 638 (871.2) 

 

539 (671) 

 

 191 (126.8) 

 

86 (50.4) 
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The diel activity patterns of E. m. macquarii were diurnal or crepuscular.  Nocturnal activity by 

E. m. macquarii appeared to be absent, as trapping from 10.30 pm to 4.30 am during the study 

period failed to catch any E. m. macquarii in either Yellowbelly Creek or Horseshoe Lagoon.  

In Yellowbelly Creek, turtles exhibited unimodal diurnal activity during both spring and 

summer, although the timing of the activity peaks shifted from 1.30 pm – 4.30 pm in spring to 

7.30 am – 1.30 pm in summer (Figure 4.4).  Emydura macquarii macquarii in Horseshoe 

Lagoon were also diurnal with an activity peak between 7.30 am and 1.30 pm in spring, but 

crepuscular during summer.  The timing of activity peaks did not appear to be directly related 

to water temperature, which exhibited very little daily variation, except Horseshoe Lagoon in 

summer where there was an afternoon/evening peak (Figure 4.5). 

 

 

Figure 4.4: Mean distance moved by E. m. macquarii between each three hour radiolocation fix from 
4.30 am to 10.30 pm over five days in a. Yellowbelly Creek during spring, b. Horseshoe Lagoon during 
spring, c. Yellowbelly Creek during summer, d. Horseshoe Lagoon during summer. 
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             a.                                                                    b. 

  

             c.                                                                    d. 

  

Figure 4.5: Mean water temperature at one metre depth during five days of radiotracking in a. 
Yellowbelly Creek during spring, b. Horseshoe Lagoon during spring, c. Yellowbelly Creek during 
summer, d. Horseshoe Lagoon during summer. 
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which E. m. macquarii feeds, based on captures in baited traps.  This was reflective of the 

broader trend in Yellowbelly Creek, where from late October when my study commenced to 

late November, water temperatures were generally below the minimum at which E. m. 

macquarii feeds.  Therefore, the very low activity levels recorded in Yellowbelly Creek are 

probably due to turtles not moving to forage, and remaining sedentary more often to conserve 

energy during a time of little or no caloric intake.  Despite apparently not feeding, turtles in 

Yellowbelly Creek were not dormant.  Small-scale movements were not uncommon, and 

indeed turtles inhabiting Yellowbelly Creek would likely have emigrated there from surrounding 

aquatic habitats in early spring when it recommenced flowing, as the anabranch dries to a 

series of very shallow pools in late autumn (Chapter 2).   

 

Chessman (1988a) defined the annual activity cycle of E. m. macquarii in river, lake and 

floodplain habitats of the Murray Valley as commencing in October, although this largely 

reflects foraging levels as captures in baited traps were used as an index of activity.  This 

concurs with my results in Horseshoe Lagoon, where the relatively high and consistent daily 

movements during the October and November radiotracking days likely reflected feeding 

activity.  Water temperatures in Horseshoe Lagoon from late October to the end of spring were 

always conducive to feeding activity - never reaching below 16.5°C, and most often greater 

than 20°C.   

 

The impacts on individual fitness of a reduced activity season for E. m. macquarii in 

Yellowbelly Creek - during with feeding commences in late November or early December as 

opposed to October – are unclear.  The active seasons of freshwater turtle species can vary 

according to geographic latitude due to thermal constrains imposed by differences in water 

temperatures,    seemingly without any significant impacts on long term population viability.  

For example, common snapping turtles (Chelydra serpentina) are reportedly active from April 

to December in Ohio and February to December in Illinois, while at the northern limit of their 

range in Ontario they were only active from mid-May to mid-September (Obbard and Brooks, 

1981).  Obbard and Brooks (1981) hypothesised that C. serpentina in Ontario may bask out 

of water in their short summer active season to enhance the rate at which they can assimilate 

energy and store reserves to survive dormancy over the long northern winter.   
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In contrast, Ashton et al (2011) compared population parameters of western pond turtles 

(Actinemys marmorata) across a decade in a section of California’s Trinity River impacted by 

hypolimnetic water release with an unaffected reach, and found that hypolimnetic water 

appeared to have a negative impact on turtle growth rates.  A. marmorata subjected to 

hypolimnetic water release were significantly smaller at maturity, possibly because the cold 

water promoted earlier hibernation in these turtles.  Ashton et al (2011) hypothesised that the 

smaller body size of female A. marmorata may be negatively influencing long-term population 

viability by reducing the clutch and egg size of turtles.   

  

In summer, water temperatures of around 18°C to 22°C in Yellowbelly Creek still likely 

constituted a thermally challenging environment for E. m. macquarii.  Spencer et al (1998) 

found that consumption rates and rates of food passage in E. m. macquarii were significantly 

enhanced at water temperatures of 30°C compared to 20°C.  Chessman (1988a) found that 

capture rates of E. m. macqaurii in baited traps were highest at water temperatures of between 

25°C and 30°C, indicating that this is an optimal temperature range for feeding activity.  

Despite this, contrary to my initial hypothesis, in summer E. m. macquarii was much more 

active in Yellowbelly Creek than Horseshoe Lagoon – both in terms of total daily distance 

moved and daily range - occasionally moving in excess of one kilometre over the course of a 

day.   

 

Low ecological productivity in Yellowbelly Creek may account for the large distances moved 

by E. m. macquarii over summer, particularly if turtles were required to compensate for a 

shorter active season in which feeding and growth during spring were curtailed.  While lagoons 

are generally more productive than lotic waterbodies, depressed water temperatures 

associated with hypolimnetic water release would further reduce stream productivity in 

Yellowbelly Creek (Rutherford et al, 2009), exacerbating differences between the two habitats.  

The assumption that home range sizes scale negatively with landscape productivity is key to 

many models of spatial ecology (Bengsen et al, 2015).  In aquatic ecosystems, a meta-

analysis found that fish inhabiting rivers have smaller home ranges than conspecifics in lakes 

(Minns, 1995), presumable because rivers tend to have higher primary productivity than lakes 

(Carriere et al, 2009).  In North America, differences in habitat productivity between 

geographic latitudes has been hypothesised to account for turtle populations at northern 

latitudes having larger home range sizes and movement amplitudes than conspecific 

populations at more southerly latitudes (Arvisais et al, 2002).   
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It is also possible that differences in the size and structure of the two habitats played a key 

role in shaping patterns of space use by E. m. macquarii, and thereby the daily distances over 

which they ranged.  In landscape ecology, it has been well established that the spatial 

configuration of habitat types is an essential determinant of animal movement trajectories, with 

the arrangement of patches of resources in a heterogeneous landscape influencing the 

distance over which an animal must secure food and shelter (Bevanda et al, 2015).  Emydura 

macquarii macquarii are strongly allied to patches of macrophytes and woody debris as 

basking sites, refugia and foraging areas (Chapter 3), and since these were more widely 

dispersed in Yellowbelly Creek than Horseshoe Lagoon, turtles in the anabranch would likely 

need to transverse longer distances to meet their habitat requirements. While the influence of 

spatial characteristics of habitats on animal movement in aquatic ecosystems has received 

less attention, amongst freshwater turtles there are indications that it has a significant effect.  

For example, the mean total daily distance moved of midland painted turtles (Chrysemys picta 

marginata) inhabiting a marsh system in Michigan decreased from 102 m/day in 1999 to 39 

m/day in 2000, apparently because low precipitation during the latter year led to the marsh 

being smaller and prey items were concentrated (Rowe, 2003). 

 

The diel activity patterns of E. m. macquarii in this study did appear to conform to others which 

have shown a tendency for freshwater turtles to exhibit unimodal activity peaks in colder water 

and bimodal activity at higher water temperatures (Georges, 1982; Graham and Hutchison, 

1979; Graham, 1979; Mahmoud, 1969).  At mean water temperatures of 24.5°C to 28°C, E. 

m. macquarii exhibited dawn and dusk activity peaks, while at mean water temperatures of 

between 15.2°C and 21.2°C activity was unimodal.  However, my initial hypothesis that turtles 

in Yellowbelly Creek would exhibit unimodal activity patterns due to low water temperature 

while those in Horseshoe Lagoon would be bimodal due to high water temperatures was not 

met, partly it seems because the average water temperatures in each habitat were not as 

expected.  Water temperatures in Yellowbelly Creek during summer were very similar to those 

of Horseshoe Lagoon in spring. 

 

The large water temperature range over which unimodal activity occurred was also 

unexpected.  Chessman (1988a) determined that the diel activity of E. m. macquarii in the 

Murray Valley during spring, summer and autumn tended to be bimodal, with a clear activity 

peak near dawn and a second peak in the afternoon or evening, extending late into the night.  

It is likely that during spring and autumn, water temperatures in the Murray Valley would have 

been around the 19°C to 21°C range typical of Horseshoe Lagoon in spring and Yellowbelly 
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Creek during summer, when only a morning peak in activity was recorded with turtles being 

relatively sedentary throughout the rest of the day.  In some fish species which have also 

traditionally been considered to exhibit temperature dependent diel activity patterns, further 

studies have identified that frequently the situation is much more complex, with a variety of 

other abiotic and biotic variables also acting synergistically to shape activity patterns (Johnston 

et al, 2004).  Factors such as intraspecific and intraspecific competition, predation risk, 

foraging success as modulated by food availability and ease of detection, cloud cover, moon 

phase, water depth and velocity may contribute to temporal and spatial variation in diel activity 

patterns in fish (Blanchet et al, 2008; Reebs, 2002), and it is possible that these are also 

important determinants of freshwater turtle activity.   Moreover, the results of the current study 

should be interpreted with some caution, since the perception of diel activity patterns can be 

altered by sampling interval.  For example, Ryan et al (2008) noted that the appearance of 

variation in diel activity was lost as tracking interval increased, with a shift from hourly to six 

hourly tracking corresponding to a 49% and 55% reduction in estimated diel mobility and diel 

range respectively.   

 

4.5 Conclusion 

In Yellowbelly Creek, hypolimnetic water release from Hume Dam directly impacts E. m. 

macquarii by exceeding its temperature threshold for food consumption, and consequently 

reducing the duration of its active season. Even once the active season does commence, 

water temperatures rarely reach the optimum range for feeding.  Hypolimnetic water release 

may also produce indirect effects such as lowering stream productivity, which is detrimental 

to higher order consumers like E. m. macquarii. Fitness of individual turtles and overall 

population viability may ultimately be compromised by factors such as physiological stress 

during prolonged dormancy periods with depletion of lipid stores accumulated during a shorter 

active season, and reduced growth rates which result in adult females producing smaller 

clutches and expose juvenile turtles to an increased risk of size-dependent predation mortality. 

 

Temperature depression in a small anabranch like Yellowbelly Creek is probably less severe 

than occurs in the river mainstream or larger anabranches.  Water temperatures of less than 

15°C during the peak agricultural irrigation season of August to May are typical of the thermal 

regime of downstream of large dams in south-eastern Australia (Lyon et al, 2008).  Rutherford 

et al (2009) advocated that efforts to keep threshold spring and summer temperatures above 

approximately 17°C would greatly improve spawning, egg and larval survival and growth 
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opportunities for native fish downstream of large dams.  It is evident from this study that such 

an approach would also be beneficial for E. m. macquarii, and likely other freshwater turtles 

throughout the MDB which exhibit similar temperature-dependant activity patterns 

(Chessman, 1988a).  Furthermore, the conservation of floodplain habitats is important as they 

can function as thermal refuges from the effects of hypolimnetic water release, and E. m. 

macquarii commonly move between lagoon, anabranch and riverine habitats (Chapter 2). 
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CHAPTER 5 

Comparative thermal profiles of Macquarie turtles (Emydura 

macquarii macquarii) inhabiting a floodplain lagoon and a riverine 

environment affected by cold water pollution 

 

5.1 Introduction 

Body temperature is an integral component of the biology of all ectotherms, having an 

overwhelming influence on their ecological, behavioural and physiological processes (Huey, 

1982).  Ectotherms are bound to temperature as a governing factor in metabolic rate (Bennett 

and Dawson, 1976), food ingestion and digestion rates (Hammond et al, 1988; Spencer et al, 

1998), activity levels (Graham, 1979) and growth (Angilletta et al, 2004).  Consequently, many 

ectothermic species depend on behavioural adaptations to control heat exchange with their 

environment in such a way that body temperature remains within a range compatible with 

optimal biochemical and physiological functioning (Seebacher et al, 2003).  Amongst 

freshwater turtle species, the most common and widespread behaviour employed for 

thermoregulation is basking (Boyer, 1965).   

 

Differential investment in thermoregulatory effort has been observed in freshwater turtles 

according to temporal and spatial variations in the thermal quality of their environment.  For 

example, painted turtles (Chrysemys picta) inhabiting a lake in Canada bask more frequently 

early in their active season when temperatures are cool compared to warmer months 

(Edwards and Blouin-Demers, 2007).  In addition to broad temporal variations in 

thermoregulatory effort across seasons, freshwater turtles may also adjust the timing, 

frequency and duration of their basking activity in response to daily fluctuations in habitat 

thermal quality(Auth, 1975; Moll and Legler, 1971; Boyer, 1965; Spotila et al, 1984) .  Similarly, 

turtle basking behaviour may vary due to spatial variations in thermal habitat characteristics 

at both small and large scales.  Spotila et al (1984) found that C. picta inhabiting an 

impoundment artificially warmed by effluent from a nuclear production reactor exhibited less 

atmospheric basking than turtles in nearby unaffected waters, while Obbard and Brooks 

(1979) observed that atmospheric basking was frequent within a population of common 

snapping turtles (Chelydra serpentina) at the northern limit of their range in Canada but 

reportedly rare amongst conspecifics at warmer, more southerly latitudes.   
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Despite these behavioural adaptations, the ability of freshwater turtles to achieve and maintain 

optimal body temperatures is likely to be constrained by a number of factors.  As small to 

medium sized aquatic reptiles, the high thermal conductivity of water dictates that turtle body 

temperature will rapidly return to equilibrium with water once atmospheric basking has ceased 

(Fitzgerald and Nelson, 2011).  Thus, turtles would need to remain out of the water frequently 

for long periods of time to accrue significant thermoregulatory benefits, such that it would be 

difficult to balance thermal niche requirements with foraging, social interaction and predator 

avoidance (Manning and Grigg, 1997).  Aquatic basking, in which turtles exploit microhabitats 

within waterbodies that offer a more favourable temperature range – usually by floating near 

the surface of thermally stratified water - may also provide some thermoregulatory benefits 

(Picard et al, 2011), however this strategy is of limited usefulness in thermally homogenous 

environments such as fast flowing streams (Shen et al, 2013). 

 

These thermoregulatory constraints, coupled with the importance of body temperature as a 

key driver for nearly all ecological and physiological processes in ectotherms, mean that 

freshwater turtles are vulnerable to the impacts of cold water pollution from large, 

hypolimnetic- releasing dams.  Cold water pollution – whereby water is selectively withdrawn 

from below the thermocline of a large dam (i.e. the hypolimnetic layer) – is a common practice 

worldwide that results in the artificial depression of downstream temperatures during spring 

and summer (Olden and Naiman, 2010).  Numerous studies have documented a link between 

cold water pollution and adverse impacts on various aspects of fish biology, including reduced 

growth (Whiterod, 2010), activity (Astles et al, 2003) and survivorship (Todd et al, 2005).  

However, similar research on freshwater turtles is lacking.   

 

The purpose of this study was to investigate the thermal ecology of Macquarie turtles 

(Emydura macquarii macquarii) inhabiting the southern MDB region of south-eastern 

Australia.  I aimed to examine the range of temperatures experienced by E. m. macquarii living 

downstream of a hypolimnetic-releasing dam, and estimate how frequently they bask 

atmospherically.  Additionally, I sought to compare the thermal profiles of E. m. macquarii 

living below the dam with those in an adjacent floodplain lagoon.  I hypothesised that the 

riverine habitat would provide a less favourable aquatic thermal environment for E. m. 

macquarii, in which they would consequently bask more frequently to mitigate the impacts of 

cold water pollution.  This data will provide a foundation for understanding the potential 

impacts of cold water pollution on critical aspects of freshwater turtle biology, and identifying 
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conservation strategies which may be necessary to maintain population fitness in these 

environments.   

 

5.2 Methods 

The study was undertaken downstream of Hume Dam, located at the confluence of the Murray 

River and the Mitta Mitta River, near Albury in the southern MDB of south-eastern Australia.  

Hume Dam is the seventh largest water storage in Australia, with a reservoir capacity of 3038 

GL, and primarily supplies irrigation water for agriculture (Sherman et al, 2007).  The dam is 

fitted with two hypolimnetic off-takes through which all non-spill discharge must pass (hydro-

electricity plant at 23.3 m - 29.5 m and irrigation release valve at 30.6 m -34.4 m below full 

supply level) (Whiterod, 2010).  The release of hypolimnetic water from the reservoir leads to 

both reduced and delayed annual maximum temperatures, with these impacts  persisting for 

up to 200 km downstream of the dam (Walker, 1980).  A section of the Murray River 

approximately 8 km in length was chosen as the study site for the cohort of E. m. macquarii 

living below the hypolimnetic releasing dam (n=5), and the adjacent Swamp Lagoon (1.5 m 

maximum depth, 0.7 km length) as the study site for the comparative cohort of E. m. macquarii 

(n=5).   

 

Seven female E. m. macquarii (curved carapace range 30.7 cm - 31.4 cm; weight range 2.78 

kg - 3.63 kg) were captured in Swamp Lagoon using baited cathedral traps during February 

2014.  A temperature datalogger (Thermochron iButton, weight 3.12 g, Maxim Integrated) 

sealed with a black waterproof coating (Plasti Dip International) was glued to the posterior 

carapace of each turtle using marine epoxy.  Previous studies have demonstrated that turtle 

carapace temperature and internal body temperature are strongly to moderately 

correlated(Chen and Lue, 2008; Edwards and Blouin-Demers, 2007; Grayson and Dorcas, 

2004).  Grayson and Dorcas (2004) found that differences between carapace temperatures 

measured with externally attached dataloggers and cloacal temperatures were greatest during 

basking (mean datalogger reading 1.3°C warmer than cloacal temperature) and upon return 

to cooler water (mean datalogger readings 1.2°C lower than cloacal temperature).  Thus, 

although temperatures recorded in my study would differ from actual body temperature, 

especially during basking, I considered carapace measurements to be an adequate 

approximation for the purpose of this study.   
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Dataloggers were programmed to take a temperature reading (accurate to 0.5°C) every 90 

minutes from 1st of September 2014 to 28th February 2015.  Turtles were also fitted with a 

radiotag (model R1850, weight 12 g, Advanced Telemetry Solutions) to facilitate their 

recapture and recovery of dataloggers at the conclusion of the study.  Additionally, the 

radiotags allowed for monitoring of turtle movements two to three times per week to determine 

to what extent they remained within the study sites.  In April 2014 two of the E. m. macquarii 

captured and tagged in Swamp Lagoon emigrated to the adjacent Murray River, and were 

therefore allocated to the river cohort sample.  The further three female E. m. macquarii 

(curved carapace range 29.2 cm - 29.9 cm; weight range 2.19 kg - 2.96 kg) comprising the 

rest of the Murray River cohort were also not captured in the river itself, but in Horseshoe 

Lagoon (n=2) and a nearby anabranch Yellowbelly Creek (n=1) during February 2014, and 

emigrated to the river throughout March and April 2014.  These turtles had been captured and 

fitted with dataloggers and transmitters using the same methods outlined for turtles in Swamp 

Lagoon.  

 

I also attached the same model of dataloggers to wooden stakes with epoxy and deployed 

them in both the Murray River (n=2) and Swamp Lagoon (n=2) study sites to measure water 

temperature at 1 m depth, and air temperature at Yellowbelly Creek (n=1).  These dataloggers 

were programmed to take temperature recordings every 90 minutes from 1st of September 

2014 to 28th February 2015, simultaneously with the carapace mounted loggers.   

 

From March to June 2015, turtles were recaptured using baited cathedral traps, fyke nets and 

seine netting, and their dataloggers were removed and downloaded to examine their thermal 

profile throughout spring and summer.  To estimate atmospheric basking frequency, I 

compared each carapace temperature recording (Tc) with the concurrent mean water 

temperature (Tw) in the turtles habitat.  It was inferred that a turtle was atmospheric basking 

when Tc was greater than 5°C warmer than concurrent Tw.  This basking criterion was based 

on observations taken with a temperature probe throughout the study that there was a 

maximum difference of 5°C between the Tw recorded at one metre depth and other aquatic 

habitat available to turtles at each study site (e.g. warmer surface or shallow water), and 

therefore any Tc measurement 5°C or more warmer than Tw meant a turtle was out of the 

water. 
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Generalized estimating equations were used to test whether mean daily water temperature 

predicted the occurrence of an atmospheric basking event occurring each day (1 = basking 

event occurred; 0 = no basking event) from 1st September 2014 to 28th February 2015 in each 

habitat.  Generalized estimating equations are an extension of generalized linear models that 

account for the strong intra-individual temporal autocorrelation in the temperature data.  

Independent Samples t-tests were used to investigate the differences in mean number of 

atmospheric basking events by turtles in each habitat throughout spring and summer. 

 

5.3 Results 

Water temperatures (Tw) in Swamp Lagoon were consistently higher than those in the Murray 

River (Figure 5.1).  Mean Tw in the Murray River increased from 14.9°C in spring to 21.7°C in 

summer, and from 19.0°C to 24.5°C in Swamp Lagoon.  A minimum Tw of 10.5°C was recorded 

the Murray River in September, and the maximum Tw of 25.0°C occurred in February.  In 

Swamp Lagoon, a minimum Tw of 10.5°C also occurred during September, but the maximum 

Tw in January was 29.5°C.  Air temperature in the study area ranged from -1.5°C in September 

2014 to 48.5°C in January 2015.   

 

 

Figure 5.1: Water temperature measured at one metre depth every 90 minutes from September 2014 

to February 2015 in ( ) Murray River, and ( ) Swamp Lagoon.   
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A total of 28,960 temperature measurements were recorded by carapace mounted 

dataloggers (Tc) from E. m. macquarii.  In both habitats, temperature recordings from carapace 

mounted dataloggers (Tc) were generally equal to or greater than concurrent water 

temperatures.  In the Murray River, the difference between mean daily Tc and mean daily Tw 

was usually between 0°C to 1°C, while in Swamp Lagoon the difference was often larger, up 

to 3°C (Figure 5.2).  While this may indicate that turtles were aquatic basking by preferentially 

selecting warmer patches of water, it could also be due to habitat characteristics and the way 

in which Tw was measured.   

 

In Swamp Lagoon, which was frequently thermally stratified during warm weather, since Tw 

measurements were taken from near the deepest part of the lagoon, it could not be determined 

whether turtles were actively seeking warmer water to aquatic bask in, or if the higher Tc 

measurements were simply a reflection of a greater habitat availability of warmer shallow and 

surface waters.  In the Murray River, temperatures were quite uniform, except for some 

warmer still water patches along the riverbank.  These areas tended to have aquatic 

vegetation and woody debris, which are preferentially utilised by E. m. macquarii (Chapter 3), 

so it is possible turtles were selecting for these habitat characteristics rather than warmer 

water.   
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Figure 5.2: Difference between mean daily Tc and Tw of five E. m. macquarii in the Murray River (1 - 

5), and five E. m. macquarii in Swamp Lagoon (6 - 10) from September 2014 to February 2015. 
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Of the 28,960 temperature measurements recorded by carapace mounted dataloggers, only 

297 of these were greater than 5°C above concurrent water temperatures, indicating that 

turtles were atmospheric basking.  While this study provides an estimate of basking behaviour, 

the exact number of atmospheric basking events, and the temperatures experienced by E. m. 

macquarii during them, are likely to differ from those reported here, because internal body 

temperatures were inferred from carapace mounted dataloggers, and because turtles may 

have basked during periods not captured by the 90 minute sampling rate of the loggers, or 

may not have reached temperatures of at least 5°C above concurrent water temperatures 

while basking.   

 

Nonetheless, it seems that turtle temperature was dictated by water temperature the majority 

of the time.  Despite instances of atmospheric basking, the mean carapace temperature (Tc) 

of E. m. macquarii in the Murray River (18.2°C) and Swamp Lagoon (22.4°C) throughout the 

study period was only 0.14°C and 0.66°C higher than the mean Tw in each of these habitats 

respectively.  In the Murray River, it often appeared that following a basking event, the Tc of 

E. m. macquarii would rapidly return to equilibrium with Tw, indicating that the turtles are unable 

to retain heat gained from atmospheric basking (Figure 5.3).  This effect was less pronounced 

in Swamp Lagoon, but this may have been due to the greater variety of water temperatures 

available to E. m. macquarii in this habitat. 
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Figure 5.3: Carapace temperature ( ) and concurrent water temperature at one metre depth ( ) of 
one E. m. macquarii individual in Swamp Lagoon (a), and one E. m. macquarii individual in the Murray 

River (b).  Temperatures were recorded every 90 minutes from September 2014 to February 2015. 

 

The probability of atmospheric basking was significantly related to mean daily water 

temperature (P = 0.042) (Table 5.1).  However, the relationship between water temperature 

and atmospheric basking differed between habitat types (Figure 5.4).  In the Murray River, the 

probability of E. m. macquarii basking increased exponentially with mean daily water 

temperature, from near zero at 11.5°C to 30% at 24°C.  In contrast, likelihood of E. m. 

macquarii basking in Swamp Lagoon gradually decreased as water temperatures became 

warmer.   
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Table 5.1: Modelled relationship between the probability of E. m. macquarii atmospheric basking, and 
mean daily water temperature and habitat type as determined by generalised estimating equations.  
Atmospheric basking is defined as the presence or absence of at least one Tc 5°C or warmer than 
concurrent Tw each day from 1st September 2014 to 28th February 2015. 

       Type III statistics 

Parameter β 95% CI  df X2 P 

Mean daily water 
temperature 

0.230 0.175 – 0.285  1 4.2 0.042 

 

Habitat (Murray 
River/Swamp Lagoon) 

 

5.530 

 

4.323 – 6.738 

  

1 

 

8.1 

 

0.004 

 

Mean water temperature 
* Habitat type 

 

-0.259 

 

-0.326 – -0.192 

  

1 

 

7.7 

 

0.006 

 

 

Figure 5.4: Modelled relationship between mean daily water temperature and the probability of E. m. 

macquarii atmospheric basking in Murray River, and Swamp Lagoon.  Atmospheric basking is 
defined as the presence or absence of at least one Tc 5°C or warmer than concurrent Tw each day from 
1st September 2014 to 28th February 2015. 

 

Contrary to the initial hypothesis of this study, overall E. m. macquarii residing in Swamp 

Lagoon basked more than those in the Murray River (Table 5.2), however this difference was 

not significant (Table 5.3).  When separated by season, it was evident that E. m. macquarii 

did bask significantly more frequently in the Murray River than Swamp Lagoon in summer, 
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while in spring overwhelmingly the opposite occurred, with only nine basking events recorded 

in the Murray River compared to 135 in Swamp Lagoon.   

 

Table 5.2:  Number of atmospheric basking events by E. m. macquarii in Swamp Lagoon (n=5) and the 
Murray River (n=5) during spring and summer 2014/2015. 

                                     Habitat 

Season Swamp Lagoon Murray River 

Spring 135 9 

Summer 52 101 

TOTAL 187 110 

 

Table 5.3:  Mean number of atmospheric basking events by E. m. macquarii in Swamp Lagoon (n=5) 
and the Murray River (n=5) during spring and summer 2014/2015, with standard deviation in 
parenthesis. P-values were calculated using Independent Samples t-tests. 

                              Habitat     

Season Swamp Lagoon Murray River 95% CI  P 

Spring 0.24 (0.039) 0.03 (0.018) 0.17 - 0.26  <0.0001 

Summer 0.10 (0.051) 0.22 (0.078) -0.21 - -0.18  0.025 

TOTAL 0.17 (0.085) 0.12 (0.114) -0.04 – 0.14  0.278 

 

5.4 Discussion 

The very low proportion of atmospheric basking events detected amongst E. m. macquarii in 

this study indicates that turtle temperature was overwhelmingly dictated by water temperature 

most of the time.  The proportion of atmospheric basking events in this study was 

approximately three times higher than that reported by Manning and Grigg (1997) for the 

species in Queensland’s Albert River.  This may be partly attributed to differences in 

methodology, with Manning and Grigg (1997) implanting temperature sensitive radiotags into 

turtles to directly measure body temperature rather than relying on shell temperature as a 

proxy, or because 70% of their temperature measurements were obtained in winter, when 

basking by E. m. macquarii is rare (Chessman, 1987).  Geographic variation may also account 

for the observed difference in basking frequency, with the present study being conducted near 
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the southern limit of the range of E. m. macquarii, where substantially colder environmental 

temperatures could prompt turtles to make a greater investment in thermoregulation compared 

to more thermally benign northern latitudes. 

 

Most studies have reported that thermoregulation is the primary motivation for atmospheric 

basking in freshwater turtles (Auth, 1975; Obbard and Brooks, 1979; Schwarzkopf and Brooks, 

1985; Spotila et al, 1990), with other functions such as maintaining skin and shell condition 

through algal and ectoparasite removal (Boyer, 1965; Neill and Allen, 1954), and the 

promotion of vitamin D synthesis (Pritchard and Greenhood, 1968) generally considered to be 

of secondary importance.  However, as only 10 of the 3000 body temperature measurements 

taken were warmer than concurrent water temperatures, Manning and Grigg (1997) concluded 

that basking was not of thermoregulatory significance in the Albert River population of E. m. 

macquarii, and hypothesised that the thermoregulatory significance of atmospheric basking 

may have been overstated in other populations and species of freshwater turtles.  This may 

be because studies have largely relied on circumstantial behavioural data correlating basking 

activity with increases in environmental factors that augment heating, such as air temperature 

and solar radiation, rather than direct measurement of individual body temperature.  While the 

frequency of atmospheric basking events in my study was higher than that of E. m. macquarii 

in Albert River, they nonetheless represented a very low proportion of total Tc measurements.  

The thermoregulatory significance of relatively infrequent episodes of temperature elevation 

observed in this study cannot be discounted without further research; however it is clear that 

atmospheric basking offers limited opportunities for turtles to mitigate the effects of depressed 

water temperatures.   

 

The mean Tw throughout spring experienced by turtles inhabiting the Murray River was only 

14.9°C, below that of 16.3°C reported by Chessman (1988a) as the minimum at which E. m. 

macquarii were caught in baited traps in the Murray Valley region.  This likely means that E. 

m. macquarii in the Murray River were rarely consuming food during spring due to thermal 

constraints on digestion (Spencer et al, 1998), whereas spring water temperatures in Swamp 

Lagoon were generally favourable to food consumption.  Indeed, in a previous study of E. m. 

macquarii activity, I found turtles inhabiting Yellowbelly Creek – an anabranch of the Murray 

River also affected by cold water pollution – exhibited significantly less movement during 

spring than those in a nearby floodplain lagoon, presumably because they were rarely foraging 

(Chapter 4).   
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Although the low spring water temperatures in the Murray River clearly represented a 

thermally challenging environment for E. m. macquarii, turtles rarely appeared to behaviourally 

elevate their body temperatures by atmospheric basking.  With little or no caloric intake, it is 

advantageous for turtles in the Murray River to have low body temperatures - and hence a low 

metabolic rate – to minimise energy expenditures (Edwards and Blouin-Demers, 2007).  A 

similar phenomenon has been reported in Australian blacksnakes (Pseudechis porphyriacus), 

whereby during drought when prey is scarce, snakes maintain lower body temperatures to 

minimise their metabolic costs (Shine and Lambeck, 1990).  Brown et al (1994) also found 

that snapping turtles (Chelydra serpentina) in North America maintained cooler body 

temperatures in less productive habitats, and hypothesised that this was because individuals 

in habitats with poorer resources could not afford the metabolic cost associated with warmer 

temperatures.   

 

The relatively high intensity of atmospheric basking by E. m. macquarii in the lagoon during 

spring compared to summer is typical of many freshwater turtle species(Auth, 1975; Edwards 

and Blouin-Demers, 2007; Grason and Dorcas, 2004; Moll and Legler, 1971; Obbard and 

Brooks, 1979; Selman and Qualls, 2011; Shealy, 1976) .  The probability of basking by E. m. 

macquarii in Swamp Lagoon was particularly high in early spring, when mean daily water 

temperatures were low.  This may be because initial activity after cold weather dormancy is 

mostly spent basking, with feeding not occurring until later in spring when water temperatures 

are consistently above minimum feeding requirements (Ernst, 1971; Ernst, 1976).  In female 

turtles, frequent or prolonged atmospheric basking bouts during spring have been attributed 

to the energetic demands of egg production (Carriere et al, 2008), as increases in the body 

temperature of female turtles can accelerate the rate at which energy is allocated to follicular 

development(Ganzhom and Licht, 1983; Mendonca, 1987; Sarkar et al, 1996).   

 

In southern populations of E. m. macquarii, the majority of follicular enlargement occurs during 

spring, and development is arrested in the cold winter months (Chessman, 1978). It is 

therefore possible that the low temperatures experienced by turtles throughout spring in the 

Murray River may have curtailed or even arrested this process.  On Queensland’s Fraser 

Island, enlargement of follicles in Emydura macquarii krefftii continues unabated throughout 

winter despite low temperatures, apparently via the transfer of material from the fat stores to 

the ovaries (Georges, 1983).  Emydura macquarii  macquarii inhabiting the Murray River may 

a use similar strategy for egg production, although depletion of maternal fat stores would be 

costly in an environment that is already energetically challenging.  



69 

 

Water temperatures were also more favourable to E. m. macquarii in Swamp Lagoon than the 

Murray River during summer.  An ectotherms physiological performance increases with 

temperature to a peak level at an optimum body temperature, which is often close to the 

species preferred temperature, and above which performance declines(Angilletta, 2001; 

Blouin-Demers et al, 2003).  The preferred water temperature of E. m. macquarii in a 

laboratory thermal gradient has not been measured, however Spencer et al (1998) found they 

had a slower rate of digestion at 20°C compared to 30°C, indicating that the mean Tw of 24.5 

°C in Swamp Lagoon more closely approximated the preferred temperature of E. m. macquarii 

than the mean Tw of 21.7 °C in the Murray River.  The 3.38 °C higher Tc of E. m. macquarii in 

Swamp Lagoon would have significant implications for the rate at which these turtle 

assimilated energy by increasing their ability to harvest and process resources.  Given that 

the Q10 temperature coefficient predicts that the metabolic response of an organism doubles 

with each 10°C increase in temperature (Berman and Quinn, 1991), turtles in the lagoon could 

operate at a metabolic rate of approximately 34% higher.   

 

E. m. macquarii in Murray River did bask significantly more frequently than those in Horseshoe 

Lagoon during summer.  To compensate for their inability to forage as a result of low water 

temperatures throughout much of spring, turtles in the Murray River may have invested more 

in basking during summer.  Obbard and Brooks (1979) reported that common snapping turtles 

(Chelydra serpentina) commonly bask atmospherically in Ontario at the northern limit of their 

range – a behaviour which is rare in warmer southerly latitudes – to enhance the rate at which 

they could assimilate energy and store reserves during a very short active season which only 

lasts from mid-May to mid-September, compared to February to December in Illinois (Obbard 

and Brooks, 1981).   

 

Despite the fact that 101 atmospheric basking events were recorded among E. m. macquarii 

in the Murray River during summer, mean Tc was only 0.09°C higher than the average summer 

Tw in the river.  The negligible impact that a relatively high frequency of atmospheric basking 

events had on overall Tc of E. m. macquarii in the Murray River during summer may indicate 

that it was undertaken primarily for reasons other than thermoregulation. Other studies have 

hypothesised that atmospheric basking serves as a means of resting in swift rivers so that 

turtles do not need to constantly swim upstream to maintain connection to home ranges(Boyer, 
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1965; Selman and Qualls, 2011), and since flow discharge in the Murray River is greatest 

during summer this may partially account for the observed basking frequency.   

 

5.5 Conclusion 

The results presented in this chapter suggest that atmospheric basking does not provide E. 

m. macquarii with an effective means of mitigating the impact of cold water pollution, however 

a broader-ranging study with greater statistical power is required to confirm these findings.  

During spring, rather than attempting to behaviourally thermoregulate, E. m. macquarii in the 

Murray River maintained low body temperatures and hence low metabolic energy expenditure.  

Indeed, because turtle temperature rapidly reaches equilibrium with water temperatures once 

atmospheric basking ceases, E. m. macquarii in the Murray River would need to be out of the 

water very frequently for long durations throughout spring to maintain temperatures at which 

digestion could occur.  For a highly aquatic animal, this is unlikely to be compatible with other 

requirements such as foraging, social interaction and predator avoidance. 

 

E. m. macquarii in the Murray River did bask more frequently than those in Horseshoe Lagoon 

during summer, possibly in response to the colder water temperatures in the river.  However, 

the overall impact of atmospheric basking events on turtle temperatures was negligible, and 

the Tc of E. m. macquarii in the river were still substantially lower than those in the lagoon.  

Nevertheless, the thermoregulatory significance of short bouts of high body temperatures on 

processes such digestion cannot be discounted without further laboratory studies. 

 

Floodplain lagoons clearly provide higher quality thermal habitat for E. m. macquarii.  

Protection of these habitats to preserve their role as thermal refuges in regions affected by 

cold water pollution should be a priority conservation objective, particularly in light of the fact 

that cold water pollution and loss of floodplain wetlands often co-occur, due to the ability of 

large dams to cut-off water supply to wetlands by capturing the flood pulse and diverting it for 

consumptive use (Roe and Georges, 2009).  Dams in the MDB are capable of storing 103% 

of annual runoff and have 87% of divertible water extracted, and as  a result over 50% of 

floodplain wetlands on the most developed rivers may no longer flood at all (Kingsford, 2000).   
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Spencer (2000) found that E. m. macquarii population densities were very high in floodplain 

lagoons along the upper reach of the Murray River where cold water pollution is most severe, 

compared to the mainstream itself which is sparsely populated.  Thus, protection of wetlands 

is also important to prevent overcrowding in these already densely populated thermal refuges.  

However, because the study by Spencer (2000) was conducted in October using baited hoop 

traps, it may have underestimated the density of E. m. macquarii in the upper Murray River 

mainstream, as turtles may have been present but not feeding at that time (Chapter 4).  

Moreover, turtles regularly move between floodplain lagoons, anabranches, and the river 

mainstream (Chapter 2), indicating that all these habitats are important in fulfilling life history 

functions.  Therefore, in addition to wetland conservation, strategies to increase the 

temperature of dam water releases are also important to ensuring the long-term health of E. 

m. macquarii populations in areas affected by cold water pollution. 
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CHAPTER 6 

Synopsis 

“Because they are still living, turtles are commonplace objects to us; were they 
entirely extinct, their shells – the most remarkable defensive armour ever assumed 

by a tetrapod – would be a cause for wonder” – Alfred. S. Romer 

 

 

Whether by design or default, the management of ecosystems tends to be driven by concern 

for a handful of species.  In the freshwater ecosystems of the MDB, rather than being an 

explicit decision based on solid biological foundations, the focus of management priorities on 

native fish conservation and relative neglect of specific turtle interventions is largely an artefact 

of cultural bias and their distinctive life history characteristics serving to mask the extent of 

threat to their populations. There is currently insufficient knowledge of many aspects of the 

ecology of freshwater turtles and their responses to particular environmental conditions, which 

represents a major impediment to understanding the threats they face and how these might 

be mitigated.  My research was initiated to assist in addressing some of these knowledge 

gaps.   

 

In Chapter 2, I identified that movement patterns and home range use by E. m. macquariii was 

characterised by restricted movement within a small area for extended periods of time, 

interspersed by rapid relocations of these areas.  Movement by E. m. macquarii extends out 

onto the floodplain to encompass a variety of permanent and seasonally flooded wetlands and 

anabranches.  While further research is required to determine whether these movement and 

habitat use patterns apply to E. m. maqcuarii in other parts of its range, studies on two other 

turtle species of the MDB have also found that they make extensive use of wetlands(Bower, 

2012; Roe, 2007) .  Human-induced degradation – primarily in the form of water abstraction - 

has drastically altered the character and function of an estimated 90% of wetlands within the 

MDB (Beeton et al, 2006), and this has likely had a disproportionately large impact on 

freshwater turtles.  While on of the objectives of the National Fish Strategy is to rehabilitate 

and protect the natural functioning of wetlands and floodplains by providing overbank flooding 

(Murray-Darling Basin Commission, 2004), overbank floods nonetheless remain infrequent 

due to the ability to capture and divert flood pulses for consumptive use.  Furthermore, 

targeted environmental watering of off-channel wetlands is often problematic, requiring 

expensive infrastructure or logistically difficult temporary pumping strategies (Ellis et al, 2013). 
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Remaining wetlands in the MDB are also under threat from climate change induced drought, 

with climate models projecting reductions in flows of up to 69% throughout the region (Grafton 

et al, 2013).  Under such conditions, wetlands face high evaporative losses, but the delivery 

of water for environmental purposes during dry periods when there is reduced availability for 

industry and community is an emotionally charged and political issue (Meredith and Beesley, 

2009).   The recent Millennium Drought, during which much of south-eastern Australia 

experienced substantially reduced river flows, offers a stark insight into conditions which can 

be expected to prevail in the MDB due to climate change.  At the height of the drought from 

2007 to 2010 when water shortages were most severe, there was significant community 

resentment towards environmental watering programs, particularly amongst irrigated farming 

communities who perceived their livelihoods were being pitted against the environment, and 

this resulted in suboptimal implementation of programs which neglected important wetland 

habitats (Ellis et al, 2013).   

 

Chapter 2 also found that E. m .macquarii are capable of dispersing across multiple 

waterbodies annually.  Multiple bodies of water have similarly been identified as significant to 

the life histories of two of the three other freshwater turtle species of the MDB, with Chelodina 

expansa moving between riverine, lagoon and swamp habitat (Bower, 2012), while Chelodina 

longicollis maintain associations with several wetlands and have one of the highest rates of 

inter-patch movement of any vertebrate of invertebrate (Roe, 2007).  This adds an additional 

management challenge, in that a single wetland or creek is not a sufficient unit of 

management.  Appropriate management for turtles requires consideration of the 

metapopulation concept, whereby groups of populations inhabiting distinct waterbodies 

offering a variety of attributes are linked by dispersal, and the long-term viability of these 

populations requires the availability of these linked sets (Reese, 1996).  However, in an era of 

low and declining water availability, managers will only be able to deliver water to an 

increasingly narrow range of wetland types, decreasing waterbody heterogeneity and 

availability (Meredith and Beesley, 2009). 

 

Further research is required to determine the extent of longitudinal within-stream movement 

by E. m. macquarii, however the finding in Chapter 2 that some individuals appeared to 

navigate considerable distances of creek and river habitat suggests that weirs and dams may 

impede dispersal behaviour of freshwater turtles in much the same way as they do for fish. 

Bower (2012) also found that male Chelodina expansa moved up to 25 km upstream in the 

Murray River and used up to 86% of weir pool length.  Fragmentation of turtle populations by 
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impoundment structures reducing or blocking their movement will have long-term adverse 

consequences such as decreasing levels of gene flow and preventing locally depleted 

populations from being replenished via immigration from neighbouring areas (Hamann et al, 

2007).  While fishways are now widely used at water infrastructure in Australia to facilitate the 

upstream and downstream dispersal of fish, these do not permit turtle passage, and new 

‘turtleways’ or modified fishways need to be tested and implemented to ensure the long-term 

biological function of turtle populations (Hamann et al, 2007). 

 

In addition to neglecting the dispersal requirements of freshwater turtles, water infrastructure 

operations may also have a severe impact on turtle populations by causing direct mortality.  

While I did not study this phenomenon amongst the E. m. macquarii living below Hume Dam, 

studies in Queensland have shown that overtopping dam walls during flow releases and being 

buffeted around in turbulent waters in the immediate downstream pool causes high turtle 

mortality, particularly as dams and weirs attract aggregations of turtles that appear to find the 

infrastructure such as underwater concrete release chambers favourable microhabitat 

(Hamann et al, 2007).  Fish also experience mortality associated with being washed over 

spillways during overtopping flows(Brizga, 2006; Walker, 2008), however such incidents are 

generally not of conservation concern because management models for fish are based on 

relatively short life-spans and high annual recruitment (Brooks et al, 1991).  In contrast, the 

natural life history of freshwater turtles is one of high, stochastic juvenile recruitment balanced 

by a very long reproductive lifespan in which threats to adult survival are low (Galbraith and 

Brooks, 1987).  This suite of life-history traits is poorly adapted to increased adult mortality 

rates, because such species cannot replace adult losses quickly and are therefore especially 

susceptible to extirpation when these losses occur (Brooks et al, 1991).  It is therefore 

imperative to substantially reduce this source of mortality, by trialling and implementing 

strategies at water infrastructure such as gate systems that prevent turtles from aggregating 

in areas of high intermittent flow, the creation of microhabitat that attracts turtles away from 

areas of high velocity water releases, and designing controlled water release systems so that 

turtles are not projected against hard substrates (Hamann et al, 2007).   

 

Chapter 3 revealed that E. m. macquarii preferentially use microhabitat patches with certain 

structural characteristics; notably woody debris and macrophyte cover.  Nonetheless, it is 

questionable whether recent attempts to rehabilitate native fish populations in the MDB by the 

restoration of snag habitats and adjacent riparian vegetation communities that can continue 

to sustain woody debris inputs will enhance conservation outcomes of freshwater turtles.  The 
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removal of woody debris has been attributed as a causative factor in the decreased fish 

abundance in the MDB over the past 150 years, and is listed as a key threatening process 

under the Fisheries Management Act 1994 (NSW Department of Primary Industries, 2007; Ye 

et al, 2006).  In contrast, long-term declines in river flow and floodplain inundation due to 

climatic drying and water diversions, and severely depressed recruitment success due to fox 

predation, have been implicated as driving turtle declines in the MDB (Chessman, 2011).  

Chapter 3 highlighted that research suggest these large-scale factors will overwhelm small-

scale structural habitat improvements. 

 

Chapters 4 and 5 explored whether aspects of the ecology of E. m. macquarii are impacted 

by cold water pollution, a widespread consequence of large hypolimnetic releasing dams in 

the MDB known to affect many temperature-dependent functions in freshwater fish.  A key 

finding of Chapter 4 was that E. m. macquarii living in an environment affected by cold water 

pollution commenced activity later in spring than individuals inhabiting a warmer lagoon, but 

exhibited much greater movement throughout summer – perhaps as an attempt to 

compensate for reduced foraging opportunities imposed by an unusually short active season.  

Chapter 5 revealed that E. m. macquarii also modified their basking behaviour in an 

environment affected by cold water pollution.  Unlike fish which are largely absent in the vicinity 

of large impoundments due to the effects of artificial temperature depression (Whiterod, 2010), 

this behavioural plasticity in activity patterns, along with greater use of floodplain wetlands that 

function as thermal refuges, has enabled E. m. macquarii to persist in a region affected by 

cold water pollution to date.   

 

 

In addition to range shifts and behavioural plasticity, contemporary evolution – whereby 

observable evolutionary changes occur within decades – may also allow freshwater turtles to 

persist under altered thermal regimes.  Examining the response of aquatic fauna to effluent 

from the Savannah River Plant nuclear reactor in South Carolina, Gibbons and Sharitz (1974) 

found that bluegill (Lepomis macrochirus) from heated ponds had significantly higher critical 

thermal maxima than those from cooler habitats, presumably due to genetic selection for 

individuals with higher thermal tolerances.  High variability in thermal tolerance was also 

observed in bluegill inhabiting heated areas in the effluent vicinity, suggesting gene flow 

between these fish and other individuals from contiguous cooler portions of the lake.  This 

would suggest that selection of a gene set compatible with an aquatic environment artificially 

cooled by hypolimnetic water release could also occur within a short timeframe within turtle 

populations.   
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However, the potential for evolutionary rapid evolutionary change to mitigate a species 

declines or extinction in the face of anthropogenic change to their environment depends 

heavily on the interactions between genetic and demographic responses of populations to the 

changing selective pressures (Antonovics, 1976).  Most significantly for freshwater turtles, 

long generation times are a demographic parameter that will strongly constrain the rate of 

contemporary evolution.  Moreover, the propensity of turtles to undertake frequent dispersal 

movements as highlighted in Chapter 2 would hamper microevolution through antagonistic 

gene flow.  Gene flow inhibits adaption when traits that are locally adaptive are not favoured 

in the source population, effectively swamping local adaptions to the marginal habitat (Rice 

and Emery, 2003).  Theoretically, dispersal can even cause marginal populations to collapse, 

in a process called “migrational meltdown” (Ronce and Kirkpartick, 2001).  Dispersal from 

central populations into marginal environments results in a net flux of non-adapted genotypes 

repeatedly invading peripheral habitat, inhibiting the ability of genotypes adaptive in marginal 

habitats to rise in frequency.  With high gene flow and large fitness differences between central 

and peripheral populations, antagonistic gene flow can cause a marginal population to crash 

(Rice and Emery, 2003). 

 

 

Even where freshwater turtles persist in hypolimnetic affected environments, further research 

is needed to determine the potential long-term impacts on their populations.  If cold water 

pollution represents a chronic stress for turtles that reduces their fitness, developmental 

responses such as changes in age and size at maturity, and changes in clutch and egg size 

are likely responses - the demographic implications of which may only become apparent in 

decades to come (Ashton et al, 2011).  Even once a population has in some manner adapted 

to thermally altered habitat, the life history pattern of the species may consequently undergo 

drastic alterations which could ultimately result in selection acting upon qualities only indirectly 

associated with depressed temperatures.  For example, in heated effluent ponds from the 

Savannah River Plant nuclear reactor, larval amphibians had significantly increased 

developmental rates, metamorphosing frogs and toads were much smaller upon first leaving 

the water, and the normal breeding season was greatly extended in some frog species 

(Gibbons and Sharitz, 1974).  The potential overall consequences on the population fitness of 

such frog species is likely to be complex.  Successful selection for thermal tolerance must also 

be measured by the ability of frogs to survive in the terrestrial environment at smaller sizes 

and at seasons other than normal, with the associated challenges of greater susceptibility to 

predators, seasonal food shortages, and exposure to abnormally adverse weather conditions 
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(Gibbons and Sharitz, 1974).  Conversely, earlier metamorphosis could conceivably reduce 

exposure to aquatic predators and result in a younger age at maturity for the amphibians.   

 

 

Gibbons and Sharitz (1974) also found that yellow-bellied slider turtles (Pseudemys scripta) 

in aquatic environments affected by heated effluent had accelerated growth rates and attained 

larger body sizes compared to those in natural habitats.  As reproductive capacity is a function 

of turtle growth rate and size, individuals in the heated areas also had greater fecundity.  It 

therefore seems conceivable that the opposite trend would be observed in environments 

affected by hypolimnetic water release, and indeed Ashton et al (2011) reported that western 

pond turtles (Actinemys marmorata) inhabiting a dam regulated section of California’s Trinity 

River impacted by cold water pollution grew more slowly and were smaller at similar ages 

compared to those in a free-flowing section with a natural thermal regime.  Fewer females in 

the regulated section were gravid, and due to their smaller size, likely carried fewer eggs.  A 

demography study of the two populations also found that three decades after dam 

construction, there was a significantly reduced recruitment of young turtles into the regulated 

section of the Trinity River compared to the free-flowing section (Reese and Welsh, 1998). 

 

 

Restoration of a more natural thermal regime below hypolimnetic releasing dams – as has 

been advocated for native fish in the MDB – would mitigate these potential long-term 

demographic impacts on freshwater turtles.  Since the mid-1990’s, water resource managers 

assumed that retrofitting dams with multi-level outlet structures – considered to be 

unacceptably expensive for the benefits accorded - was the only feasible method of mitigating 

cold water pollution (Sherman, 2000).  More recently, several economically attractive 

engineering have emerged as potential solutions to reduce thermal stratification, including 

mechanical mixing of the water columns, use of trunnions, surface pumps, draft tube mixers, 

submerged curtains, and stilling basins (Sherman, 2000).  However, data on the effectiveness 

of such remediation techniques has rarely been collected, and most studies are based on 

modelling predicted changes.  Working in a section of New South Wales Shoalhaven River 

impounded by the Tallowa Dam, Miles and West (2010) were able to demonstrate that use of 

an aeration system significantly increased downstream temperatures and was correlated with 

an increase in the abundance and species richness of riverine fish assemblages.  Recovery 

of faunal populations affected by thermal pollution, where it occurs, may be slow however.  In 

studies of portions of the Savannah River system no longer receiving heated nuclear reactor 

effluents, five years after removal of the heat stress, the diversity and species structure of 
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plant and animal communities was returning to, but had not reached, that of its natural state 

(Gibbons and Sharitz, 1974).   

 

This thesis has demonstrated that freshwater turtles inhabiting the MDB experience numerous 

threats to their long-term population viability, and current conservation programs fail to 

address the main causes of their imperilment.  Greater attention and funding needs to be 

directed towards their unique circumstances.  With little perceived value economically or 

recreationally in a culture that has a strongly exploitative relationship with nature, freshwater 

turtles in the MDB would seem to have an inauspicious future.  However, the relatively recent 

surge of interest in amphibian conservation – touted as the “canaries in the coalmine” due to 

their sensitivity to environmental perturbations - challenges the precedent of community 

disinterest in herpetofauna (Reese, 1996).  Freshwater turtles represent an ideal subject for 

forging similar relationships, as unique indicator organisms due to their long life spans and 

historical resilience to dramatic environmental changes.   

 

The case of the critically endangered Bellinger River Snapping Turtle (Myuchelys georgesi) – 

and the local community interest the species plight has inspired – offers some hope as to how 

public support can be mustered to benefit the conservation and recovery efforts of turtles in 

the MDB.  Restricted to the Bellinger catchment in coastal north New South Wales, M. 

georgesi experienced a severe and rapid mortality event commencing in early 2015 

associated with a novel virus outbreak (Moloney et al, 2015).  While the future of M. georgesi 

remains unclear, the implementation of effective community engagement strategies has led to 

the local Bellingen people being actively involved in the turtles’ conservation through citizen 

science programs, fundraising festivals and crowd funding campaigns (Smith, 2016).  The 

programs generally use a model focused on the creation of hybrid scientific-local knowledge 

with the aim of better integrating knowledge from communities and researchers to promote 

more effective action (Reid et al, 2016).   

 

With forecasts of rising temperatures and greater climatic drying, the need to build similar 

relationships between freshwater turtles and local communities in the MDB becomes ever 

more pressing.  Amid increased conflicts over water resources, the environmental water 

allocations needed to secure turtle habitat will surely have many detractors, particularly if the 

survival of these species is perceived to be inconsequential.  The fundamental role of local 

participation and support for conservation initiatives to the success and sustainability of such 

programs is illustrated by the case of sea turtles in Pacific Mexico.  The abundance of all five 
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sea turtle species in the region has remained low despite a complete moratorium of the use 

of sea turtles, over three decades of widespread protection of nesting beaches, and monitoring 

of turtles at coastal foraging areas (Senko et al, 2010).  Sea turtle harvest remains a 

widespread issue in the region, prompting the recognition that community-focused initiatives 

that rely on participatory involvement from local citizens are essential to both offer substitute 

activities to exploitation, and promote positive attitudes to sea turtle conservation and thus 

voluntary compliance with Mexico’s existing environmental laws (Senko et al, 2010).   

 

Freshwater turtles of the MDB feature prominently in Aboriginal Dreaming (Ingram pers. 

comm.); stories transmitted across untold generations in which they are immanent ancestral 

beings that still resonate with the pulse of ancient people and events.  Along with the privilege 

of holding such a narrative comes the responsibility of an Aboriginal person to care for the 

animal or object of the Dreaming, yet in contemporary Australia fulfilling this obligation is 

fraught with difficulties, particularly as Aboriginal peoples are no longer the primary custodians 

of the natural world.  Perhaps – just as Aboriginal people are increasingly using new scientific 

methods to augment our traditional ways of caring for country, non-Aboriginal cultures can 

learn from these narratives how to fuse people and animals into a critical bond of mutual life-

giving. 

 

Probably the most familiar story involving turtles amongst non-Aboriginal cultures is that of 

Aesop, in which the slow but steady turtle wins the race against a hare.  The story is an apt 

metaphor for the image of a turtle slowly paddling through the water, plodding across a field, 

or patiently awaiting spring on the bottom of a cold river bed, never in a great hurry but 

eventually reaching its goal (Jackson, 2011). A contemporary – and sadly real - version of this 

fable would see the turtle in a race against a tide of anthropocentric change, and in this setting 

their slow and steady approach presents a major hindrance to winning the race.  The declines 

evident among turtles in the MDB signify that freshwater ecosystems - the lifeblood for both 

wildlife and humans alike – are stressed and starved of water to the point that even the fate 

one of nature’s most robust aquatic survivors is now uncertain.  Successfully communicating 

this to the broader public is an essential foundation towards paving the way to ensuring 

freshwater turtles remain commonplace, and need not become extinct in order to be a cause 

for wonder. 
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APPENDICES 
 

As this PhD thesis was written in manuscript style with each chapter designed to stand alone 

for publication, the connections between marked turtles used in each of the studies requires 

some explanation.  Many of the turtles radiotracked for the spatial ecology study in Chapter 2 

also formed part of the fieldwork for chapters 3, 4 and 5 (Appendix 1).  Moreover, as it was 

not appropriate to include maps illustrating the minimum convex polygon and kernel home 

range locations and movements of all turtles studied in Chapter 2, these are presented in here 

(Appendices 2 to 46). 

 

Appendix 1: 30 radiotracked turtles in Chapter 2 and their additional use in Chapter 3 (Turtle ID 
underlined), Chapter 4 (Turtle ID bolded) and Chapter 5 (Turtle ID in italics). M=male, F=female. 

Turtle ID Point of Capture Tracking Duration 

1 (F) Swamp Lagoon Mar 2014 - Apr 2015 

2 (F) Swamp Lagoon Mar 2014 - Mar 2015 

3 (F) Swamp Lagoon Mar 2014 – Mar 2015 

4 (F) Swamp Lagoon Mar 2014 – Mar 2015 

5 (F) Swamp Lagoon Mar 2014 – Mar 2015 

6 (F) Swamp Lagoon Mar 2014 – Mar 2015 

7 (F) Swamp Lagoon Mar 2014 – Dec 2014 

8 (F) Swamp Lagoon Mar 2014 – May 2015 

9 (F) Swamp Lagoon Mar 2014 – Feb 2015 

10 (F)* Horseshoe Lagoon Mar 2014 – Nov 2014 

11 (F) Horseshoe Lagoon Mar 2014 – Apr 2015 

12 (M) Horseshoe Lagoon Mar 2014 – Mar 2015 

13 (F) Horseshoe Lagoon Mar 2014 – Mar 2015 

14 (F) Horseshoe Lagoon Mar 2014 – Mar 2015 

15 (F) Horseshoe Lagoon Mar 2014 – Mar 2015 

16 (F) Horseshoe Lagoon Mar 2014 – Mar 2015 

17 (F) Horseshoe Lagoon Mar 2014 – Mar 2015 



106 

18 (M) Yellowbelly Creek Jan 2014 – Dec 2014 

19 (M) Yellowbelly Creek Jan 2014 – Dec 2014 

20 (F) Yellowbelly Creek Mar 2014 – Feb 2015 

21 (F) Yellowbelly Creek Jan 2014 – Jan 2015 

22 (F) Yellowbelly Creek Jan 2014 – Dec 2014 

23 (F) Yellowbelly Creek Mar 2014 – Feb 2015 

24 (F) Yellowbelly Creek Jan 2014 – Mar 2014 

25 (F) Yellowbelly Creek Jan 2014 – Oct 2014 

26 (F) Yellowbelly Creek Jan 2014 – Mar 2014 

27 (M) Yellowbelly Creek Mar 2014 – Feb 2015 

28 (F) Yellowbelly Creek Mar 2014 – Apr 2015 

29 (M) Dights Lagoon Jan 2014 –Dec 2014 

30 (F) Dights Lagoon Jan 2014 – Nov 2014 

*Radiotag detached from turtle 10 in late spring 2014 and subsequently a new individual in Horseshoe 
Lagoon was captured and fitted with the tag to continue fieldwork for Chapter 4 with the same sample 
size.   
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Appendix 2: Radiolocations, and total 95% Minimum Convex Polygon (MCP) and kernel home range estimates for “Turtle 2”. 
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Appendix 3: Radiolocations, and total 95% Minimum Convex Polygon (MCP) and kernel home range estimates for “Turtle 3”. 
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Appendix 4: Radiolocations, and total 95% Minimum Convex Polygon (MCP) and kernel home range estimates for “Turtle 4”.
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Appendix 5: Radiolocations, and total 95% Minimum Convex Polygon (MCP) and kernel home range estimates for “Turtle 5”. 
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Appendix 6: Radiolocations, and total 95% Minimum Convex Polygon (MCP) and kernel home range estimates for “Turtle 6”. 
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Appendix 7: Radiolocations, and total 95% Minimum Convex Polygon (MCP) and kernel home range estimates for “Turtle 7”. 
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Appendix 8: Radiolocations, and 95% Minimum Convex Polygons (MCP) and kernel estimates of three core activity areas used by “Turtle 7”. 
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Appendix 9: Radiolocations, and total 95% Minimum Convex Polygon (MCP) and kernel home range estimates for “Turtle 8”. 
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Appendix 10: Radiolocations, and 95% Minimum Convex Polygons (MCP) and kernel estimates of two core activity areas used by “Turtle 8”. 
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Appendix 11: Radiolocations, and total 95% Minimum Convex Polygon (MCP) and kernel home range estimates for “Turtle 9”. 
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Appendix 12: Radiolocations, and 95% Minimum Convex Polygons (MCP) and kernel estimates of two core activity areas used by “Turtle 9”. 
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Appendix 13: Radiolocations, and total 95% Minimum Convex Polygon (MCP) and kernel home range estimates for “Turtle 10”. 
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Appendix 14: Radiolocations, and total 95% Minimum Convex Polygon (MCP) and kernel home range estimates for “Turtle 11”. 
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Appendix 15: Radiolocations, and 95% Minimum Convex Polygons (MCP) and kernel estimates of three core activity areas used by “Turtle 11”. 
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Appendix 16: Radiolocations, and total 95% Minimum Convex Polygon (MCP) and kernel home range estimates for “Turtle 12”. 
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Appendix 17: Radiolocations, and 95% Minimum Convex Polygons (MCP) and kernel estimates of three core activity areas used by “Turtle 12”. 
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Appendix 18: Radiolocations, and total 95% Minimum Convex Polygon (MCP) and kernel home range estimates for “Turtle 13”. 
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Appendix 19: Radiolocations, and total 95% Minimum Convex Polygon (MCP) and kernel home range estimates for “Turtle 14”. 
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Appendix 20: Radiolocations, and total 95% Minimum Convex Polygon (MCP) and kernel home range estimates for “Turtle 15”. 
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Appendix 21: Radiolocations, and total 95% Minimum Convex Polygon (MCP) and kernel home range estimates for “Turtle 16”. 
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Appendix 22: Radiolocations, and total 95% Minimum Convex Polygon (MCP) and kernel home range estimates for “Turtle 17”. 
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Appendix 23: Radiolocations, and 95% Minimum Convex Polygons (MCP) and kernel estimates of two core activity areas used by “Turtle 17”. 
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Appendix 24: Radiolocations, and total 95% Minimum Convex Polygon (MCP) and kernel home range estimates for “Turtle 18”. 
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Appendix 25: Radiolocations, and 95% Minimum Convex Polygons (MCP) and kernel estimates of three core activity areas used by “Turtle 18”. 
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Appendix 26: Radiolocations, and total 95% Minimum Convex Polygon (MCP) and kernel home range estimates for “Turtle 19”. 
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Appendix 27: Radiolocations, and 95% Minimum Convex Polygons (MCP) and kernel estimates of four core activity areas used by “Turtle 19”. 
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Appendix 28: Radiolocations, and total 95% Minimum Convex Polygon (MCP) and kernel home range estimates for “Turtle 20”. 



134 

 

Appendix 29: Radiolocations, and 95% Minimum Convex Polygons (MCP) and kernel estimates of two core activity areas used by “Turtle 20”. 
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Appendix 30: Radiolocations, and total 95% Minimum Convex Polygon (MCP) and kernel home range estimates for “Turtle 21”. 



136 

 

Appendix 31: Radiolocations, and 95% Minimum Convex Polygons (MCP) and kernel estimates of four core activity areas used by “Turtle 21”. 
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Appendix 32: Radiolocations, and total 95% Minimum Convex Polygon (MCP) and kernel home range estimates for “Turtle 22”. 
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Appendix 33: Radiolocations, and 95% Minimum Convex Polygons (MCP) and kernel estimates of three core activity areas used by “Turtle 22”. 
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Appendix 34: Radiolocations, and total 95% Minimum Convex Polygon (MCP) and kernel home range estimates for “Turtle 23”. 
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Appendix 35: Radiolocations, and 95% Minimum Convex Polygons (MCP) and kernel estimates of two core activity areas used by “Turtle 23”. 
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Appendix 36: Radiolocations, and total 95% Minimum Convex Polygon (MCP) and kernel home range estimates for “Turtle 24”. 
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Appendix 37: Radiolocations, and total 95% Minimum Convex Polygon (MCP) and kernel home range estimates for “Turtle 25”. 
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Appendix 38: Radiolocations, and 95% Minimum Convex Polygons (MCP) and kernel estimates of two core activity areas used by “Turtle 25”. 
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Appendix 39: Radiolocations, and total 95% Minimum Convex Polygon (MCP) and kernel home range estimates for “Turtle 26”. 
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Appendix 39: Radiolocations, and total 95% Minimum Convex Polygon (MCP) and kernel home range estimates for “Turtle 27”. 
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Appendix 40: Radiolocations, and 95% Minimum Convex Polygons (MCP) and kernel estimates of two core activity areas used by “Turtle 27”. 
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Appendix 41: Radiolocations, and total 95% Minimum Convex Polygon (MCP) and kernel home range estimates for “Turtle 28”. 
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Appendix 42: Radiolocations, and 95% Minimum Convex Polygons (MCP) and kernel estimates of two core activity areas used by “Turtle 28”. 
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Appendix 43: Radiolocations, and total 95% Minimum Convex Polygon (MCP) and kernel home range estimates for “Turtle 29”. 
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Appendix 44: Radiolocations, and 95% Minimum Convex Polygons (MCP) and kernel estimates of four core activity areas used by “Turtle 29”. 
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Appendix 45: Radiolocations, and total 95% Minimum Convex Polygon (MCP) and kernel home range estimates for “Turtle 30”. 
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Appendix 46: Radiolocations, and 95% Minimum Convex Polygons (MCP) and kernel estimates of two core activity areas used by “Turtle 30”. 

 


