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ABSTRACT
The extinction of freshwater fish species poses a threat to the health of freshwater ecosystems
and must be prevented. Habitat loss is largely responsible for the decline of many of Australia’s
freshwater fish species, resulting in small and often isolated populations that are vulnerable to
stochastic processes. Macquarie perch, Macquaria australasica (Percichthyidae), is one such
species, and is now listed nationally as endangered. Cotter Reservoir in the Australian Capital
Territory (ACT) is home to one of the last self-sustaining populations of Macquarie perch. The
success of the Macquarie perch population at Cotter Reservoir has been largely attributed to the
abundance of structural habitat around the perimeter of the reservoir, which established primarily
in response to long-term stable water levels. This habitat is thought to mitigate predation by
cormorants which are known to prey on adult Macquarie perch, a vulnerable component of the
population. However, habitat availability in the reservoir will soon change when it is enlarged
from 4 to 78 GL and regularly drawn down for water supply. It was the aim of this thesis to
guide effective conservation measures to protect Macquarie perch from cormorant
predation in the enlarged Cotter Reservoir by:
1. Determining spatial and temporal trends in cormorant predation risk to Macquarie
perch in Cotter Reservoir.
2. Investigate trends in the spatial ecology and habitat use of Macquarie perch over the
course of a year to develop an understanding of refuge and spatial requirements.
Predator abundance, predator-prey overlap, prey behaviour and habitat characteristics,
were considered key parameters for achieving the objectives of this thesis. Adult
Macquarie perch were radio-tracked at Cotter Reservoir every two weeks from April 2008
to June 2009. During this period a 2 m drawdown occurred for one month in each season to
mimic structural habitat availability in the enlarged reservoir. Cormorants were counted
from February 2008 to June 2009 and their activity and location within the reservoir were
recorded. Habitat was mapped using aerial photographs taken during a 5 m drawdown.
Macquarie perch, cormorant and habitat data was analysed in ArcGIS to investigate spatial
and temporal relationships.
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Predation risk to Macquarie perch was greatest in the shallow upstream section of Cotter
Reservoir during spring and summer, when predator-prey overlap and predator
abundance were highest. This corresponded with a shift by the Macquarie perch
population into the upstream section of the reservoir during its spawning period. A decline
in predator-prey overlap at the fish microhabitat scale suggests that the use of structural
habitat by adult Macquarie perch in the current reservoir mitigates predation. A 2 m
drawdown resulted in the loss of all emergent macrophytes and 55% of structural woody
habitat. During drawdown fish did not aggregate in remaining structures or increase their
use of depth as refuge, resulting in increased vulnerability to predation. The addition of
constructed habitats in the upstream section of the enlarged reservoir is essential to ensure
that Macquarie perch are able to make a spawning run into the river and access upstream
foraging habitat without increased risk of cormorant predation.
Adult Macquarie perch established larger home-ranges than previously reported for
percichthyids in rivers and demonstrated a spatial awareness of Cotter Reservoir. The
population distribution shifted temporally, with upstream shifts in spring and summer and
downstream shifts in response to drawdown. Smaller fish inhabited deeper habitats
(>15 m) while larger fish inhabited shallower habitats (<15 m), potentially in response to a
trade-off between avian predation risk and food availability. This information contributes
significantly to understanding the resource requirements of Macquarie perch and provides
valuable baseline data for investigating the effects of reservoir enlargement.
The present thesis provides a valuable approach for developing an understanding of
predator-prey interactions, particularly when dealing with small populations in the field.
Investigation of predator-prey overlap allowed the identification of when and where
predation risk is greatest, which cannot be obtained from conventional consumption
estimates. Information about spatial and temporal trends in predation risk is critical for
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implementing effective conservation measures to protect small prey populations
threatened by predation.

x

TABLE OF CONTENTS
Chapter 1:
1.1

General introduction: the need for conservation of freshwater fish ........... 1

Background..................................................................................................................2

1.1.1

Conservation biology ...........................................................................................2

1.1.2

The decline of freshwater fish..............................................................................4

1.1.3

Macquarie perch and the Cotter Reservoir..........................................................7

1.2

Thesis aims ................................................................................................................ 10

1.3

Thesis structure anD specific research questions .................................................... 10

Chapter 2:

Literature review: Predation risk ............................................................... 13

2.1

Investigating predator-prey interactions ................................................................. 14

2.2

Parameters for investigating trends in predation risk ............................................. 16

2.2.1

Predator-prey spatial overlap ............................................................................ 16

2.2.2

Predator abundance ........................................................................................... 18

2.2.3

Prey behaviour ................................................................................................... 19

2.2.4

Habitat characteristics ....................................................................................... 21

2.3

Decision framework for assessing predation risk ......................................................... 22

Chapter 3:

Knowing the enemy: understanding trends in predator abundance and

predator-prey overlap for assessing predation risk to threatened fish populations. ....... 26
3.1

Introduction............................................................................................................... 27

3.2

Methods ..................................................................................................................... 30

3.2.1

Study area ........................................................................................................... 30

3.2.2

Study species ...................................................................................................... 33

3.2.3

Cormorant observations .................................................................................... 34

3.2.4

Predator-prey distribution overlap ................................................................... 35

3.3

Results ....................................................................................................................... 38

3.3.1

Predator abundance ........................................................................................... 38

3.3.2

Predator-prey overlap........................................................................................ 39

3.4

Discussion .................................................................................................................. 51

3.4.1

Predator abundance ........................................................................................... 51

xi

3.4.2

Overlap of predator-prey distribution............................................................... 54

3.4.3

Conclusion .......................................................................................................... 56

Chapter 4:

Diurnal habitat of an endangered fish species in an upland reservoir ...... 57

4.1

Introduction............................................................................................................... 58

4.2

Methods ..................................................................................................................... 60

4.2.1

Study site ............................................................................................................ 60

4.2.2

Habitat mapping ................................................................................................. 61

4.2.3

Radio-telemetry.................................................................................................. 61

4.2.4

Analysis............................................................................................................... 62

4.3

Results ....................................................................................................................... 65

4.3.1

Habitat availability ............................................................................................. 65

4.3.2

Habitat preferences and body size..................................................................... 65

4.3.1

Drawdown effects on habitat selection ............................................................. 66

4.3.1

Habitat selection and spatial scale ..................................................................... 67

4.3.2

Seasonal changes in habitat selection ................................................................ 67

4.4

Discussion................................................................................................................... 80

4.4.1

Habitat preferences and body size..................................................................... 80

4.4.2

Drawdown effects on habitat selection ............................................................. 81

4.4.3

Habitat selection and spatial scale ..................................................................... 83

4.4.4

Seasonal changes in habitat selection ................................................................ 85

4.4.5

Conclusion .......................................................................................................... 86

Chapter 5:

Home-range behaviour and population distribution of an endangered fish

species in an upland reservoir ............................................................................................ 88
5.1

Introduction............................................................................................................... 89

5.2

Materials and methods ................................................................................................ 92

5.2.1

Study area ........................................................................................................... 92

5.2.2

Radio-tracking .................................................................................................... 92

5.2.1

Data analysis ....................................................................................................... 93

5.3

Results ....................................................................................................................... 97

xii

5.3.1

Home-range behaviour ...................................................................................... 97

5.3.2

Distribution ........................................................................................................ 98

5.4

Discussion................................................................................................................. 108

5.4.1

Home-range behaviour .................................................................................... 108

5.4.2

Population distribution .................................................................................... 111

5.4.3

Conclusion ........................................................................................................ 114

Chapter 6:

Synopsis: Summary and implications ...................................................... 116

6.1

Summary.................................................................................................................. 117

6.2

conservation of Macquarie perch in Cotter Reservoir ........................................... 118

6.3

Reality of estimating predator-prey interactions ........................................................ 119

6.4

The significance of spatial and temporal overlap of predator and prey in assessing

predation risk ...................................................................................................................... 120
6.5

The significance of the current study for small populations ....................................... 123

6.6

Conclusion ............................................................................................................... 123

References

............................................................................................................................125

Appendix 1

............................................................................................................................159

xiii

LIST OF FIGURES
FIG. 2.1 Schematics showing a) the complexity of factors that affect predator-prey interactions, b)
common parameters used for making consumptive estimates of predator-prey interactions, c)
common parameters used for making non-consumptive estimates of predator-prey interactions
and d) parameters selected for estimating predation risk in the current study. ............................ 23
FIG. 2.2 A framework for assessing predation risk to threatened prey populations. .............................. 24
FIG. 2.3 An assessment of predation risk to Macquarie perch by cormorants at Cotter Reservoir based
on current knowledge. This assessment identifies that there is not yet sufficient information to
determine the level of predation risk. .................................................................................................. 25
FIG. 3.1 Location of study sites, Cotter Reservoir and Lake Burley Griffin, in the Australian Capital
Territory. .................................................................................................................................................. 32
FIG. 3.2 Location of vantage points where cormorant observations were made at Cotter Reservoir. ... 37
FIG. 3.3 Mean seasonal abundance (± S.E.) of ( ) Great cormorants, ( ) Little pied cormorants and
( ) Little black cormorants at a) Cotter Reservoir and b) Lake Burley Griffin. .............................. 41
FIG. 3.4 Mean monthly Great cormorant abundance ( ) (± S.E.) at Cotter Reservoir. Each months
deviation from average rainfall ( ) is plotted to show any relationship between cormorant
abundance and rainfall conditions. ....................................................................................................... 43
FIG. 3.5 Mean monthly Little pied cormorant abundance ( ) (± S.E.) and Little black cormorant
abundance ( ) (± S.E.) at Cotter Reservoir. Each months deviation from average rainfall ( ) is
plotted to show any relationship between cormorant abundance and rainfall conditions. .......... 43
FIG. 3.6 Monthly Great cormorant abundance ( ) at Lake Burley Griffin 1989–1993. Each months
deviation from average rainfall ( ) is plotted to show any relationship between cormorant
abundance and rainfall conditions. Data provided by ACT Parks and Conservation Service
(Rutzou and Lintermans unpubl. data). ................................................................................................ 44
FIG. 3.7 Monthly Little pied cormorant abundance ( ) and Little black cormorant abundance ( ) at
Lake Burley Griffin 1989–1993. Each months deviation from average rainfall ( ) is plotted to
show any relationship between cormorant abundance and rainfall conditions. Data provided by
ACT Parks and Conservation Service (Rutzou and Lintermans unpubl. data). ................................ 45
FIG. 3.8 Foraging areas of a) all cormorant species (Great, Little pied and Little black) and b) Great
cormorants only at Cotter Reservoir estimated using 50% ( ), 70% ( ) and 95% ( ) kernel
distributions and c) depth profile of Cotter Reservoir showing <5 m ( ), 5–10 m ( ) and >10 m
( ). ............................................................................................................................................................ 46
FIG. 3.9 Overlap between foraging locations of all cormorant species (Great, Little pied and Little
black) estimated using 50% ( ), 70% ( ) and 95% ( ) kernel distributions with adult

xiv

Macquarie perch locations ( ) in a) spring, b) summer, c) autumn and d) winter*. Note* because
few foraging cormorants were recorded in winter kernel estimates of cormorant range for this
season were based on all cormorant sightings. ................................................................................... 48
FIG. 3.10 Percentage of overlap in the distribution of adult Macquarie perch and 50% ( ), 70% ( )
and 95% ( ) kernel estimates of cormorant foraging range in Cotter Reservoir. *Winter overlap
was calculated from all cormorant observations because of the low number of observations of
cormorants foraging. .............................................................................................................................. 50
FIG. 4.1 Location of the study site, Cotter Reservoir, in the Australian Capital Territory........................ 64
FIG. 4.2 Habitat characteristics of Cotter Reservoir; a) depth profile showing 0–5 m depth ( ), 5–10 m
depth ( ), 10–15 m depth ( ), > 15 m depth ( ); b) structural habitat availability including
emergent macrophytes ( ), structural woody habitat ( ), rocky shorelines ( ) and artificial
structure ( ). Bathymetry data from Ebner and Lintermans (2007) and Ecowise Environmental.
................................................................................................................................................................... 69
FIG. 4.3 Spatial association between adult Macquarie perch of two size classes and habitat type in
Cotter Reservoir at 5, 10, 25, 50 and 100 m scales when the reservoir was full ( ) and at 2 m
drawdown ( ). Relative contact values greater than 0 indicate a positive association, and values
less than 0 indicate a negative association. * Represents an association that is significantly
different from random (p<0.05). ........................................................................................................... 70
FIG. 4.4 The percentage of adult Macquarie perch that have contact with each habitat type at the 10 m
scale. Bars represent size classes of fish <350 mm TL ( ) and 350 mm TL ( ) when the reservoir
is full, and <350 mm TL ( ) and >350 mm TL ( )when the reservoir is drawn down by 2 m. ..... 72
FIG. 4.5 The percentage of adult Macquarie perch that have no contact with structural habitat at 5, 10,
25, 50 and 100 m scales. Bars represent size classes of fish <350 mm TL ( ) and 350 mm TL ( )
when the reservoir is full, and <350 mm TL ( ) and >350 mm TL ( ) when the reservoir is
drawn down by 2 m. ................................................................................................................................ 73
FIG. 4.6 Association of two size classes of adult Macquarie perch with depth categories in the Cotter
Reservoir at 5, 10, 25, 50 and 100 m scales when the reservoir was full ( ) and at 2 m drawdown
( ). Relative contact values greater than 0 indicate a positive association, and values less than 0
indicate a negative association. * Represents an association that is significantly different from
random (p<0.05). .................................................................................................................................... 75
FIG. 4.7 Percentage of area within a 10 m radius of fish locations covered by a) structural woody
habitat, b) emergent macrophytes and c) constructed habitat during each season for adult
Macquarie perch <350 mm TL ( ) and >350 mm TL ( ). ** Represents significantly more use of
that habitat than any other season (p<0.05). Bars linked with * are significantly different from
each other in regards to use of that specific habitat type. .................................................................. 77

xv

FIG. 4.8 Percentage of adult Macquarie perch in the size classes a) <350 mm TL and b) >350 mm TL
that have contact with each habitat type at the 10 m scale during autumn ( ), winter ( ), spring
( ) and summer ( ). .............................................................................................................................. 78
FIG. 4.9 Percentage of area of a) depths 0–5 m and b) depths >15 m within a 10 m radius of adult
Macquarie perch of the size classes <350 mm TL ( ) and >350 mm TL ( ) during each season.
Bars linked with *are significantly different (p<0.05). ** Represents significant difference from
all other seasons for that fish size class. ............................................................................................... 79
FIG. 5.1 Map showing a) the location of Cotter Reservoir in the Australian Capital Territory and b) the
location of emergent macrophytes ( ), structural woody habitat ( ), 0–5 m depth ( ), 5–10 m
depth ( ), 10–15 m depth ( ), 15–20 m depth ( ), and >20 m depth ( ) within Cotter Reservoir.
Map b) derived from Chapter 4, Ebner and Lintermans (2007) and data supplied by Ecowise
Environmental. ........................................................................................................................................ 95
FIG. 5.2 Water Levels in Cotter Reservoir throughout the length of the study.

Indicates a sampling

event.......................................................................................................................................................... 96
FIG. 5.3 Mean estimates of a) home-range (± S.E.), b) core-range (± S.E.) and c) the number of coreranges (± S.E.) of adult Macquarie perch in Cotter Reservoir. Estimates are based on the total
sample of fish ( ), a sample of 13 fish located 24 times ( ) and a sample of 5 fish located 27
times( ). * Denotes a sample of 29 fish and ** a sample of 18 fish. ................................................ 100
FIG. 5.4 Home-range ( ) and core-range ( ) areas of individual adult Macquarie perch located 24
times in Cotter Reservoir. An individual identifier is located at the top left corner of each map.
................................................................................................................................................................. 101
FIG. 5.5 Patterns of core-range use ( ) of adult Macquarie perch located 24 times or more in relation
to water level ( ) and season (

) from autumn 2008 to autumn 2009. Blank spaces indicate

times when fish were outside core-range areas during that radio-tracking event. Core area ID 1
indicates the most upstream core-range while the most downstream core-range has the highest
core area ID. ........................................................................................................................................... 104
FIG. 5.6 Distribution of adult Macquarie perch in Cotter Reservoir based on a) sample of 13 fish
located 24 times, b) all fish > 350 mm, c) all fish < 350 mm in relation to water level. The figure
shows mean populations centres for each tracking event when the reservoir was full (

),

drawndown 2 m ( ) and drawndown 5 m ( ). The standard deviation ellipse is shown for the
population when the reservoir was full ( ), drawndown 2 m ( ) and drawndown 5 m ( ). ..... 105
FIG. 5.7 Distribution of the mean population centre (

) when the reservoir is full based on a) the

sample of 13 fish located 24 times, b) all fish > 350 mm and c) all fish < 350 mm. Groupings are a)
i = October –December 2008, ii = April–July 2008 and January and February 2009 and iii = March
2009; b) i = October 2008 – early January 2009, February and May 2009, ii = April–July 2009 and

xvi

late January 2009, iii = March 2009; c) i = late October and early December 2009, ii = late
November and late December. ............................................................................................................. 106
FIG. 5.8 Standard deviation (based on direction distribution ellipse) from the mean centre of the
group of Macquarie perch based on the sample of 13 fish located 24 times ( ) and all fish > 350
mm ( ) in comparison with water level (

). ................................................................................... 107

FIG. 6.1 Framework of questions for guiding investigation into predation risk to small prey
populations. ........................................................................................................................................... 122

xvii

LIST OF TABLES
TABLE 3.1 Comparison of seasonal cormorant abundances at Lake Burley Griffin and Cotter Reservoir.
* Indicates a significant difference. ^ Indicates analysis was not conducted as sample size was too
low. ............................................................................................................................................................ 42
TABLE 4.1 Mean habitat composition (% ±S.E.) at the 10 m scale for two size classes of Macquarie
perch and two water levels. ................................................................................................................... 74
TABLE 4.2. Mean depth composition (% ±S.E.) within a 10 m radius for adult Macquarie perch >350 mm
TL and <350 mm TL in Cotter Reservoir at full water level and 2 m drawdown. ............................ 76

xviii

Chapter 1: General introduction

CHAPTER 1: GENERAL INTRODUCTION: THE NEED FOR
CONSERVATION OF FRESHWATER FISH

“A critical step for the recovery of threatened and endangered species is identifying factors
that cause populations to decline or prevent their recovery”
(Caughley, 1994).

1
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1.1 BACKGROUND
1.1.1 Conservation biology
1.1.1.1 Decline of biodiversity
Human exploitation of ecosystems has resulted in the decline of numerous species and in
some cases extinction, causing the loss of biodiversity (Nilsson and Ericson, 1992; Vitousek
et al., 1997; Mace, 2000; Millenium Ecosystem Assessment, 2005b). Loss of biodiversity has
occurred more rapidly in the past 50 years than any other comparable time in history
(Millenium Ecosystem Assessment, 2005a). Biodiversity contributes to many components
of human well-being including material welfare, livelihood, security, social relations and
health (Millenium Ecosystem Assessment, 2005a). Further loss of biodiversity will have
detrimental impacts on humans, including serious social, resource and economic
consequences (Meffe and Carroll, 1994; Perrings et al., 1995; Millenium Ecosystem
Assessment, 2005a; b). Generating knowledge to save species from extinction and protect
biodiversity is an important function of biologists, and interest in this purpose has risen
with the awareness of the consequences of biodiversity loss for humans (Caughley, 1994).
A recent search on ISI Web of Knowledge (www.isiknowledge.com) showed that since
1982 more than 40,000 papers have been published on the topic of species conservation,
which suggests that this is now a key focus of ecological research.
Conservation biology has developed as a dominant theme of ecological research, and is
based largely around preventing extinction (see Caughley, 1994; Meffe and Carroll, 1994;
Caughley and Gunn, 1995; Hedrick et al., 1996; Asquith, 2001). The declining-population
paradigm and the small-population paradigm are central features of conservation biology
(Caughley, 1994). The declining-population paradigm focuses on determining why a
population has declined and how it can be reversed, and the small population paradigm
deals with the vulnerability of small populations (Caughley, 1994). It has been argued that
the small-population paradigm has little practicality in terms of conservation, and that the
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declining-population paradigm is practical for conservation but lacks theory (Caughley,
1994). Despite his recommendation for a “cautious intermixing of the two”, it has been
suggested that Caughley (1994) created false dichotomy between the two paradigms, and
that both play a vital role in species conservation (Hedrick et al., 1996). Deterministic
factors reduce population size under the declining-population paradigm at which stage a
population becomes increasingly vulnerable to stochastic events, which subsequently fall
under the small-population paradigm (Hedrick et al., 1996). Therefore, understanding the
initial factors that reduce population size, and the stochastic factors that lead to final
extinction of a population, are critical to preventing extinction (Hedrick et al., 1996).
1.1.1.2 Small populations
Habitat destruction at the landscape scale is widely recognised as the major reason for the
initial decline of many species (Tilman et al., 1994; Vitousek et al., 1997; Fahrig, 2001;
Malanson, 2002; Wiegand et al., 2005). Loss of essential habitat often results in small and
fragmented populations (e.g. Bender et al., 1998; Carlson, 2000; Martinez and Zuberogoitia,
2004; Munday, 2004; Ciani et al., 2005; Lips et al., 2005). “Extinction debt” theory suggests
that while habitat destruction may not result in immediate extinction, populations of some
species remaining in habitat patches are doomed to disappear over time (Tilman et al.,
1994).
Both demographic and environmental stochasticity render small populations vulnerable to
extinction (Caughley and Gunn, 1995; Lande et al., 2003). Demographic stochasticity, such
as random fluctuations in birth and death rates, and sex ratio can occur simply by chance
(Caughley and Gunn, 1995). Environmental stochasticity includes year to year fluctuations
of a wide array of biotic and abiotic conditions such as climate, food availability and
predator abundance, which subsequently affect birth and death rates (Lande, 1993; Begon
et al., 1996). Environmental factors have the potential to interact with demographic factors,
for example variable flow regimes in rivers have been found to affect the recruitment of
some fish species (e.g. Schlosser, 1985; Humphries et al., 2002). Identifying the stochastic
3
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factors that pose the biggest threat to small populations, and where possible developing an
understanding of the dynamics of such factors is necessary for planning conservation.
1.1.2 The decline of freshwater fish
1.1.2.1 Global freshwater fish decline
Freshwater ecosystems contain a higher proportion of species threatened with extinction
than most other ecosystems (Millenium Ecosystem Assessment, 2005b). Over the past
century the use of freshwater ecosystems by humans has grown steeply, which has led to
large-scale negative ecological effects (Strayer and Dudgeon, 2010), including the decline of
freshwater species throughout the world (Meffe and Carroll, 1994; Helfman, 2007; IUCN,
2009). Of 3,120 freshwater fish species, assessed for the International Union for
Conservation of Nature (IUCN) Red List of Threatened Species, 37% were listed as
threatened, and 3% were listed as extinct or extinct in the wild (IUCN, 2009).
The decline of freshwater fish has occurred in response to habitat loss, alien species,
pollution, human population and consumption, and over-exploitation (Helfman, 2007).
While these factors have been attributed to the decline of species within a wide variety of
ecosystems (Millenium Ecosystem Assessment, 2005b), the small and often restricted
geographic ranges of freshwater fish, and the reliance of many species on multiple habitat
types for life history requirements, renders them especially vulnerable (Helfman, 2007).
The global diversity of freshwater fish species is predicted to decline further in response to
the continued exploitation of freshwater ecosystems and climate change (Millenium
Ecosystem Assessment, 2005b). Fish play a vital role in nutrient cycling, productivity, and
food web dynamics in freshwater ecosystems, and thus can play an important role in
maintaining ecosystem condition (Helfman, 2007). The decline of freshwater fish species
and subsequent deterioration of freshwater ecosystems will undoubtedly have detrimental
impacts on humans.
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1.1.2.2 Australia’s freshwater fish decline
The geographical range and abundance of many of Australia’s freshwater fish species have
declined, with approximately 30% of species now listed as threatened (SEWPAC, 2010).
One process that has contributed to this decline is widespread de-snagging (removal of
structural woody habitat) that occurred in south eastern Australia for over a century
(Erskine and Webb, 2003) and resulted in the loss of structural habitat, which is known to
provide essential refuge to native fish species (Crook and Robertson, 1999; Simpson and
Mapleston, 2002; Growns et al., 2004; Koehn et al., 2004; Koehn et al., 2008). Even more
extensive impacts on freshwater ecosystems have occurred in response to river regulation
and demand for water supply (Kingsford, 2000). The construction of weirs and dams have
altered flows; reduced longitudinal and lateral connectivity; reduced frequency of floods;
altered river levels; and facilitated the invasion of alien species (Walker and Thoms, 1993;
Bunn and Arthington, 2002). A major impact of these ecosystem changes is a decline in
recruitment of native fish species (Cadwallader and Lawrence, 1990; Humphries and Lake,
2000; Humphries et al., 2002). Additionally, the presence of barriers, such as dams, weirs,
road crossings and levee banks threaten fish populations by restricting fish passage
(McDowall, 1996; Lintermans, 2007). Human exploitation of freshwater ecosystems has
resulted in small and fragmented populations of many Australian freshwater fish species
(Rowland, 2005; Lintermans, 2007)
Recognition of a decline of many fish species within Australia and the need to protect areas
of ecological significance has led to implementation of the Environmental Protection and
Biodiversity Conservation Act 1999 (EPBC Act). The EPBC Act is the Australian
Government’s central piece of environmental legislation which lawfully protects
threatened species and ecological communities. While any legislation is unlikely to prevent
development by humans, the EPBC Act is a regulatory framework that ensures measures
are put into place to protect threatened species and populations. Thus, further alteration of
freshwater ecosystems that may affect threatened fish populations must adhere to this
legislation.
5
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1.1.2.3 The role of habitat loss in freshwater fish decline
Habitat loss has undoubtedly played a major role in decline of many freshwater fish
species, both globally and in Australia (Allen et al., 2002; MDBC, 2004; Helfman, 2007;
Lintermans, 2007). Habitat mediates factors such as food availability, competition and
predation rates, which in turn control fish populations (Mathews, 1998). A decline in the
availability of fish habitat can result in increased competition for food resources and
shelter, reduced food availability, and increased predation (Mathews, 1998; Almany, 2004).
These conditions have potential to impact on the fitness of fish, which in turn can result in
increased mortality and reduced reproductive rates, thus resulting in population decline
(Mathews, 1998). Therefore, for some freshwater fish species, habitat loss is responsible
for their initial decline and its amelioration may be part of the solution to restoring viable
populations (thus following the declining population paradigm – Caughley 1994). However,
as suggested by Hedrick et al. (1996), the need to understand the factors that lead to the
final extinction of a population should not be ignored when assessing conservation
requirements.
The availability of structural habitat plays an important role in mediating predation.
Predation plays an important role in food web dynamics and the maintenance of
biodiversity, largely through stabilising communities and increasing species diversity
(Crawley, 1979; Begon et al., 1996; Schmitz et al., 1997). Yet, to the individual it poses the
threat of immediate mortality, as well as indirect threats including behavioural tradeoffs(Lima and Dill, 1990). The availability of refuge habitat, the dynamics of the predator,
and the vulnerability of the prey population each play a role in determining the impacts a
predator can have on a prey population. Structural refuge can mitigate the risk of
encounters with piscivorous predators, which includes fish and birds (Mathews, 1998).
Unlike most piscivorous fish, avian predators have the potential to rapidly vary in
abundance (Kingsford et al., 1999), and influxes, like other stochastic processes, pose a
threat to small populations. It is recognised that native predators can cause the demise of
6
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small prey populations (Crawley, 1992; Sinclair et al., 1998; Wittmer et al., 2005; Angulo et
al., 2007; Millus and Stapp, 2008; Kojola et al., 2009; Gregory and Courchamp, 2010;
Kramer and Drake, 2010), particularly when predators are generalists and alternative prey
species are available to maintain predator presence (see Closs et al., 1999; Swihart et al.,
2001). Thus, increased predation in response to habitat loss is a major threat to small
populations.
1.1.3 Macquarie perch and the Cotter Reservoir
1.1.3.1 Macquarie perch
Macquarie perch, Macquaria australasica (Percichthyidae) (Cuvier 1830), is an Australian
freshwater fish species listed nationally as endangered under the EPBC Act (SEWPAC,
2010). This species is also listed as endangered under State and Territory legislation in the
Australian Capital Territory (ACT), New South Wales (NSW) and Victoria (Vic.) (SEWPAC,
2010). This riverine fish, which reaches a maximum size of 465 mm and a maximum weight
of 3.5 kg, has declined significantly in its range, largely in response to habitat destruction
(Lintermans, 2007). Most of the remaining populations of this species are small and
isolated, and thus threatened by further destruction and fragmentation of habitat
(Lintermans, 2007). Therefore the the initial step for conserving this population should be
to protect remaining habitats. However, the continued growth of the human population
places high demands on freshwater ecosystems, and the needs of threatened fish species,
including Macquarie perch, collide with those of humans.
1.1.3.2 Macquarie perch at Cotter Reservoir
Cotter Reservoir is home to one of the last self-sustaining populations of Macquarie perch,
and the only population in the ACT (Ebner and Lintermans, 2007). This reservoir was
initially built in 1915, with a purpose of supplying a population of 25,000 (ACTEW, 2005).
In 1951, in response to growing demands, the wall was raised 7.5 m, which resulted in a
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storage capacity of 4 GL (ACTEW, 2005). The construction of two larger reservoirs
upstream in the 1960’s resulted in Cotter Reservoir no longer being used regularly for
water consumption (ACTEW, 2005). Thus, Cotter Reservoir has been maintained at full
supply level for over 30 years, which has resulted in the establishment of a fringe of
emergent macrophytes around parts of the reservoir (Roberts, 2006). This complex refuge
habitat for adult fish, combined with access to riverine spawning habitat, has been a critical
component in the persistence of Macquarie at Cotter Reservoir (Lintermans, 2005; Ebner
and Lintermans, 2007). Although self-sustaining, it has been recognised that there are as
few as 17–79 adults contributing annually to the Macquarie perch population (Farrington
et al., 2009), which emphasizes that it is a small and vulnerable.
Despite the presence of a threatened fish population, Cotter Reservoir will soon undergo
dramatic changes. Growing demands to supply water for a population now over 300,000,
coupled with widespread drought throughout south-eastern Australia from 2000 to 2010,
have resulted in the need to increase water storage capacity in the ACT. In response, Cotter
Reservoir is being enlarged from 4 to 78 GL, and water will be pumped directly from the
reservoir (ACTEW, 2005; 2009). This enlargement will drown existing stands of emergent
macrophytes, and it is expected that the proposed drawdown regime will inhibit future
establishment of macrophyte beds (Lintermans, 2005; ACTEW, 2009). Therefore, concern
has been raised about the potential impacts of the enlarged Cotter Reservoir on the
Macquarie perch population, particularly in regards to loss of critical refuge habitat and a
subsequent increase in predation (Lintermans, 2005; ACTEW, 2009).
Cormorant Phalacrocorax, predation has been revealed as a cause of mortality of adult
Macquarie perch in Cotter Reservoir (Ebner and Lintermans, 2007; Ebner et al., 2009c).
Reduced availability of fish refuge in the enlarged reservoir is likely to increase the
vulnerability of Macquarie perch to predation, particularly because cormorants are a
generalist predator and the abundance of a variety of alien prey species will ensure their
presence at Cotter Reservoir even if the Macquarie perch population declines. Increased
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predation in response to habitat loss could lead to the demise of this Macquarie perch
population, which would be a significant loss for the metapopulation structure of the
species. Therefore, conservation efforts are required to ensure the future of the Macquarie
perch population in an enlarged Cotter Reservoir.
1.1.3.3 Conservation requirements for Macquarie perch in the enlarged Cotter
Reservoir
Increased predation on adult fish in response to loss of refuge habitat is a major threat to
the future of Macquarie perch in Cotter Reservoir (ACTEW, 2009). Options to protect
Macquarie perch from predation in the enlarged reservoir include the eradication of
predators or the addition of refuge habitat. Eradication of endemic predators is not
considered an appropriate goal for the long-term management of prey populations (Evans,
2004; Millus et al., 2007); therefore addition of refuge habitat in the enlarged reservoir to
mitigate any increased risk of predation is the most favourable conservation action.
However, the addition of habitat can be costly, and if not tailored to this specific population
could be ineffective, particularly if habitat is not placed in the areas where predation risk is
highest.
To develop an appropriate conservation plan, information is required about Macquarie
perch and cormorant dynamics at Cotter Reservoir. Cormorant abundances fluctuate
temporally and spatially (Kingsford et al., 1999), however, there is currently no
information on the abundance or behaviour of these piscivorous predators at Cotter
Reservoir, or a clear link to the risk of predation on this particular fish species. To improve
our understanding of predation risk, information is required about spatial and temporal
trends in cormorant presence at the reservoir, as well as trends in habitat use and spatial
behaviour of adult Macquarie perch. Spatial behaviour of adult Macquarie perch in Cotter
Reservoir has been investigated by radio-tracking over diel periods in early spring and
summer 2001 and autumn and spring 2002 (Ebner and Lintermans, 2007; Ebner et al.,
2010b); however, this information was collected under conditions of stable water level
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without an a priori focus on avian predation. Obtaining information about cormorant
presence, and Macquarie perch habitat use and spatial behaviour, over multiple seasons
will provide valuable information about spatial and temporal trends in predation risk, as
well as vastly improve our understanding of the ecology and resource requirements of
adult Macquarie perch.

1.2 THESIS AIMS
The overall aim of this thesis is to guide effective conservation measures that will protect
Macquarie perch from cormorant predation in the enlarged Cotter Reservoir. Therefore,
this thesis will address the following two objectives:
1. Determine spatial and temporal trends in cormorant predation risk to Macquarie
perch in Cotter Reservoir.
2. Investigate trends in the spatial ecology and habitat use of Macquarie perch over the
course of a year to develop an understanding of refuge and spatial requirements.
The first of these objectives is the higher-order focus of the thesis and will therefore
receive the most attention. The reasoning behind this is that predation has been identified
as a key threat to Macquarie perch in the enlarged Cotter Reservoir and information on
spatial ecology and habitat use both contribute to assessing predation risk.

1.3 THESIS STRUCTURE AND SPECIFIC RESEARCH QUESTIONS
Chapter two of this thesis reviews literature on factors that affect predation risk. In
addition to providing a detailed introduction to predation risk, this chapter develops a
framework for assessing predation risk on threatened populations. Knowledge from
previous research on Macquarie perch is applied to the framework to identify gaps in the
knowledge required to assess predation risk upon this population.
Chapters three, four and five form the body of research for this thesis, and have been
structured as separate papers that have been prepared for publication. Because each paper
10
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must stand alone there may be some repetition in the introduction and methods sections,
however, every effort has been made to keep this to a minimum.
Chapter three ‘Knowing the enemy: Understanding trends in predator abundance and
predator-prey overlap for assessing predation risk to threatened fish populations’ will
address predator abundance and temporal changes in the extent and location of predatorprey overlap. The aim of chapter three is to determine when and where predation risk is
greatest. The specific research questions addressed in this chapter are:
1. What are the temporal trends in cormorant abundance at Cotter Reservoir?
2. What are the spatial trends in cormorant distribution within Cotter Reservoir?
3. What are the trends in spatial overlap between cormorants and adult Macquarie
perch within Cotter Reservoir?
Chapter four ‘Diurnal habitat of an endangered fish species in an upland reservoir’ addresses
habitat use by adult Macquarie perch over the course of a year. The aim of this chapter is to
determine refuge requirements of Macquarie perch and investigate the effect that loss of
structural habitat has on diurnal habitat selection. The specific research questions
addressed in this chapter are:
1. Do adult Macquarie perch select specific habitat types non-randomly?
2. Do different sized adult Macquarie perch have different habitat requirements?
3. What are the seasonal trends in habitat selection by Macquarie perch?
4. How does a 2m drawdown affect habitat selection by adult Macquarie perch?
Chapter five ‘Home-range behaviour and population distribution of an endangered fish
species in an upland reservoir’ examines trends in the spatial ecology of adult Macquarie
perch. The aim of chapter five is to develop an understanding of the spatial requirements
and behaviour of adult Macquarie perch in Cotter Reservoir over the course of a year. The
specific research questions addressed in this chapter are:
1. What is the annual home-range size of adult Macquarie perch in Cotter Reservoir?
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2. What are the trends in home-range behaviour exhibited by adult Macquarie perch?
3. What are the seasonal trends in the population distribution of adult Macquarie
perch in Cotter Reservoir?
4. What effect does drawdown have on the distribution of the adult Macquarie perch
population in Cotter Reservoir?
Chapter six is a synopsis of this research that discusses outcomes in relation to the overall
aim and objectives of the thesis. Chapter six also discusses the implications of this research
for Macquarie perch at Cotter Reservoir, as well as the value of the approach used in the
present thesis study to investigate predator-prey interactions in the field, particularly in
relation to small populations.
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CHAPTER 2: LITERATURE REVIEW: PREDATION RISK

“Few failures are as unforgiving as the failure to avoid a predator”
(Lima and Dill, 1990).
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2.1 INVESTIGATING PREDATOR-PREY INTERACTIONS
Predation is a force that has shaped the ecology and evolution of species and communities.
Theoretical models of predator-prey dynamics are prominent throughout the literature
(e.g. Lotka, 1926; Volterra, 1928; Rosenzweig and MacArthur, 1963; Holling, 1965;
Rosenzweig, 1969; Krebs, 1986; Ricklefs and Miller, 1990; Crawley, 1992; Sinclair et al.,
1998; Zhou et al., 2005; Piana et al., 2006; Boukal et al., 2007; Gilioli et al., 2008). Such
models underpin predator-prey theory, which suggests, that under certain circumstances
predators can have profound impacts on small prey populations (Crawley, 1992; Sinclair et
al., 1998; Wittmer et al., 2005; Angulo et al., 2007; Millus and Stapp, 2008; Kojola et al.,
2009; Gregory and Courchamp, 2010; Kramer and Drake, 2010). This is most pertinent
when predators are generalists and there are alternative prey species available (Closs et al.,
1999; Swihart et al., 2001). In such circumstances conservation efforts may be necessary to
mitigate predation effects on prey populations; however, without a detailed understanding
of predator-prey dynamics, conservation efforts may be ineffective.
Predator-prey interactions have conventionally been studied by quantifying the
consumptive effects (Peckarsky et al., 2008) that one species can have on another (e.g.
Paine, 1980; 1992; Wootton, 1997; Laska and Wootton, 1998; Mac Nally, 2001; Novak and
Wootton, 2008; Novak, 2010; O'Gorman et al., 2010). While some studies infer
consumptive effects from direct measures of consumption (e.g. Kennedy and Greek, 1988;
Leopold et al., 1998; Collis, 2001; Reside and Coutin, 2001; Coutin and Reside, 2003;
Rudstam et al., 2004), others use consumption rates to model predation as a factor of
predator and/or prey abundances and/or predator energetic requirements (e.g. Paine,
1980; 1992; Wootton, 1997; Laska and Wootton, 1998; Mac Nally, 2001; Novak and
Wootton, 2008; Novak, 2010; O'Gorman et al., 2010) (FIG. 2.1 b). This common path for
studying predation poses challenges to field researchers in terms of ethical and practical
constraints on gaining consumption information, and may not provide the information
needed to develop effective conservation plans for populations that are already considered
vulnerable. Additionally, it has been argued that studies of consumptive estimates may
14
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overlook important components of predator-prey population dynamics (Peckarsky et al.,
2008).
Non-consumptive effects of predators are also considered to be an important component of
predator-prey interactions (Lima and Dill, 1990; Lima, 1998a; Peckarsky et al., 2008).
Behavioural trade-offs made under the risk of predation, such as reduced reproduction or
reduced food intake, are considered to be non-consumptive effects (Lima and Dill, 1990).
Thus, non-consumptive effects are commonly studied by adding predators to a predatorfree system and assessing prey behaviour (FIG. 2.1 c) (e.g. Peckarsky, 1980; Gotceitas and
Brown, 1993; Candolin, 1998; Jacobsen and Perrow, 1998; Allouche and Gaudin, 2001;
Magoulick, 2004). However, such manipulative experiments may not be appropriate when
dealing with threatened species in the field. Alternatively, understanding when and where
the risk of predation is greatest would allow conservation efforts to be appropriately
targeted.
Predation risk has been defined as the probability of being killed during some time period
(Lima and Dill, 1990). Most simply the basic components of predation risk are considered
to be a) the rate of encounter between predator and prey and b) the risk of death given an
encounter (Holling, 1959). Many studies have considered predation risk to be the simple
presence of a predator, and have assessed it by examining prey behaviour in response to
predators (non-consumptive effects) (e.g. Gotceitas and Brown, 1993; Candolin, 1998;
Jacobsen and Perrow, 1998; Allouche and Gaudin, 2001; Magoulick, 2004). Yet, predation
risk is influenced by more than just the presence of predators (Lima and Dill, 1990;
Hebblewhite et al., 2005). Predator dynamics, prey dynamics, and habitat characteristics all
play a role in predation risk (Lima and Dill, 1990; Hebblewhite et al., 2005) (FIG. 2.1 a).
Each of these factors can interact, and vary spatially and temporally, making the
assessment of predation risk a complex problem (FIG. 2.1 a). The complexity of
understanding predation risk on a threatened prey population should not deter those
concerned with understanding predator-prey dynamics to protect threatened prey
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populations. While it may not be possible to investigate all components of predation risk,
parameters should be selected that are practical and representative of the specific problem.
To achieve the primary objective of the current thesis, parameters must be selected that
provide insight into spatial and temporal trends in predation risk. Predator-prey overlap,
predator abundance, prey behaviour and habitat characteristics have been selected as the
key parameters for investigating predation risk to Macquarie perch in Cotter Reservoir
(FIG. 2.1 d).

2.2 PARAMETERS FOR INVESTIGATING TRENDS IN PREDATION RISK
2.2.1 Predator-prey spatial overlap
The extent of overlap between predator and prey ranges was considered by Crawley
(1992) to be a necessary component of understanding predator-prey interactions. This was
further supported by Williamson and Stoeckel (1990) who found that disregarding the
spatial overlap of the invertebrate predator, Mesocyclops edax, with prey species led to a
significant underestimation of predation risk. This component of predation risk is
seemingly simple; clearly there will be no encounter if predator and prey are not in the
same place. If there is fine-scale overlap, the chances of encounter, and thus predation risk,
are much higher. Despite this, only a few studies have focused on the scale of overlap
between specific predator and prey populations (Rose and Leggett, 1990; Fauchald et al.,
2000; Reid et al., 2004; Vlietstra, 2005), with even fewer incorporating a measurement of
spatial overlap into the assessment of predation risk (Williamson and Stoeckel, 1990;
Kempf et al., 2008). Instead there has been much focus on the behavioural response of
either predator or prey to the distribution of the other (Sih, 1984; 1986; Werner and Hall,
1988; Gotceitas and Brown, 1993; Lagos et al., 1995; Towns et al., 2003; Frair et al., 2005;
Vainikka et al., 2005; Duc et al., 2008; Atwood et al., 2009; Ke et al., 2010). While these
studies do not generally provide practical information about the scale of overlap, the well
developed understanding that predators concentrate their efforts in areas of higher prey
density, and that prey avoid predators (Sih, 1984), allows the interpretation of predator-
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prey dynamics from an understanding of the extent of spatial overlap. If the predator’s
response to prey dominates there should be a positive correlation between predator and
prey spatial distributions, however, if the prey’s response dominates there should be a
negative correlation (Sih, 1984). Fauchald (2000) found that the distribution of piscivorous
birds overlapped with a prey species at large scales, but not at scales of less than 3 km.
Thus, at scales less than 3 km the response of prey dominates and they are able to avoid
overlap with predator distribution (Fauchald et al., 2000). Understanding the scale of
overlap may therefore provide valuable information about predator-prey dynamics.
Spatial information about predator-prey overlap is necessary for understanding where
predation is most likely to occur. Spatial overlap between the Raven, Corvus corax, and
avian prey species was determined to identify areas within the United Kingdom where
conservation efforts were required (Amar et al., 2010). This study identified that there
were no key areas requiring conservation efforts at a broad scale (Amar et al., 2010).
However, conservation of threatened prey populations may require the addition of refuge
habitat (Evans, 2004), and in such cases overlap should be identified at fine spatial scales.
Numerous studies have been conducted on refuge design (Quinn et al., 1996; Russell et al.,
2003; Reed et al., 2006; Bartholomew and Shine, 2008), and the effect of artificial refuge
location on predator-prey assemblages has also been investigated (Strelcheck et al., 2005).
Yet, knowledge of fine-scale predator-prey overlap, which would enable refuge habitat to
be placed in the most effective locations, has been largely overlooked. Recognition of
dynamic spatial associations between prey and refuge patches, and predators and prey
patches (e.g. Vlietstra, 2005; Hammond et al., 2007) may explain why fine-scale predatorprey overlap has received little attention. But in some cases prey species may be required
to move through or aggregate in specific areas in response to life history requirements
which may result in fine-scale predator-prey overlap. The aggregation of prey is considered
to be a important factor leading to predator induced decline of prey populations (McLellan
et al., 2010). The migration of juvenile Pacific salmonids, Oncorhychus spp, through
reservoirs on the Columbia River, resulted in high levels of avian predation at the extreme
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ends of the reservoir where fish aggregate (Petersen, 1994). Thus, high predator-prey
overlap in certain areas may result in predation, or prey not meeting life history
requirements to avoid predators. Therefore, in certain circumstances, spatial knowledge of
fine-scale predator-prey overlap is essential for planning conservation efforts.
2.2.2 Predator abundance
Predator presence is a key component of predation risk, which is likely to be the reason
why many studies have used the simple presence of a predator to assess prey response to
predation risk (e.g. Gotceitas and Brown, 1993; Candolin, 1998; Jacobsen and Perrow,
1998; Allouche and Gaudin, 2001; Magoulick, 2004). Additionally, the abundance of
predators has also been considered by many as a major factor influencing the risk of
predation (e.g. Forrester and Steele, 2004; Vance-Chalcraft et al., 2004; Johnson, 2006;
Guidetti, 2007; Boulton et al., 2008; Duc et al., 2008). Theoretical models often suggest that
as predator abundance increases so does predation rate (e.g. Krebs, 1986; Ricklefs and
Miller, 1990; Sinclair et al., 1998). It has also been recognised that in some cases predation
risk has a negative correlation with predator abundance as a consequence of prey altering
their behaviour or shifting to less risky habitat in the presence of predators (Abrams,
1993). Thus, prey behaviour and habitat-use can counteract an increase in predator
abundance. However, this may not occur if prey have not adapted to the predation regime
(Allouche and Gaudin, 2001; Alvarez and Nicieza, 2003; Ferrari et al., 2010) or insufficient
refuge habitat is available (Allouche and Gaudin, 2001).
The non-lethal impacts of an increase in the perceived threat of predation by prey, as a
consequence of increasing predator abundance, should not be disregarded when assessing
predator impacts on small populations. Altered behaviour and habitat use in response to
predator presence can result in detrimental impacts on the fitness of potential prey
(Werner and Hall, 1988; Lima, 1998a; Cooke et al., 2002). The trade-offs made by prey to
avoid predation will be discussed further in section 2.2.3. Nevertheless, increased
predation rates, and forced sub-optimal behaviour, in response to increasing predator
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abundance can have negative impacts on prey populations (Werner and Hall, 1988; Lima,
1998a; Sinclair et al., 1998; Cooke et al., 2002), and thus understanding trends in predator
abundance is critical to assessing predation risk.
2.2.3 Prey behaviour
Behavioural changes by prey in response to predator presence have been widely
documented (e.g. Werner et al., 1983; Sih, 1984; Lima and Dill, 1990; Wisenden, 1993;
Candolin, 1998; Lima, 1998b; a; Allouche and Gaudin, 2001; Biro et al., 2003; Yang et al.,
2007; Fievet et al., 2008; Pavlova et al., 2010). These include shifts to less risky habitats,
which in many cases are less profitable (Werner et al., 1983; Allouche and Gaudin, 2001;
Biro et al., 2003), changes to diel activity patterns (Helfman, 1981; Culp, 1989; Culp and
Scrimgeour, 1993; Keitt et al., 2004), and reduced reproductive output (Wisenden, 1993;
Candolin, 1998; Fievet et al., 2008; Pavlova et al., 2010). In the presence of the piscivorous
Largemouth bass, Micropterus salmoides, small Bluegill sunfish, Lepomis macrochirus,
inhabited vegetated littoral zones, which provided sub-optimal food availability (Werner et
al., 1983). The Black-vented shearwater, Puffinus opisthomelas, were found to exhibit
nocturnal behaviour to avoid predation by the Western gull, Larus occidentalis, which
resulted in reduced access to the colony (Keitt et al., 2004). The number of male
Threespine sticklebacks, Gasterosteus aculeatus, exhibiting reproductive behaviour was
found to decline as predator presence increased (Candolin, 1998). Thus, the trade-offs that
prey must make to reduce the risk of predation often have detrimental impacts on their
fitness that are considered to be the non-lethal effects of predation (Lima, 1998a). These
non-lethal effects may be detrimental over time, but offer the chance of survival, unlike the
immediate consequence of predation. Yet, prey do not always exhibit anti-predator
behaviour, even when predation risk is high, (Allouche and Gaudin, 2001; Alvarez and
Nicieza, 2003; Ferrari et al., 2010), suggesting that some prey perceive predation risk
differently to others.

19

Chapter 2: Literature review: Predation risk
Behavioural adaptations in response to the risk of predation have occurred in both
evolutionary and ecological time (Lima and Dill, 1990; Stoks et al., 2003). Prey species that
are preyed upon by visual predators often exhibit nocturnal activity to avoid predation (e.g.
Helfman, 1981; Culp, 1989; Culp and Scrimgeour, 1993; Keitt et al., 2004; Wcislo et al.,
2004). In certain species this is an evolutionary adaption (e.g. Wcislo et al., 2004), while
others alter their behaviour over ecological time based on the predation regime. For
example, Damselfly, Enallagma, were found to increase their activity levels in the absence
of predators (Stoks et al., 2003). Adaptation in ecological time is dependent upon exposure
to predators (Lima and Dill, 1990; Allouche and Gaudin, 2001; Alvarez and Nicieza, 2003;
Ferrari et al., 2010). Thus, individuals that have not been exposed to the threat of predation
may not acquire the same adaptations as those that have, resulting in them exhibiting much
riskier behaviour when the threat of predation is high (Allouche and Gaudin, 2001; Alvarez
and Nicieza, 2003; Ferrari et al., 2010). Wild juvenile Brown trout, Salmo trutta, exhibited
nocturnal behaviour in the presence of predators, while those reared in a hatchery did not
(Alvarez and Nicieza, 2003). Similarly, juvenile Chub, Leuciscus cephalus, from populations
that were regularly exposed to predators, increased their use of cover in the presence of
predators, but the same species from populations that received little exposure to predation
did not (Allouche and Gaudin, 2001). In addition to being aware of the risk that predators
pose, understanding regimes of predation risk has been considered as important in
allowing prey to make the most beneficial trade-off between optimal and anti-predator
behaviours (Lima and Bednekoff, 1999; Ferrari et al., 2009). Yet, there is often potential for
predation risk to change unexpectedly, particularly as humans interfere with habitat
availability, and the impact of this on the behavioural adaptation of prey in ecological time
has received little attention.
Predation risk can also affect the spatial behaviour of prey (Desy et al., 1990; Lagos et al.,
1995; Yunger, 2004). For example, individuals that perceive the threat of predation may
make fewer movements to avoid encounters with predators, resulting in them establishing
smaller home-ranges (Yunger, 2004). Small home-range sizes limit the resources available
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for prey, adding to the non-lethal effects of predation (Lima, 1998b). Alternatively, it has
been found that some prey species inhabit smaller home-ranges in the absence of
predators in response to increased competition by other prey species (Yunger, 2004).
Some studies have found that home-range does not change under the risk of predation
(Hubbs and Boonstra, 1998; Jonsson et al., 2000), however, previous exposure to predation
risk and the opportunity for adaptation of these prey to the predation regime was unclear.
The relationship between predation risk and spatial behaviour differs depending on the
specific predator-prey relationship. Knowledge of the spatial ecology of threatened
populations provides valuable insight into resource requirements, and may provide
information about anti-predator behaviour, and thus predation risk.
2.2.4 Habitat characteristics
Habitat characteristics have been found to influence both encounter and kill rates
(Hebblewhite et al., 2005). The need to assess these two components of predation risk
separately was identified by Hebblewhite et al. (2005), who found that the chance of
encounters between wolves and elk were driven largely by topographic variables, such as
slope and elevation, while the probability of elk being killed by wolves, given an encounter,
was dependant on the type of habitat, such as grassland or pine forest. Habitat complexity
is often considered to mitigate predation risk, with numerous studies finding that complex
habitats reduce predation risk by interfering with a predator’s ability to manoeuvre or
detect prey (Crowder and Cooper, 1982; Werner et al., 1983; Persson and Eklov, 1995;
Eklov, 1997; Beukers and Jones, 1998; Flynn and Ritz, 1999; Almany, 2004). Yet, it has also
been recognised that in some cases complex habitats can increase predation risk by
providing more sites from which predators can attack (see Almany, 2004), decreasing the
visibility of predators to prey (Coen et al., 1981), and reducing intraspecific competition
between predators (Finke and Denno, 2002; Corkum and Cronin, 2004). Thus, the
interaction between habitat characteristics and predation risk are specific to the particular
predator-prey system and the relationship between habitat and predation risk must be
considered on an individual basis.
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2.3 DECISION FRAMEWORK FOR ASSESSING PREDATION RISK
From the review above it is evident that the following questions need to be addressed
when investigating predation risk:
1. What is the extent of predator-prey overlap?
2. How abundant is the predator?
3. Have prey adapted their behaviour to the predation regime?
4. Do prey inhabit low risk habitats?
5. What is the availability of low risk habitats?
6. Where is the spatial overlap of predator and prey greatest?
These questions have been used to develop a framework for assessing predation risk on
threatened populations where predation has been identified as a problem (FIG. 2.2).
Answering each of the questions (based on the scale outlined in the framework for each
question) allows identification of extent of predation risk. If risk is considered high the final
question allows the location of areas of high predation risk to be identified.
An initial assessment of predation risk on Macquarie perch using the framework developed
from this review (FIG. 2.2) identified that there is currently insufficient information to
assess predation risk (FIG. 2.3). The next three chapters of this thesis will address the
knowledge gaps identified in the initial assessment of predation risk (FIG. 2.3).
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FIG. 2.1 Schematics showing a) the complexity of factors that affect predator-prey interactions, b) common parameters used for making
consumptive estimates of predator-prey interactions, c) common parameters used for making non-consumptive estimates of predator-prey
interactions and d) parameters selected for estimating predation risk in the current study.
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FIG. 2.2 A framework for assessing predation risk to threatened prey populations.
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FIG. 2.3 An assessment of predation risk to Macquarie perch by cormorants at Cotter Reservoir based
on current knowledge. This assessment identifies that there is not yet sufficient information to
determine the level of predation risk.
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CHAPTER 3: KNOWING THE ENEMY: UNDERSTANDING
TRENDS IN PREDATOR ABUNDANCE AND PREDATOR-PREY
OVERLAP FOR ASSESSING PREDATION RISK TO THREATENED
FISH POPULATIONS.
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3.1 INTRODUCTION
Predators, in some circumstances, can have profound effects on prey populations (Crawley,
1992). Piscivorous avian predators, in particular cormorants, Phalacrocorax, are often
perceived as being detrimental to fish populations. While a number of studies have
suggested that cormorant predation does not seriously reduce fish populations (Engstrom,
2001; Zydelis and Kontautas, 2008; Dalton et al., 2009), studies in which prey are at
unusually low levels have concluded that cormorant predation can have significant
detrimental effects (Leopold et al., 1998). Native predators are rarely solely responsible for
the demise of native prey species; however, once prey populations decline to low levels
they are no longer subject to density-dependence and are unable to compensate for natural
levels of predation (Crawley, 1992). This was the case for salmonid populations in the
Columbia River, which declined in response to habitat alteration and then suffered from
restricted recovery because of avian predation (Collis et al., 2002; Roby et al., 2003).
Additionally, predators can have profound non-lethal effects on prey populations including
microhabitat shift, increased emigration, injury, and reduced growth and fecundity (Fraser
and Gilliam, 1992; Allouche and Gaudin, 2001; Cooke et al., 2003). Non-lethal attacks by
avian predators on Largemouth bass, Micropterus salmoides, were found to have adverse
metabolic effects that could result in reduced fitness and increased risk of mortality (Cooke
et al., 2003). Furthermore, Gremillet et al. (2006) identified that fish may escape cormorant
attacks but receive serious injury that can reduce fitness and potentially result in mortality.
Therefore, managing populations of already threatened fish species requires a detailed
understanding of predator-prey relationships.
Predator-prey relationships have often been quantified by mathematical models that
predict changes in predator and prey densities (see Begon et al., 1996; Sinclair et al., 1998)
and determine the strength of interactions between two species (e.g. Paine, 1980; Wootton,
1997; Novak and Wootton, 2008; Novak, 2010). However, these models all require
knowledge of consumption rates or attack rates (e.g. Paine, 1980; Begon et al., 1996;
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Wootton, 1997; Sinclair et al., 1998; Novak and Wootton, 2008; Novak, 2010), which in
certain circumstances can be costly and difficult to obtain. Avian predator consumption of
specific fish species has previously been quantified by collecting stomach samples (Collis et
al., 2002; Rudstam et al., 2004; Takahashi et al., 2006), regurgitated pellets (Leopold et al.,
1998; Coutin and Reside, 2003; Rudstam et al., 2004), or locating tags from fish (Collis,
2001). These methods pose a number of challenges in some circumstances, including
animal ethics considerations, and the physical constraints on collecting pellets or tags in
difficult landscapes. Neglecting the potential impacts of predators on prey as a result of the
challenges involved in quantifying consumption could lead to conservation requirements
not being identified and subsequently the extinction of prey populations. Serendipitously
obtained evidence of predation on threatened fish species is often enough to provoke
concern about specific populations (Uiblein et al., 2001; Ebner and Lintermans, 2007).
When this occurs, investigating temporal and spatial changes in predation risk to establish
appropriate conservation measures is likely to be of more benefit to threatened
populations than quantifying predation effects.
Spatial overlap between predators and their prey is an important component of predation
risk (Crawley, 1992), and predator density plays a major role in determining the extent of
overlap (Lima and Dill, 1990). Trends in the distribution and abundance of piscivorous
waterbirds have commonly been studied at broader spatial scales than fish microhabitat
(Llewellyn, 1983; Brugger, 1995; King, 1996; Kingsford et al., 1999). These studies have
been useful in identifying factors that influence long-term trends in piscivorous bird
populations, such as seasonal and environmental variables (Llewellyn, 1983; Kingsford et
al., 1999). However, identifying trends in predator distribution and density at only broad
scales may reveal misleading results about predation risk (Rose and Leggett, 1990;
Fauchald et al., 2000). Atlantic cod, Gadus morhua, were positively correlated with their
prey at scales of 4–10 km, but were negatively correlated at finer spatial scales (Rose and
Leggett, 1990). A multi-scale investigation of cormorant distribution on the central coast of
New South Wales (NSW) revealed that cormorants were associated with estuaries and
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specifically the seagrass beds within them (Dorfman and Kingsford, 2001a). This
microhabitat association was attributed to the known use of seagrass by many fish species,
which suggests that predator distribution was related to prey distribution at fine spatial
scales (Dorfman and Kingsford, 2001a). Cormorant distribution in freshwater lakes in NSW
were found to be associated with prey distribution rather than specific habitat types
(Dorfman and Kingsford, 2001b). Similarly, cormorants foraging off the coast of Western
Australia (WA) were found to be positively associated with fish biomass at the scale of tens
of metres (Heithaus, 2005). While knowledge of factors that affect fine-scale distribution of
avian picivores has been recognised as valuable to managers of fish populations (Dorfman
and Kingsford, 2001a), temporal and spatial trends in fine-scale overlap with specific prey
species has not yet been examined.
Cormorant predation has been identified as a cause of mortality of adult Macquarie perch,
Macquaria australasica (Percichthyidae), in the Cotter Reservoir, Australian Capital
Territory (ACT) (Ebner and Lintermans, 2007; Ebner et al., 2009c). A recent study found
that six of 40 radio-tagged adult Macquarie perch were consumed by cormorants (Ebner et
al., 2009c). Cormorant predation was also considered to be responsible for the mortality of
two of six radio-tagged sub-adult Macquarie perch located in Cotter River for just 25 days
(Broadhurst and Ebner unpubl. data). The Macquarie perch population in Cotter Reservoir
is the last self-sustaining one in the ACT, with the species now listed nationally as
endangered (Ingram et al., 2000). Genetic research has revealed that as few as 17–79
adults contribute annually to the population (Farrington et al., 2009), which suggests that
even minor loss of adults to predation may be detrimental. Despite the fragile nature of this
population, construction is underway to enlarge Cotter Reservoir from 4 to 78 GL and put it
into operation to supply water to the ACT. Enlargement and subsequent fluctuating water
levels will result in the loss of large stands of emergent macrophytes that currently exist
around the reservoirs perimeter. Habitat complexity is important for mediating predation
risk (Crowder and Cooper, 1982; McNair, 1986; Lima and Dill, 1990; Eklov, 1997;
Schneider, 2001; Piko and Szedlmayer, 2007) and loss of prey refuge can result in
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increased predation rates (Ryall and Fahrig, 2006). Thus, there is concern that cormorant
predation on adult Macquarie perch in Cotter Reservoir will increase in the future resulting
in the demise of this population (Lintermans, 2005; ACTEW, 2009). To guide conservation
of this Macquarie perch population, the current study aims to determine when and where
predation risk is greatest. To achieve this aim the following research questions will be
addressed:
1. What are the temporal trends in cormorant abundance at Cotter Reservoir?
2. What are the spatial trends in cormorant distribution within Cotter Reservoir?
3. What are the trends in spatial overlap between cormorants and adult Macquarie
perch within Cotter Reservoir?

3.2 METHODS
3.2.1 Study area
3.2.1.1 Cotter Reservoir
The current study was conducted at Cotter Reservoir (35°19'S, 148°55'E, 500 m a.s.l) (FIG.
3.1), which is the smallest and most downstream of three water storage reservoirs on the
Cotter River, that were built for the purpose of providing water to the ACT. Unlike the two
upstream reservoirs, Cotter has not been a regular part of the domestic water supply since
the late 1960s, and therefore has maintained relatively stable water levels. This has
resulted in the establishment of substantial beds of emergent macrophytes (Typha,
Phragmites and Juncus) around approximately 38% of its perimeter (Chapter 4). These
fringing macrophytes have been found to provide daytime refuge for adult Macquarie
perch (Ebner and Lintermans, 2007) which is the only native fish species inhabiting the
reservoir. Five alien fish species (Goldfish, Carassius auratus; Rainbow trout, Oncorhynchus
mykiss; Brown trout, Salmo trutta; Oriental weatherloach, Misgurnus anguillicaudatus; and
Eastern gambusia, Gambusia holbrooki) also inhabit Cotter Reservoir (Lintermans, 2002;
Ebner and Lintermans, 2007), along with native Freshwater shrimp, Paratya australiensis,
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Freshwater prawn, Macrobrachium australiense, and the Common yabby, Cherax destructor.
Murray River crayfish, Euastacus armatus, have also been caught in the reservoir but are in
very low numbers (Lintermans unpubl. data).
Cotter Reservoir currently has a capacity of 4 GL, is 2.5 km long, a maximum depth of 22 m,
a shoreline of 10.6 km, and a surface area of 50 ha. Continuing drought conditions in the
ACT have resulted in current construction of an enlarged reservoir of 78 GL, which will
result in a surface area of around 280 ha and an increase of 50 m in surface water elevation
(ACTEW, 2005). Once the reservoir is expanded it is intended that it will be put into
operation and regularly drawn down. The resulting fluctuating water levels will impact on
the availability of fish habitat in Cotter Reservoir (Lintermans, 2005).
3.2.1.2 Lake Burley Griffin
Counts of cormorants from Lake Burley Griffin (35°2'S, 149°1'E, 556 m a.s.l), which is on
the Molonglo River in the centre of Canberra, ACT (FIG. 3.1), are also used in this study
(Rutzou and Lintermans unpubl.data) to provide an indication of regional trends in
cormorant abundance. This lake is primarily an ornamental lake in which water is
maintained at a relatively stable level (within approximately 0.5 m). With a capacity of 33.7
GL, Lake Burley Griffin covers a surface area of approximately 664 ha. A number of alien
fish species inhabit the lake, including Carp, Cyprinus carpio; Redfin perch, Perca fluviatilis;
Goldfish, and Eastern gambusia (Lintermans 2002). Native fish populations in the lake are
largely maintained by stocking, with Golden perch, Macquaria ambigua, and Murray cod,
Maccullochella peelii, regularly released. Some natural recruitment of Golden perch occurs
in the lake (Lintermans unpubl. data), and natural populations of Western carp gudgeon,
Hypseloetris klunzingeri, also occur (Lintermans 2002), as well as native Freshwater
shrimp, Freshwater prawn, and the Common yabby.
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FIG. 3.1 Location of study sites, Cotter Reservoir and Lake Burley Griffin, in the Australian Capital
Territory.

32

Chapter 3: Predator abundance and predator-prey overlap

3.2.2 Study species
3.2.2.1 Cormorants: Predators
The three species of cormorants observed in the current study are Great cormorant,
Phalacrocorax carbo, Little pied cormorant, Phalacrocorax melanoleucos, and Little black
cormorant, Phalacrocorax sulcirostris. Each of these species is distributed throughout
Australia and has been found to inhabit a range of waterbody types (Marchant and Higgins,
1990). These three species have been observed throughout the ACT (Canberra
Ornithologists Group, 2005; 2006; 2007; 2008; 2009) and surrounding region (Lamm,
1964; Lintermans and Osborne, 2002). Pied cormorants, Phalacrocorax varius, have also
been observed in the ACT, but are not common (Lintermans and Osborne, 2002; Canberra
Ornithologists Group, 2005; 2006; 2007; 2008; 2009), and therefore have not included in
the current study.
Great cormorants are the largest of the three species observed in this study and have been
found to consume fish of up to 533 mm total length (TL) (Reside and Coutin, 2001). Little
pied cormorants show a preference for crustaceans, and Little black cormorants have been
found to prefer fish, generally less that 100 mm TL (Miller, 1979). Great cormorants pose
the biggest threat to adult Macquarie perch, and therefore it is their abundance that is of
greatest concern in this study. The other two cormorant species may potentially impact
upon the adult Macquarie perch population through effects other than direct mortality and
could also predate upon smaller size classes of Macquarie perch. The current study will
investigate trends in abundance and distribution within Cotter Reservoir of all three
cormorant species.
3.2.2.2 Macquarie perch: Prey
Macquarie perch require riverine habitat for spawning, which occurs from October to
December (Cadwallader and Rogan, 1977; Lintermans, 2007). Females are generally
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considered to mature at approximately 300 mm TL and males approximately 210 mm TL
(Cadwallader and Backhouse, 1983; Harris and Rowland, 1996) although running ripe
males have been recorded at much smaller sizes; 140-150 mm in the Cotter (Lintermans,
2007), and 117 mm in Lake Dartmouth (Douglas, 2002). Adults of this species are primarily
nocturnal (Ebner and Lintermans, 2007; Ebner et al., 2009a), and inhabit complex
structure around the perimeter of Cotter Reservoir as daytime refuge (Ebner and
Lintermans, 2007; Chapter 4). The decline of this species throughout its natural range has
been largely attributed to habitat modification and the introduction of disease (Lintermans,
2007).
3.2.3 Cormorant observations
Cormorant observations were made from five vantage points along the south bank of the
Cotter Reservoir (FIG. 3.2) from February 2008 to July 2009. Observations were made at
fortnightly intervals, with the exception of between September 2008 and February 2009
when weekly observations were made in response to increasing cormorant numbers, to
ensure sufficient information on cormorant distribution in the reservoir was obtained. All
observations were made by one researcher who drove from one vantage point to the next,
starting at the most upstream point (FIG. 3.2). It was estimated that <5% of the reservoir
and its shoreline were not visible from the vantage points, and thus the cormorant counts
were sufficiently representative of the entire population. A spotting scope (Bushnell Sentry
®, 18-36 X magnification) was used to count and observe cormorants. Cormorant species
and activity (loafing, foraging or flying) were recorded and the location of each bird was
plotted on a map of the reservoir. Birds observed flying into the observation area from
upstream were not counted in order to reduce the possibility of double counting .Monthly
cormorant counts made at Lake Burley Griffin (FIG. 3.1) between August 1989 and May
1993 by ACT Parks and Conservation Service (Rutzou and Lintermans unpubl. data) were
also used in this study. These data were collected by a single observer making observations
from a boat. Rainfall data collected by the Australian Bureau of Meteorology
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(www.bom.gov.au) was used to examine the deviation from average rainfall for each month
of the study to determine any relationship between rainfall and cormorant abundance.
Mean monthly abundance of each cormorant species at Cotter Reservoir and monthly
abundances from Lake Burley Griffin were plotted in relation to deviation of rainfall from
monthly averages. Seasonal trends in cormorant abundances were analysed graphically.
Differences in cormorant abundances between seasons were determined using a
generalised linear model based on Poisson distribution and Bonferroni comparisons in the
statistical software package SPSS (PASW Statistics 17).
3.2.4 Predator-prey distribution overlap
Eighty-three adult Macquarie perch of 220–412 mm TL were caught in the Cotter Reservoir
using unweighted multifilament gill nets during five separate sampling occasions (April
2008, December 2008, February 2009, March 2009 and May 2009). Multiple sampling
occasions were necessary to maintain sample sizes in response to radio-tag rejection, fish
mortality and radio-tag failure, as identified in a previous studies (Ebner et al., 2009c). Net
locations were determined using a stratified random design to ensure a representative
sample. Each fish was anesthetised and surgically implanted with an internal coil radio-tag
(see Chapter 4) following methods described in previous studies (Broadhurst et al., 2009;
Ebner et al., 2009b). Radio-telemetry is a widely used technique for efficiently studying the
spatial behaviour of fishes (e.g. Huber and Kirchhofer, 1998; Ovidio, 1999; Johnsen and
Hvidsten, 2002; Gjershaug et al., 2004; Hanson et al., 2007; Hojesjo et al., 2007; Ebner and
Thiem, 2009; Ovidio et al., 2009) Between 14 and 36 adult Macquarie perch were radiotracked once every two weeks between April 2008 and June 2009. The location of each fish
was recorded using a hand held GPS (Garmin 60CX) and plotted in ArcGIS (ESRI Ver. 9.3).
Cormorant foraging locations were also plotted into ArcGIS, and 50%, 70% and 95% kernel
density estimates were produced using Hawths tools (Beyer, 2004) for each season to
estimate key foraging locations of cormorants in the reservoir at multiple spatial scales.
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The number of fish located within cormorant foraging areas was determined using the
“count points in polygon” tool in Hawths tools (Beyer, 2004).
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FIG. 3.2 Location of vantage points where cormorant observations were made at Cotter Reservoir.
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3.3 RESULTS
3.3.1 Predator abundance
3.3.1.1 Cotter Reservoir
Cormorant abundance, incorporating all three species, was highest in spring and summer
at Cotter Reservoir (FIG. 3.3). Great cormorant abundance peaked in spring and summer
(FIG. 3.3) and was significantly higher in these two seasons than autumn and winter
(TABLE 3.1). The maximum number of Great cormorants was recorded in November 2008
(n=19) (FIG. 3.4). Little pied cormorant abundances were highest in autumn and summer
(FIG. 3.5). Maximum numbers of Little pied cormorants were recorded in April of 2008 as
well as in each of the autumn months in 2009 at (n= 12) (FIG. 3.5). The abundance of Little
pied cormorants was significantly higher in autumn and summer than winter and spring
(TABLE 3.1). An increase in Little pied cormorant abundance during summer did not show
a relationship with rainfall (FIG. 3.5). Little black cormorants were rare at Cotter Reservoir
(FIG. 3.5) with the average seasonal abundance being less than 1 for each season (FIG. 3.3).
While 12 Little black cormorants were recorded during one sampling occasion in January
2009, this was the only record of this species in that month.
3.3.1.2 Lake Burley Griffin
Great cormorant abundance showed similar trends at Lake Burley Griffin to Cotter
Reservoir, with peaks in spring and summer (FIG. 3.3), and significantly higher abundances
in these two seasons than autumn and winter (TABLE 3.1). Maximum numbers of Great
cormorants were recorded in October 1991 (n = 68) (FIG. 3.6). Lake Burley Griffin had
significantly more Great cormorants than Cotter Reservoir (p<0.005). Annual variation in
the abundance of Great cormorants occurred with higher numbers being recorded in 1991
(mean = 22.75 ± 1.37 S.E.) than in 1990 (mean = 15.33 ± 1.13 S.E., p < 0.001) and 1992
(mean = 10.33 ±0.92 S.E., p<0.005) (FIG. 3.6). Unlike any other years, peaks in abundance
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that occurred in August in 1991 and 1992, corresponded with above average rainfall
during that month (FIG. 3.6). The peaks in abundance that occurred in spring and summer
at both sites coincided with above and below average rainfalls (FIG. 3.6).
Little pied cormorant abundances were highest in autumn and winter at Lake Burley Griffin
(FIG. 3.3), and were significantly higher in those seasons than spring and summer (TABLE
3.1). Some variation in Little pied cormorant abundance occurred between years with
winter abundances in 1991 and 1992 significantly higher than 1990 (p < 0.001 and
p=0.015 for 1991 and 1992 respectively). Additionally, summer 1990 had a significantly
higher Little pied cormorant abundance than summer of 1992 (p = 0.001). Above average
rainfall in August of 1991 and 1992 corresponded with peaks in Little pied cormorant
abundance; however the peaks observed in summer months corresponded with both
below and above average rainfall (FIG. 3.7).
Little black cormorant abundance peaked in autumn and summer at Lake Burley Griffin
(FIG. 3.3), with autumn abundances significantly higher than any other season (TABLE 3.1).
Peaks occurred in March 1990 and April 1991, corresponding with below average rainfall
(FIG. 3.7). In March of 1991 when rainfall was also below average Little black cormorants
were not present at Lake Burley Griffin (FIG. 3.7). Despite this, autumn abundance in 1990
and 1991 was significantly higher than 1993 (p = 0.012 and p = 0.034 for 1990 and 1991
respectively).
3.3.2 Predator-prey overlap
Cormorants predominantly foraged in the upstream shallower end of Cotter Reservoir
throughout the current study (FIG. 3.8). This trend was maintained throughout each of the
seasons, with some increase in foraging range during spring and summer when cormorant
abundances were highest (FIG. 3.9). Kernel estimates of foraging range were not possible
for winter because only six observations were made of cormorants foraging. Each season
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had less than 7% of fish locations recorded within the core foraging area (50% kernel
estimates) (FIG. 3.10). Less than 15% of fish locations were within the 70% foraging range
during each season (FIG. 3.10). The number of Macquarie perch located within the 90%
foraging range was more than double that of 70% range (FIG. 3.10). Overlap between
Macquarie perch locations and cormorant foraging distributions was highest in spring and
summer with 38% and 30% of radio-tagged Macquarie perch located within the 90%
kernel estimate respectively (FIG. 3.10). A shift in Macquarie perch locations occurred in
spring with approximately 40% of locations recorded in the upstream quarter of the
reservoir, which included at least one record from 75% of individuals studied during that
season (FIG. 3.9). More than 30% of fish remained in the upstream quarter during summer
(FIG. 3.9). In autumn fish mostly inhabited the middle section of the reservoir, as was the
case in winter (FIG. 3.9).
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Mean abundance (± S. E.)

a)

Mean abundance (± S. E.)

b)

FIG. 3.3 Mean seasonal abundance (± S.E.) of ( ) Great cormorants, ( ) Little pied cormorants and ( ) Little
black cormorants at a) Cotter Reservoir and b) Lake Burley Griffin.
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TABLE 3.1 Comparison of seasonal cormorant abundances at Lake Burley Griffin and Cotter Reservoir
determined using a generalised linear model based on Poisson distribution and Bonferroni
comparisons in the statistical software package SPSS (PASW Statistics 17). * Indicates a significant
difference. ^ Indicates analysis was not conducted as sample size was too low.

Cotter Reservoir

Lake Burley Griffin

Great cormorant

Spring

Winter

Autumn Spring

Winter

Summer

0.186

<0.001* <0.001* 1

Autumn

<0.001* 0.710

<0.001* <0.001*

Winter

<0.001*

<0.001*

Summer

<0.001* <0.001* 0.467

1

Autumn

<0.001* <0.001*

<0.001* 0.222

Winter

0.399

<0.001*

Autumn

<0.001* <0.001*

Little pied cormorant
<0.001* <0.001*

Little black cormorant
Summer

^

^

Autumn

^

^

Winter

^

^

<0.001* <0.001* 0.001*
<0.001* <0.001*
0.811*
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Mean cormorant
abundance (± S. E.)

FIG. 3.4 Mean monthly Great cormorant abundance ( ) (± S.E.) at Cotter Reservoir. Each months deviation from
average rainfall ( ) is plotted to show any relationship between cormorant abundance and rainfall conditions.

FIG. 3.5 Mean monthly Little pied cormorant abundance ( ) (± S.E.) and Little black cormorant abundance ( ) (±
S.E.) at Cotter Reservoir. Each months deviation from average rainfall ( ) is plotted to show any relationship
between cormorant abundance and rainfall conditions.
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FIG. 3.6 Monthly Great cormorant abundance ( ) at Lake Burley Griffin 1989–1993. Each months deviation
from average rainfall ( ) is plotted to show any relationship between cormorant abundance and rainfall
conditions. Data provided by ACT Parks and Conservation Service (Rutzou and Lintermans unpubl. data).
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FIG. 3.7 Monthly Little pied cormorant abundance ( ) and Little black cormorant abundance ( ) at Lake
Burley Griffin 1989–1993. Each months deviation from average rainfall ( ) is plotted to show any relationship
between cormorant abundance and rainfall conditions. Data provided by ACT Parks and Conservation Service
(Rutzou and Lintermans unpubl. data).
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a)
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FIG. 3.8 Foraging areas of a) all cormorant species (Great, Little pied and Little black) and b) Great cormorants only at Cotter Reservoir estimated using
50% ( ), 70% ( ) and 95% ( ) kernel distributions and c) depth profile of Cotter Reservoir showing <5 m ( ), 5–10 m ( ) and >10 m ( ).

c)

47
FIG. 3.8 Continued.

a)

b)
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FIG. 3.9 Overlap between foraging locations of all cormorant species (Great, Little pied and Little black) estimated using 50% ( ), 70% ( ) and
95% ( ) kernel distributions with adult Macquarie perch locations ( ) in a) spring, b) summer, c) autumn and d) winter*. Note* because few
foraging cormorants were recorded in winter kernel estimates of cormorant range for this season were based on all cormorant sightings.

c)

49
FIG. 3.9 Continued

d)

Overlap between adult Macquarie
perch and cormorant distribution (%)
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FIG. 3.10 Percentage of overlap in the distribution of adult Macquarie perch and 50% ( ), 70% ( ) and
95% ( ) kernel estimates of cormorant foraging range in Cotter Reservoir. *Winter overlap was calculated
from all cormorant observations because of the low number of observations of cormorants foraging.
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3.4 DISCUSSION
3.4.1 Predator abundance
Cormorant abundance in Cotter Reservoir was highest in warmer months, indicating the
period of greatest predation risk. Great cormorants, which provide the largest threat of
direct mortality to adult Macquarie perch, peaked in abundance in spring and summer.
Great cormorant abundance also increased at Lake Burley Griffin during spring and
summer, suggesting that the abundance of this species within the ACT follows a regular
seasonal trend. Records from volunteer bird counts throughout the ACT from 2005–2009
have also generally reported fewer Great cormorants throughout the cooler months
(Canberra Ornithologists Group, 2005; 2006; 2007; 2008; 2009). Similar trends were also
recorded at Lake George, 40 km from the ACT, from 1961 to 1963, with low numbers of
Great cormorants recorded between March and July and high numbers between October
and January (Lamm, 1964). The increase in Great cormorant abundance in warmer months
corresponds with the spawning and nursery period of many native and alien fish species
including Macquarie perch, Goldfish, Carp and Eastern gambusia (Lintermans, 2007), as
well as crustaceans including Common yabby and Freshwater prawn (Williams, 1977).
Cormorant abundances have been found to be positively correlated with the productive
periods of waterbodies (Kingsford et al., 1999). Furthermore, aggregation of prey species in
response to spawning behaviour has been found to result in increased predator densities
(Marston et al., 2002; Sigler et al., 2003). Thus, increased food availability in Cotter
Reservoir during warmer months as well as the shift of Macquarie perch into the upstream
section of Cotter Reservoir (see also Chapter 5), where they have access to upstream
spawning habitat, may explain the increased seasonal abundance of Great cormorants.
Little pied cormorant abundance also peaked in summer, as well as autumn at Cotter
Reservoir, and although Little black cormorants were rare there was one influx observed in
summer, adding further strength to the argument of higher predation risk in warmer
months. Although these smaller species of cormorants are less likely to cause the direct
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mortality of adult fish than Great cormorants, their presence in the reservoir has the
potential to affect adult Macquarie perch through non-lethal effects that result in reduced
fitness and potential mortality (see Fraser and Gilliam, 1992; Allouche and Gaudin, 2001;
Cooke et al., 2003), and also reduce recruitment rates through the consumption of smaller
fish. At Lake Burley Griffin from 1989 to 1993 trends in the abundance of these two species
were somewhat different, with Little pied cormorants most abundant in autumn and
winter and Little black cormorants most abundant in autumn and summer, and at much
higher numbers than Cotter Reservoir. A breeding colony of Little black cormorants has
been reported at Lake Burley Griffin (Canberra Ornithologists Group, 2005; 2006; 2007;
2008; 2009), which may provide some explanation for high abundances recorded there in
autumn. Carp and Redfin perch were found to be the major sources of food for Little black
cormorants feeding on lakes on the Lachlan River (Miller, 1979). The absence of both of
these alien fish species in the Cotter Reservoir may provide some explanation for the lower
numbers of Little black cormorants when compared to Lake Burley Griffin. Volunteer bird
counts recorded variable trends in the abundance of these species in the ACT from 2005 to
2009 (Canberra Ornithologists Group, 2005; 2006; 2007; 2008; 2009), which implies that
annual variability in the abundance of this species may be common and provide an
explanation for the differences between Lake Burley Griffin and Cotter Reservoir data.
Therefore, the potential for annual variability in abundance, unpredictable influxes, and the
establishment of a breeding colony at the enlarged reservoir must be considered in
conservation plans for Macquarie perch.
Seasonal trends in cormorant abundance were generally not associated with trends in
rainfall. However, peaks in Little pied and Great cormorant abundances in the winters of
1991 and 1992 that did not correspond with the general seasonal trends observed were
associated with above average rainfall, suggesting that rainfall may play a role in atypical
influxes. Waterbird abundance has been found to be related to climate variables; in
particular rainfall and the associated changes in water levels (Llewellyn, 1983; Woodall,
1985; Briggs et al., 1997; Kingsford et al., 1999; Dorfman and Kingsford, 2001a).
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Cormorants were found to be more abundant in the Brisbane region during periods when
rainfall was highest (Woodall, 1985). Great cormorant abundance at Lake George was
found to be highest around the same time that water levels peaked (Lamm, 1964).
Similarly, in Lake Altibouka in arid NSW there was a rapid increase in all species of
cormorants shortly after the cessation of a dry period (Dorfman and Kingsford, 2001a).
This suggests that observed relationships with rainfall may actually be a response to
increased water levels. The relationship between water levels and cormorant abundance
has been attributed to the increase in productivity that occurs in response to flooding
(Llewellyn, 1983; Barlow and Bock, 1984; Kingsford et al., 1999; Dorfman and Kingsford,
2001a). Both Lake Burley Griffin and Cotter Reservoir are regulated and experience
minimal fluctuations in water level. Reduced variability in water levels because of an
imposed regulation regime has resulted in systems that are less productive than variable
ones (Boulton and Lloyd, 1991; Humphries and Lake, 2000; Gehrke and Harris, 2001).
While stable water bodies do not experience boom periods that are correlated with
flooding, permanent systems provide reliable habitat for fish and large invertebrates, and
thus provide dependable resources for piscivorous birds such as cormorants when
conditions in more stochastic systems become unfavourable (Kingsford et al., 2004). For
example, in the permanent Gippsland Lakes cormorant numbers increased in 1992 in
response to extensive drought conditions and declined in June and July of 1998 in response
to widespread flooding which would have created favourable conditions in other water
bodies (Coutin and Reside, 2003). An understanding of where cormorants, that inhabit
waterbodies in the ACT, move to during other seasons, and monitoring environmental
conditions in these locations would be beneficial for forecasting unseasonal influxes.
Lake Burley Griffin had higher cormorant abundances than the much smaller Cotter
Reservoir, suggesting that the abundance of cormorants may be related to the size of the
waterbody. This is supported by findings of much higher cormorant abundances in even
larger water bodies. For example, cormorant abundances peaked at 1441 individuals in
Lake Altibouka in NSW, which covers 565 ha when full (Dorfman and Kingsford, 2001b).
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The installation of a higher dam wall and altered hydrological regime at Kerkini Reservoir
in Northern Greece resulted in an increase in the abundance of piscivorous water birds
(Crivelli et al., 1995). However, the increase was not attributed to the larger size of the
waterbody, but rather the increase in the abundance of particular fish species which
benefited from newly created pelagic habitats (Crivelli et al., 1995). Fish productivity has
been found to increase in the first few years after filling of a reservoir (Baxter, 1977;
Crivelli et al., 1995). Increased productivity and recruitment of Macquarie perch may act as
a buffer from the negative impacts of predation during the filling phase of the reservoir.
However, there is also potential for larger populations of cormorants, which may have
negative impacts on the Macquarie perch population.
3.4.2 Overlap of predator-prey distribution
Cormorant foraging locations overlap with the distribution of adult Macquarie perch in the
upstream section of Cotter Reservoir during spring and summer. This finding is similar to
that of Dorfman and Kingsford (2001b), who found that cormorants aggregate in the
Menindee inlet channel where Bony herring, Nematolosa erebi, were schooling. While this
implies that cormorant distribution is associated with Macquarie perch distribution,
decline in the amount of overlap during colder seasons suggests that other factors may also
be at play. Cormorants primarily foraged in the upstream section of Cotter Reservoir,
which is characterised by depths of <5 m (FIG. 3.8). Previous research has found that
cormorants commonly forage in shallow waters (<5 m) (Dorfman and Kingsford, 2001a;
Ropert-Coudert et al., 2006), which suggests a potential association with a specific habitat
type. Additionally, alien species that inhabit Cotter Reservoir, such as the Goldfish have
been found to prefer shallow water (Gozlan et al., 1998), and it may be their distribution
which influences cormorant foraging locations. Analysis of overlap with prey biomass
(Heithaus, 2005), rather than a specific prey species, is likely to provide more insight into
the factors affecting cormorant distribution within the reservoir. The current study does
show that Macquarie perch move into the foraging range of cormorants during spring and
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summer, which is the spawning period for this fish species, and thus conservation efforts
should be focused on the upstream section of the reservoir during this time.
Predator-prey overlap declined at the very finest spatial scales observed in this study (70%
and 50% kernel estimates). The decline in overlap at finer spatial scales is congruent with
studies conducted in marine environments (Rose and Leggett, 1990; Fauchald et al., 2000).
However, fine-scale was considered to be around 3 km in these marine studies (Rose and
Leggett, 1990; Fauchald et al., 2000), which is more than the length of Cotter Reservoir. The
scale at which predator-prey distributions overlap has been found to be linked to
characteristics of the physical environment, with predator-prey distributions not being
correlated at scales within the dimensions of prey refuge areas (Rose and Leggett, 1990).
The current availability of structural habitat around the perimeter of Cotter Reservoir
(Chapter 4) is likely to reduce overlap between Macquarie perch locations and the core
foraging areas of cormorants by inhibiting cormorants from accessing fish at the
microhabitat scale. Loss of structural habitat will potentially result in an increase in the
predator-prey overlap at even finer scales than observed in the current study, and
therefore is likely to be detrimental to this threatened prey population, particularly during
periods of high predator abundance.
Investigating temporal and spatial changes in the distribution overlap of an avian piscivore
and a specific prey species, as done in this study, is an unconventional approach to studying
predation risk. While monitoring predator abundance alone would have indicated that the
risk of predation upon Macquarie perch is higher in warmer seasons, the true extent of risk
would not have been determined. Additionally, it would not have enabled the identification
of the upstream section of the reservoir as the location where predation is most likely to
occur, and thus where conservation efforts are most required. Although overlap between
cormorant foraging and adult Macquarie perch diurnal range does not currently occur at
the fish microhabitat scale, future plans for an expanded Cotter Reservoir will result in
reduced structural habitat that could lead to a shift in this dynamic. The addition of
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structural habitat has been recommended for reducing predation risk (Crook and
Robertson, 1999; Russell et al., 2003), and has been identified as a suitable method for
controlling cormorant predation on fish populations (Russell et al., 2003). The
investigation of fine-scale predator-prey overlap has allowed the identification of the
upstream section of the reservoir as the area where placement of habitat would be most
valuable. The method used in the current study is likely to be beneficial for similar
assessments of predation risk to small populations threatened by predation.
3.4.3 Conclusion
Small populations, such as Macquarie perch in Cotter Reservoir, are at risk from stochastic
processes (Caughley and Gunn, 1995), which include influxes in generalist predators
(Crawley, 1992). The current study has successfully identified that cormorant abundance
increases at Cotter Reservoir in warmer seasons, and that cormorants predominately
forage in the upstream section of the reservoir, which overlaps with Macquarie perch
distribution during those seasons. These findings provide significant value for the
threatened fish population by providing insight into when and where predation is most
likely to occur. The potential for increased cormorant abundances in the enlarged
reservoir, in addition to unseasonal influxes in response to climate conditions, suggest that
further monitoring of the cormorant population may be necessary to ensure appropriate
conservation efforts are maintained. The current study has used knowledge that predators
can have detrimental impacts on small prey populations (Crawley, 1992; Sinclair et al.,
1998; Wittmer et al., 2005; Angulo et al., 2007; Millus and Stapp, 2008; Kojola et al., 2009;
Gregory and Courchamp, 2010; Kramer and Drake, 2010) and that cormorants prey on
adult Macquarie perch in Cotter Reservoir (Ebner and Lintermans, 2007; Ebner et al.,
2009c) as evidence that conservation efforts are required. Determining trends in predator
abundance and fine-scale predator-prey overlap, has allowed the identification of
conservation requirements of the Macquarie perch population and may be a valuable
approach for future situations where predation poses a threat to small prey populations.
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CHAPTER 4: DIURNAL HABITAT OF AN ENDANGERED FISH
SPECIES IN AN UPLAND RESERVOIR
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4.1 INTRODUCTION
Habitat loss and deterioration are responsible for the decline of many freshwater fish
species (Cambray, 2000; Abell et al., 2008; IUCN, 2009). Loss of structural habitat can have
detrimental impacts on freshwater fish, such as a decline in food, and reduced availability
of refuge from predators or flow (Mathews, 1998). Alteration of characteristics such as
depth, flow or temperature can result in conditions that are unsuitable for some species,
and may inhibit certain life history phases (Schlosser, 1985; Humphries et al., 2002;
Armstrong et al., 2003; Kahl et al., 2008). Rehabilitation and protection of aquatic habitat is
central to the conservation of freshwater fish populations. To ensure effective conservation
that will enable species-level recovery, knowledge of habitat requirements is essential
(Nicol et al., 2007; Santos and Ferreira, 2008). Investigating species-specific habitat
selection, as done in numerous studies (e.g. Crook et al., 2001; Simpson and Mapleston,
2002; Nicol et al., 2007; Santos and Ferreira, 2008; Koehn, 2009), is critical for providing
advice for the conservation of fish populations threatened by habitat loss.
Habitat selection is influenced by a wide range of factors, including species interactions,
habitat variables, and fish physiology and behaviour (Crowder and Cooper, 1982; Chick and
McIvor, 1997; Clavero et al., 2005; Finstad et al., 2007). These factors can interact, making
it difficult to decipher the purpose of specific habitat associations. Certain fishes select
habitat according to vulnerability to predation and/or food availability, which differ in
relation to fish body size and locality (Clavero et al., 2005). For example, habitat selection
of Bluegill sunfish, Lepomis macrochirus, was attributed to interactions between habitat
structure and food density, as well as temperature and predation (Crowder and Cooper,
1982). Seasonal factors can also cause a shift in habitat selection by altering one or more of
the factors that influence habitat choice (e.g. Maki-Petays et al., 1997; Nykanen et al.,
2004a; Van Liefferinge et al., 2005). Additionally, an increasing awareness of spatial scale
in ecology has led to the recognition that fish select for different habitat characteristics at
different spatial scales, such as micro and mesohabitats (e.g. Crook et al., 2001; Anderson et
al., 2009; Koehn, 2009). Studies that have done more than just describe habitat use, by
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identifying factors that drive it, have provided valuable information for conserving fish
species (e.g. Crowder and Cooper, 1982; Chick and McIvor, 1997; Clavero et al., 2005;
Finstad et al., 2007; Jones and Stuart, 2007). Therefore, to develop holistic and adaptive
management strategies for threatened fish populations it is necessary to have an
understanding of why fish occupy certain habitat types.
Populations of threatened fish species that inhabit reservoirs often have requirements that
conflict with human demands for water. The littoral zones of water storage reservoirs are
sometimes abundant in physical structure, such as emergent macrophytes and structural
woody habitat (SWH), which can provide valuable habitat for fish populations (Winfield,
2004). Variable reservoir water levels resulting from extraction for water supply can cause
a reduction in physical structure (Winfield, 2004). This can result in fish occupying suboptimal habitat, which can cause reduced fitness or mortality (Crowder and Cooper, 1982;
Havens et al., 2005; Finstad et al., 2007; Smokorowski and Pratt, 2007). The active transfer
of information about the requirements of fish populations to water managers has been
recognised as necessary for encouraging ecologically sustainable management of water
levels in reservoirs (Winfield, 2004). Further to understanding the requirements of fish
populations, it is likely that understanding the effects of drawdown on habitat
characteristics and fish behaviour would be valuable for guiding conservation of fish
populations in reservoirs.
Macquarie perch, Macquaria australasica, is a large bodied Australian freshwater fish
(commonly 1 kg adult size) that has suffered from significant habitat loss among other
threatening processes (Ingram et al., 2000; Lintermans, 2007). Historically a riverine
species, one of the few remaining self-sustaining populations of Macquarie perch is located
in a water storage reservoir in the Australian Capital Territory (ACT) (Ebner and
Lintermans, 2007; Ebner et al., 2010b). Despite regular recruitment within this population,
a recent genetic study found that there are as few as 17–79 adults contributing to the
population annually, which demonstrates that adults are a vulnerable demographic
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(Farrington et al., 2009). Previous research has found that during the day adult Macquarie
perch in Cotter Reservoir inhabit fringing emergent macrophytes which have established in
the reservoir in response to a history of stable water levels (Lintermans, 2005; Ebner and
Lintermans, 2007). In 2003, bushfires burnt most of the lower Cotter Catchment (Carey et
al., 2003), dramatically changing habitat availability, with the addition of large amounts of
structural woody habitat (SWH) (almost exclusively pine) to the reservoir. Construction,
which is underway to expand the Cotter Reservoir from 4 to 78 GL, followed by regular
drawdown, will result in even more extreme changes to habitat availability, as
macrophytes are drowned under 50 m of water. Avian predation upon adult Macquarie
perch has been confirmed in Cotter Reservoir (Ebner et al., 2009c) and, therefore, ensuring
the availability of appropriate daytime refuge is essential to mitigate predation in the
enlarged reservoir. Understanding habitat requirements of adult Macquarie perch, and the
factors that influence habitat selection, such as body size, as well as potential impacts of the
expanded reservoir, are critical to determining an appropriate management strategy for
the threatened fish population. The aim of the current study is to determine refuge
requirements of adult Macquarie perch and investigate the effect that loss of structural
habitat has on diurnal habitat selection. To achieve this aim the following questions will be
addressed:
1. Do adult Macquarie perch select for specific habitats? (i.e. non-randomly)
2. Do different sized adult Macquarie perch have different habitat requirements?
3. Are there seasonal differences in habitat selection by adult Macquarie perch?
4. How does a 2 m drawdown (simulating habitat availability in the enlarged
reservoir) affect habitat selection by adult Macquarie perch?

4.2 METHODS
4.2.1 Study site
Cotter Reservoir (35°19'S, 148°55'E, 500m a.s.l), is the smallest and most downstream of
three water storage reservoirs on the Cotter River that were built for the purpose of
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providing domestic water to the ACT (FIG. 4.1). With a surface area of 52 ha and
approximately 2.5 km in length, Cotter Reservoir provides a variety of habitat types for
Macquarie perch, including SWH, emergent macrophytes and rocky shorelines. In addition
to natural habitat, small constructed rock and pipe reefs have been placed in Cotter
Reservoir to investigate Macquarie perch use of constructed habitats (Lintermans et al.,
2010), as well as a de-stratifying unit and the dam wall. Macquarie perch have access to the
river upstream of Cotter Reservoir, which is necessary for spawning that takes place from
mid spring to early summer (Wharton, 1968; Cadwallader and Backhouse, 1983; Ebner and
Lintermans, 2007; Lintermans et al., 2010). Cotter Reservoir is also inhabited by five alien
fish species (Goldfish, Carassius auratus; Rainbow trout, Oncorhynchus mykiss; Brown trout,
Salmo trutta; Oriental weather loach, Misgurnus anguillicaudatu; and Eastern gambusia,
Gambusia holbrooki) (Lintermans, 2005; Ebner and Lintermans, 2007). Avian piscivores
also inhabit Cotter Reservoir, with numbers peaking in warmer months (Chapter 3).
4.2.2 Habitat mapping
Habitat in the littoral zone of Cotter Reservoir was mapped using aerial photographs of
Cotter Reservoir, which were taken during a 5 m drawdown and rectified in ArcGIS (ESRI
Ver. 9.3). Emergent macrophytes, structural woody habitat (SWH), rocky shoreline, bare
shoreline, open water and constructed habitats were identified from the photographs and
polygon shapefiles were created around each. A site visit was conducted to confirm areas
that were difficult to see on the photographs. A GPS (Garmin 60CSx) was used to record the
waterline during a 2 m drawdown, which was then plotted in ArcGIS. The area of habitat
available at full and 2 m drawdown was calculated from shapefiles in ArcGIS. A bathymetry
map of Cotter Reservoir was used to determine the area of depth categories 0–5, 5–10, 10–
15 and >15 m at both full and 2 m drawdown.
4.2.3 Radio-telemetry
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Adult Macquarie perch were collected from Cotter Reservoir using floating multifilament
gill nets that were set on five occasions (April 2008, December 2008, February 2009, March
2009 and May 2009). Multiple sampling occasions were necessary to maintain sample sizes
in response to likely radio-tag rejection, mortality, and radio-tag failure (see Ebner et al.,
2009c). An internally implanted coil radio-tag (Model F1170, 4.0 g, 30 pulses per minute,
441 day battery capacity; Advanced Telemetry Systems, Isanti, MN, USA) was used
following refinement of a surgical method described in previous studies (Broadhurst et al.,
2009; Ebner et al., 2009c). Between 14 and 36 fish were located in the daytime at two-week
intervals from April 2008 to June 2009. Individuals were located a minimum of 12 times,
with 13 fish located at least 24 times and five fish located 27 times. During the study the
reservoir was drawndown 2 m for one month in each season (6 September 2008–6 October
2008; 21 January–21 February 2009; 20 March–20 April 2009; and 5 June–5 July). Radiotracking was conducted from a small boat using a yagi antenna. The location of each fish
was recorded using a hand held GPS (Garmin 60CSx) and manually on a map of the
reservoir to ensure accuracy.
4.2.4 Analysis
Fish locations were mapped using ArcGIS and overlayed onto habitat maps. Habitat
selection at a range of spatial scales was determined by creating circles of 5, 10, 25, 50 and
100 m around each fish location using the “sample plot” tool from the Hawths Tools suite
(Beyer, 2004) in ArcGIS. Areas of the circle that were outside the perimeter of the reservoir
were removed. The area of each habitat type within each circle was calculated using the
“polygon in polygon analysis” tool from Hawths Tools suite (Beyer, 2004) in ArcGIS.
To determine if specific habitats were selected non-randomly, a method similar to that
described by Bult et al. (1998), and later used by Crooke et al. (2001), was used to calculate
relative contact between fish and habitat types. A set of random points was produced
within the reservoir perimeter using the “random points” tool in the Hawths Tools suite
(Beyer, 2004). While Bult et al. (1998) and Crooke et al. (2001) produced a total of 500
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randomisations for each of their studies, the number of repetitions was reduced for this
study for logistical reasons. One hundred repetitions were produced based on an average
23 fish located during each radio-tracking event. Therefore, 2300 random points were
produced, and contact with different habitat types was analysed at the same spatial scales
as the fish locations. Average contact (Ac) at the specified scale (s) was calculated from
both actual and random fish locations at each of the spatial scales using the formula:
Ac,s = ∑ (areahab/areatotal)/n
Where areahab is the area of the specified habitat type and area total is the total area within
the specified radius and n is the number of fish locations. Once average contact was
calculated from both the actual fish locations and the random fish locations, relative
contact was calculated at each spatial scale using the formula:
Relative contact = Log10 (Ac actual) – Log10 (Ac random)
Relative contact was calculated separately for fish <350 mm total length (TL) and >350 mm
TL when the reservoir was full and when it was drawn down 2 m. Values above 0 indicate
positive association, whereas values below 0 indicate avoidance. Mann-Whitney U tests
were conducted in SPSS (PASW Statistics 17) to determine if habitat associations were
significantly different from random.
The 10 m spatial scale was used for further analysis, based on the assumption that this was
a realistic scale at which fish could reach habitat if being pursued by a predator, based on
swimming speeds of 57.59 cm s-1 (Starrs, 2009). The percentage of area within a 10 m
radius of each fish location covered by each habitat type was calculated for both size
classes (<350 mm and >350 mm TL), at both water levels (full and 2 m drawdown), and in
each season. Habitat use at the 10 m scale was compared between fish size, water level, and
season using Mann Whitney U tests in SPSS (PASW Statistics 17).
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FIG. 4.1 Location of the study site, Cotter Reservoir, in the Australian Capital Territory.
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4.3 RESULTS
4.3.1 Habitat availability
Emergent macrophytes constituted the largest area of structural habitat in Cotter
Reservoir, covering 1.9 ha and 38% of the shoreline (FIG. 4.2). Structural woody habitat
covered an area of 0.6 ha and 15% of the shoreline. The upstream half of the reservoir,
which was less than 10 m deep, contained 70% of the emergent macrophytes and 60%
of SWH. The most upstream 600 m of the reservoir, which was less than 5 m deep,
contained 40% of all emergent macrophytes and 47% of all SWH. Boulder and
constructed habitat (pipe and rock reef) both had an area of around 0.02 ha, with the
majority of constructed habitat located in the middle portion of the reservoir. Rocky
shorelines dominated the downstream portion of the reservoir where depths are mostly
greater than 10 m. Non-structural habitat in the reservoir included a small amount of
bare shoreline and an extensive amount of open water.
A 2 m drawdown reduced the surface area of Cotter Reservoir by around 14%, with a
44% decline in surface area within the upstream 600 m. Structural habitat in the top
5 m of the littoral zone decreased to 12.6% of what it was at full. This decline in
structural habitat was mainly attributed to the loss of all emergent macrophytes and a
55% reduction in the availability of SWH. The 38% of shoreline that was covered by
emergent macrophytes when the reservoir was full became bare shore during
drawdown. All constructed habitats in the reservoir remained available to fish during
drawdown as did 95% of boulder habitat.
4.3.2 Habitat preferences and body size
Habitat preferences of adult Macquarie perch in Cotter Reservoir were different
between the two size classes; however, overall adult Macquarie perch showed strong
preferences for SWH (FIG. 4.3 and FIG. 4.4). Large adult Macquarie perch were
positively associated with SWH at all spatial scales, as were the smaller fish with the
exception of the 100 m scale (FIG. 4.3). More large fish had contact with SWH than any
other habitat type (FIG. 4.4), and it contributed more area within a 10 m radius than any
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other structural habitat type for both fish size classes (TABLE 4.1). Larger fish were also
positively associated with emergent macrophytes; however, smaller fish were not (FIG.
4.3). Smaller fish had more contact with constructed habitat than any other structural
habitat type at the 10 m scale (FIG. 4.4), and were positively associated with
constructed habitat and boulder at all spatial scales (FIG. 4.3). Both size classes actively
avoided open water but had some positive association with bare shore at variable
spatial scales (FIG. 4.3). Small fish were positively associated with deep water (>15 m)
while large fish were positively associated with shallow water (<5 m).
4.3.1 Drawdown effects on habitat selection
Both size classes maintained similar trends in their relative contact with SWH at 2 m
drawdown (FIG. 4.3). Despite this, the percentage of fish that had contact with SWH
declined during drawdown (FIG. 4.4), and the proportion of area within a 10 m radius of
individuals that was covered by SWH declined significantly for both size classes (TABLE
4.1). Trends in the relative contact of smaller fish with constructed habitat and boulders
remained similar to when the reservoir was full (FIG. 4.3). However, the percentage of
smaller fish that had contact with constructed habitat at the 10 m scale declined from
52% when full to 34% at 2 m drawdown (FIG. 4.4). Large fish showed a higher degree of
positive association with constructed habitat, at all spatial scales, at 2 m drawdown than
when the reservoir was full (FIG. 4.3). The percentage of large fish which had contact
with constructed habitat at the 10 m scale increased by 8% (FIG. 4.4). This corresponds
with a significant increase in the amount of constructed habitat within 10 m of the
location of large adult Macquarie perch (TABLE 4.1).
Relative contact with open water and bare shore did not differ greatly between the
water levels for either size class (FIG. 4.3). Regardless of this, at 2 m drawdown the
percentage of fish which had no contact with structural habitat increased to at least
double the amount it was at full, for both size classes, at all spatial scales (FIG. 4.5). The
amount of open water and bare shore within a 10 m radius of large fish increased
significantly relative to when the reservoir was drawndown (TABLE 4.1).
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Trends in depth preferences were similar when the reservoir was drawn down as to
when it was full; with larger fish remaining positively associated with shallow water at
all spatial scales (FIG. 4.6). Smaller fish maintained a positive association with deep
water; however, association with depths >15 m at the 10 m and 25 m scale were not
significantly different from random (FIG. 4.6). The area of water within a 10 m radius
around smaller fish that was deeper than 15 m, significantly decreased from when the
reservoir was full (TABLE 4.2).
4.3.1 Habitat selection and spatial scale
Adult Macquarie perch showed stronger selection for habitat types at finer spatial
scales, with a general decline in relative contact as spatial scales increased (FIG. 4.3).
Exceptions to this trend were: a) the slightly stronger association of smaller fish
occupying depths >15 m at broader spatial scales than most of the finer scales, and b)
the association of larger fish with depths <5 m across all spatial scales when the
reservoir was full (FIG. 4.6). Additionally, smaller adult Macquarie perch showed strong
avoidance of bare shore at the 10 m scale, but a slight positive association at both 5 m
and 25 m scale, and a non-significant positive association with emergent macrophytes
at finer spatial scales with active avoidance at broader spatial scales (FIG. 4.3).
4.3.2 Seasonal changes in habitat selection
Fish from the larger size class had contact with significantly larger areas of SWH and
emergent macrophytes at the 10 m scale in summer than any other season (FIG. 4.7).
This corresponds with over 70% of large fish having contact with SWH in summer;
however, only 20% of large fish had contact with emergent macrophytes in summer
(FIG. 4.8), which is lower than any other season, suggesting a small subset of fish have
contact with large areas of emergent macrophytes. In summer more fish from the
smaller size class had contact with emergent macrophytes at the 10 m scale than any
other season (FIG. 4.8), and this habitat type comprised a significantly larger area
within a 10 m radius in summer than winter (FIG. 4.7). The proportion of constructed
habitat within a 10 m radius of smaller fish was significantly higher in spring and
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autumn than summer (FIG. 4.7), with less fish having contact with this habitat type in
summer than any other season (FIG. 4.8). Large fish had a significantly higher
proportion of constructed habitat within 10 m in spring than summer (FIG. 4.7), and the
percentage of fish that had contact with this habitat type was highest in spring and
lowest in summer (FIG. 4.8).
The percentage of fish from the smaller size class that had no contact with any
structural habitat at the 10 m scale was greatest in summer (FIG. 4.8). There was also a
slight increase in the percentage of larger fish that had no contact with structure in
summer when compared to other seasons (FIG. 4.8). Smaller fish had significantly larger
areas of shallow water (<5 m) within 10 m of their location in spring than any other
season, which corresponds with a decline in the area of deep water (>15 m) during this
season (FIG. 4.9). The area of shallow water within a 10 m radius of large fish was
higher in autumn and spring than the other seasons; however, on average over 74% of
this area was comprised of shallow water across seasons (FIG. 4.9).
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a)

b)

FIG. 4.2 Habitat characteristics of Cotter Reservoir; a) depth profile showing 0–5 m depth ( ), 5–
10 m depth ( ), 10–15 m depth ( ), > 15 m depth ( ); b) structural habitat availability including
emergent macrophytes ( ), structural woody habitat ( ), rocky shorelines ( ) and artificial
structure ( ). Bathymetry data from Ebner and Lintermans (2007) and Ecowise Environmental.
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<350 mm

>350 mm

TL

TL

FIG. 4.3 Spatial association between adult Macquarie perch of two size classes and habitat type in
Cotter Reservoir at 5, 10, 25, 50 and 100 m scales when the reservoir was full ( ) and at 2 m
drawdown ( ). Relative contact values greater than 0 indicate a positive association, and values
less than 0 indicate a negative association. * Represents an association that is significantly
different from random (p<0.05).
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<350 mm
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FIG. 4.3 continued.
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FIG. 4.4 The percentage of adult Macquarie perch that have contact with each habitat type at
the 10 m scale. Bars represent size classes of fish <350 mm TL ( ) and 350 mm TL ( ) when
the reservoir is full, and <350 mm TL ( ) and >350 mm TL ( )when the reservoir is drawn
down by 2 m.
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FIG. 4.5 The percentage of adult Macquarie perch that have no contact with structural
habitat at 5, 10, 25, 50 and 100 m scales. Bars represent size classes of fish <350 mm TL ( )
and 350 mm TL ( ) when the reservoir is full, and <350 mm TL ( ) and >350 mm TL ( )
when the reservoir is drawn down by 2 m.
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TABLE 4.1 Mean habitat composition (% ±S.E.) within a 10 m radius of adult Macquarie perch >350 mm TL and >350 mm TL in Cotter Reservoir at full
water level and 2 m draw down. Comparison of habitat composition surrounding the two size classes of Macquarie perch and at both water levels was
conducted using Mann Whitney U tests and shading denotes significantly different values.

SWH
Emergent Macrophytes
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Open Water
Bedrock
Boulder
Constructed habitat
Bare shore

Mean habitat within 10 m (%)
Full
2 m drawdown

p values
Full

<350 mm

>350 mm

<350 mm

>350 mm

Comparing size

5.95
(1.27)
3.14
(1.18)
84.27
(4.61)
1.23
(0.6)
0.76
(0.17)
2.22
(0.29)
1.65
(3.85)

14.08
(1.59)
12.59
(1.4)
62.14
(2.27)
3.3
(0.57)
0.05
(0.01)
0.31
(0.1)
4.93
(2.01)

2.04
(0.69)
n/a

4.68
(0.65)
n/a

81.53
(2.6)
1.57
(0.63)
1.35
(0.34)
2.01
(0.37)
8.5
(1.82)

69.73
(1.77)
2.28
(0.48)
0.04
(0.02)
0.7
(0.16)
21.08
(1.52)

<350mm

>350mm

Comparing
water level
<0.05

Comparing water level

<0.001

2m
drawdown
Comparing
size
<0.05

<0.001

n/a

n/a

n/a

<0.001

<0.001

>0.05

<0.001

<0.05

>0.05

<0.05

>0.05

<0.001

<0.001

>0.05

<0.05

<0.001

<0.001

>0.05

<0.05

>0.05

<0.001

>0.05

<0.001

<0.001
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<350 mm TL

>350 mm TL

FIG. 4.6 Association of two size classes of adult Macquarie perch with depth categories in the
Cotter Reservoir at 5, 10, 25, 50 and 100 m scales when the reservoir was full ( ) and at 2 m
drawdown ( ). Relative contact values greater than 0 indicate a positive association, and values
less than 0 indicate a negative association. * Represents an association that is significantly
different from random (p<0.05).
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TABLE 4.2. Mean depth composition (% ±S.E.) within a 10 m radius for adult Macquarie perch >350 mm TL and <350 mm TL in Cotter Reservoir at full
water level and 2 m drawdown. Comparison of depth composition surrounding the two size classes and at both water levels was conducted using Mann
Whitney U tests and shading denotes significantly different values.

0-5 m
5-10 m
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10-15 m
>15 m

Mean habitat within 10m (%)
Full
2 m drawdown

p values
Full

2 m drawdown

<350 mm

>350 mm

<350 mm
33.22
(4.11)
18.61
(2.73)
15.41
(2.63)
32.73
(4.31)

Comparing size
<0.001

Comparing size
<0.001

Comparing water level
0.22

Comparing water level
0.4

0.17

<0.05

0.29

0.22

<0.001

<0.001

0.18

<0.05

<0.001

<0.001

<0.05

0.33

>350 mm
80.49
(2.02)
14.89
(1.6)
3
(0.78)
1.61
(0.76)

<350 mm
42.22
(5.7)
22.04
(4)
19.5
(3.64)
16.25
(4.07)

>350 mm
78.46
(2.71)
12.25
(1.8 S)
6.68
(1.61)
2.66
(1.18)
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FIG. 4.7 Percentage of area within a 10 m radius of fish locations covered by a) structural woody
habitat, b) emergent macrophytes and c) constructed habitat during each season for adult
Macquarie perch <350 mm TL ( ) and >350 mm TL ( ). ** Represents significantly more use of
that habitat than any other season (p<0.05). Bars linked with * are significantly different from
each other in regards to use of that specific habitat type.
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FIG. 4.8 Percentage of adult Macquarie perch in the size classes a) <350 mm TL and b) >350 mm
TL that have contact with each habitat type at the 10 m scale during autumn ( ), winter ( ),
spring ( ) and summer ( ).

78

Chapter 4: Diurnal habitat of an endangered fish species

FIG. 4.9 Percentage of area of a) depths 0–5 m and b) depths >15 m within a 10 m radius of
adult Macquarie perch of the size classes <350 mm TL ( ) and >350 mm TL ( ) during each
season. Bars linked with *are significantly different (p<0.05). ** Represents significant
difference from all other seasons for that fish size class.
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4.4 DISCUSSION
4.4.1 Habitat preferences and body size
The current study found a much greater use of SWH and substantially less dependence
on emergent macrophytes than has previously been reported (Ebner and Lintermans,
2007). This is almost certainly explained by a major increase in the availability of SWH
in Cotter Reservoir following a catastrophic bushfire event in 2003 (see Carey et al.,
2003). Other Percichthyidae species have been found to be associated with SWH (e.g.
Murray cod, Maccullochella peelii, Koehn et al., 2009; Mary River cod, M. mariensis,
Simpson and Mapleston, 2002; and Trout cod, M. macquariensis, Growns, et al., 2004,
Nicol et al., 2007, Ebner and Thiem, 2009). These associations have been attributed to a
range of factors, including refuge from flow and predators, and feeding and spawning
behaviour (Simpson and Mapleston, 2002; Growns et al., 2004; Nicol et al., 2007; Koehn,
2009). In the current study, flow was insignificant because the study was conducted in a
reservoir rather than a river. Furthermore, Macquarie perch do not spawn and guard
eggs on SWH, as do other Percichthyids such as Maccullochella and Gadopsis species
(Jackson et al., 1996; Rowland, 1998; Lintermans, 2007). Therefore, habitat selection by
Macquarie perch is most likely driven by food availability or predator avoidance in
Cotter Reservoir (Ebner and Lintermans, 2007).
Habitat preferences varied between the two size groups of adult Macquarie perch, with
large fish inhabiting shallow water while small fish inhabit deep water. Ontogenetic
shifts in niche requirements have previously been reported for this species (Ebner and
Lintermans, 2007), and other freshwater fish species (e.g. Australian smelt, Retropinna
semoni, and Carp, Cyprinus carpio, King, 2004; River blackfish, Gadopsis marmoratus,
Koehn et al., 1994; Bluegill, Lepomis macrochirus, Werner and Hall, 1988). The results of
the current study and Ebner and Lintermans (2007) contrast previous studies that have
found a positive relationship between body size and water depth (e.g. Power, 1984;
Harvey and Stewart, 1991; Koehn et al., 1994; Maki-Petays et al., 1997; Hattori and
Warburton, 2003; Clavero et al., 2005). These previous findings have been explained by
the hypothesis that predation risk is greater for large fish in shallow waters where avian
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predators forage, while predation risk is greater for small fish in deep water where
there are piscivorous predators (Power, 1984; Schlosser, 1987; Harvey and Stewart,
1991; Koehn et al., 1994; Hattori and Warburton, 2003). However, it has been identified
that the relationship between fish size and water depth can differ between species
depending on the predator-prey relationship, as well as the availability of refuge habitat
(Clavero et al. 2005).
Habitat associations of small and large Macquarie perch in Cotter Reservoir may be a
result of avian predation occurring predominantly in the shallow upstream end of
Cotter Reservoir (Chapter 3), and a lack of piscivory by fishes on Macquarie perch
(Ebner et al., 2007a). Fish may make a trade-off between predation risk and food
availability based on body size, with larger fish selecting habitat based more on food
availability, while smaller fish select habitat based more on refuge from predators
(Werner and Gilliam, 1984; Bystrom et al., 2004). Thus, it is possible that smaller adult
Macquarie perch inhabit deeper water where they are less likely to encounter avian
predators. The use of shallow waters by larger fish may be in response to increased
macroinvertebrate density in shallow water (Glaz et al., 2009), as well as the high
density of structure in the shallower parts of the reservoir. Diurnal use of shallow areas
that have an abundance of structural habitat would allow high metabolic gain and low
energy expenditure of large adult Macquarie perch. Thus, habitat use by adult
Macquarie perch appears to be dependent upon a trade-off between avian predation
risk, which is related to fish size and the availability of structural refuge, and food.
4.4.2 Drawdown effects on habitat selection
Large adult Macquarie perch remained associated with shallow habitat when the
reservoir was drawndown 2 m despite the loss of all emergent macrophytes and a large
amount of SWH. Conversely, Largemouth bass, Micropterus salmoides, were found to
inhabit deeper water when the density of littoral structure was low (Ahrenstorff et al.,
2009), as was the case with Murray cod during a 6 m drawdown of Lake Mulwala
(Koehn, 1997), suggesting that depth provides refuge from predation and temperature
in the absence of structural habitat (Gibson and Erkinaro, 2009). Large adult Macquarie
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perch did not seek refuge at great depth in the current study, suggesting that habitat
conditions may be unsuitable in deeper water, or that they may perceive food
requirements as more important than predation risk, which follows previous findings
(Werner and Gilliam, 1984; Bystrom et al., 2004). Alternatively, large Macquarie perch
may perceive less risk of predation, and therefore they remain in shallow parts of the
reservoir. It has been recognised that adaptations to predation regimes can occur in
ecological time (Lima and Dill, 1990). While Macquarie perch are mostly nocturnal or
crepuscular (Ebner et al., 2009a; Lintermans et al., 2010), the recent addition of large
amounts of structural refuge in Cotter Reservoir (following the 2003 bushfire) has likely
reduced the perceived threat of avian predation, and thus the risk of inhabiting shallow
water. While the exact reason for continued use of shallow water in the absence of
structural refuge is unclear, previous findings of cormorant predation on adult
Macquarie perch (Ebner and Lintermans 2007), combined with results of the current
study, suggest that large adult Macquarie perch are vulnerable to cormorant predation
during drawdown, which could have potentially catastrophic implications for this small
isolated population.
The size structure of fish in the diet of the cormorant population at Cotter Reservoir is
unknown. It is possible that the use of riskier habitats by large fish during drawdown, as
observed in this study, is in response to reduced vulnerability to avian predation with
increasing body size. Great cormorants, the largest and one of the most common species
of cormorants that inhabit Cotter Reservoir (Chapter 3), were found to consume fish up
to 533 mm TL in the Gippsland Lakes, however, the mean size of fish was 178 mm TL
(Reside and Coutin, 2001). Great cormorants in France were found to consume fish
ranging between 36 and 164 mm TL, and a relationship was found between the size of
fish consumed and the fish species (Fonteneau et al., 2009). Variation in the size of
different fish species consumed suggests that fish shape may play a major role in
determining size associated risk of predation from cormorants. Macquarie perch have a
deep body, as well as dorsal spines, which have been found to make fish less vulnerable
to predation than soft-rayed fish (Sass et al., 2006). Despite this, there is evidence of
cormorant predation upon adult Macquarie perch in Cotter Reservoir (Ebner and
Lintermans, 2007). Information about cormorant diet at Cotter Reservoir would be
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valuable for understanding the strength and dynamic of the interaction between
cormorants and Macquarie perch, and thus the risk faced by different size classes, yet
such information is difficult to obtain. Cormorants can inflict serious injuries and have
detrimental non-lethal effects on fish without consuming them (Cooke et al., 2003;
Gremillet et al., 2006). Therefore, in the absence of quantitative data, all size classes
should be considered vulnerable to predator impacts.
Drawdown of Cotter Reservoir resulted in large increases in the number of fish that did
not have contact with any structural habitat at all spatial scales (FIG. 4.5). This suggests
that not only are Macquarie perch not sheltering within the remaining structure, but
also that many are not remaining nearby to structure where they may be able to seek
refuge if a predator attacks. Reduced availability of structural habitat has been found to
result in an increase in density-dependant interactions, such as competition and
predation (Armstrong and Griffiths, 2001; Holbrook and Schmitt, 2002; Forrester and
Steele, 2004). The increased number of larger adult Macquarie perch inhabiting
constructed habitats at 2 m drawdown, and the decrease in smaller fish using this
habitat type (FIG. 4.4), suggests that intra-specific competition may occur when habitat
availability is low. Decreased complexity of artificial marine reefs resulted in intraspecific competition between Red snapper, Lutjanus campechanus, and larger fish that
aggressively defended complex habitats (Bailey et al., 2001). Trout species,
Oncorhynchus mykiss and Salmo trutta, which have dietary overlap with Macquarie
perch (Cadwallader, 1978; Lintermans, 2007), also potentially compete for remaining
structural habitat in the reservoir. Competitive interactions, as well as altered
behaviour in response to increased vulnerability to predation, can result in a decline in
fish growth and reproduction (Crowder and Cooper, 1982; Finstad et al., 2007), which
collectively can be responsible for the decline of fish abundance (Havens et al., 2005;
Smokorowski and Pratt, 2007). Loss of refuge habitat for Macquarie perch in Cotter
Reservoir may result in increased competitive interactions and a decline in fitness, in
addition to a higher rate of direct mortality from predation.
4.4.3 Habitat selection and spatial scale
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Adult Macquarie perch actively selected for fine-scale microhabitats in Cotter Reservoir,
which follows similar findings for other percichthyids (Crook et al., 2001; Koehn, 2009).
For instance, Golden perch have been found to select habitat at both the mesohabitat
(pool, riffle, etc) and microhabitat scale (Crook et al., 2001). Mesohabitats have been
defined as conglomerates of easily identifiable habitat types at the scale of 10–100 m
(Armitage et al., 1995; Harper and Everard, 1998). This definition has been considered
less useful in lakes (White and Irvine, 2003). Instead mesohabitats in lakes have
previously been defined using macroinvertebrate assemblages (White and Irvine,
2003). In Cotter Reservoir the key factor for defining mesohabitats, might be depth, as
unlike rivers, the reservoir has a depth gradient, and therefore can easily be divided into
depth categories which cover large continuous areas of the reservoir. If this is the case it
would be expected that adult Macquarie perch initially select their mesohabitat based
on depth, followed by their microhabitat, based on structural habitat. The slightly
higher positive association of smaller adult fish with depths >15 m at broader spatial
scales than finer scales supports this, however, both size classes of Macquarie perch
show stronger relative contact with structural habitat types than depth. Crook et al.
(2001) found that Golden perch were negatively associated with SWH until a reach they
inhabited was sub-sampled to exclude a section that was rarely used. This may also be
the case for the association with depth shown in the current study, as the entire area of
the reservoir was used to calculate habitat associations; however, this study has shown
that Macquarie perch rarely inhabit open water away from the perimeter of the
reservoir.
The selection of mesohabitats based on depth provides further explanation for the
trends in microhabitat selection observed in the current study. The lower association of
smaller fish with emergent macrophytes than larger fish is likely to be in response to a
much higher density of this habitat type in shallower parts of the reservoir. These
mesohabitat associations should therefore be taken into consideration when planning
conservation measures for this population. Placement of constructed habitat along the
perimeter of sections of the reservoir characterised by depths of <5 m and >15 m would
provide the most benefit for adult Macquarie perch.
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4.4.4 Seasonal changes in habitat selection
Larger adult Macquarie perch showed some seasonal variation in habitat selection,
having more contact with SWH in summer than any other season. Seasonal shifts in
habitat selection by fish have been attributed to a range of factors including predation
risk, intra-specific competition, spawning behaviour (Van Liefferinge et al., 2005), and
habitat changes such as flow and ice cover (Maki-Petays et al., 1997; Nykanen et al.,
2004b; a). Temperature and dissolved oxygen are the main physical changes that occur
in Cotter Reservoir when it is full. Seasonal changes in habitat selection may be related
to these parameters, though changes in behaviour and species interactions are also
likely to play a role. Macquarie perch make an upstream spawning migration between
mid spring and early summer (Wharton, 1968; Cadwallader and Backhouse, 1983;
Douglas, 2002; Ebner and Lintermans, 2007; Lintermans et al., 2010). This period
corresponds with an increase in the number of fish in the upstream section of Cotter
Reservoir, where the river inflows (Chapter 5). The increase in use of SWH by larger fish
is likely to be a result of the high density of SWH in the upstream section of the
reservoir. The spawning period of Macquarie perch also corresponds with an increase
in cormorant abundance (Chapter 3), and thus increased use of SWH by adult
Macquarie perch may also relate to predator avoidance. Maintaining complex structural
habitat in the upstream section of Cotter Reservoir, particularly during the Macquarie
perch spawning period, should be a precautionary action in the enlarged reservoir.
Smaller fish had more contact with shallow water in spring and with emergent
macrophytes and no structure in summer, at the 10 m scale, than any other season. The
increased use of shallow water in spring is a result of some smaller fish spending time in
the upstream end of the reservoir where they have access to spawning grounds. This is
supported by the increased use of emergent macrophytes in summer, which are most
abundant in the upstream half of the reservoir. Similarly, Ebner and Lintermans (2007)
reported occasional catches of schools of small adult (or sub-adult) Macquarie perch
toward the upstream end of Cotter Reservoir. The increase in the number of fish that
have no contact with any structure in summer in the current study goes against findings
that fish select more complex habitats when predator abundances are elevated (Van
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Liefferinge et al., 2005). Spawning behaviour of fish has been found to alter movement
patterns, with a number of species being more active during spawning than any other
season (Lucas and Batley, 1996; Hilderbrand and Kershner, 2000; Bahr and Shrimpton,
2004). Increased activity in response to spawning behaviour may be responsible for an
increase in the number of smaller fish not being within 10 m of shelter during summer;
however, seasonal changes in activity remain unclear.
The use of constructed habitat by both size classes of adult Macquarie perch declined in
summer. Placement and design of reefs, as well as season, have been shown to influence
variation in abundance and size structure of fish inhabiting artificial reefs (Strelcheck et
al., 2005). The lack of constructed habitat in the most upstream section of Cotter
Reservoir may explain why there is reduced use of this habitat type in summer, as fish
move upstream for spawning purposes. Further, the low density of constructed habitat
in Cotter Reservoir may result in intra-specific competition during times when predator
abundance is high. Therefore, careful consideration must be given to the amount and
longitudinal positioning of artificial habitat to ensure sufficient refuge is available for
adult Macquarie perch.
4.4.5 Conclusion
Insight into habitat selection by fish and the factors that influence it are essential to
understanding fish resource requirements. The current study demonstrates that adult
Macquarie perch actively select structural habitat around the perimeter of Cotter
Reservoir. Mesohabitat selection appears to occur based on depth, with smaller adult
Macquarie perch positively associated with depths >15 m and larger adult Macquarie
perch positively associated with depths <5 m. This trend remained the same during 2 m
drawdown, despite the low availability of structural refuge. This pattern of habitat
selection contradicts previous findings on the relationship between body size and depth
preference, and is potentially in response to a trade-off between avian predation risk
and food availability. The failure of large fish to seek deeper water for refuge during
drawdown raises considerable concern about their ability to adapt to reduced habitat
availability. While this may be because larger fish perceive less threat of predation than
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smaller fish, the small size of this population means that even low amounts of predation
could cause significant detrimental effects. Thus, even minor risk of predation should
not be ignored. Supplementing sufficient structural habitat around the perimeter of the
enlarged Cotter Reservoir, at depths <5 m and >15 m, will be essential to ensure
predation on this threatened fish population does not increase.
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CHAPTER 5: HOME-RANGE BEHAVIOUR AND POPULATION
DISTRIBUTION OF AN ENDANGERED FISH SPECIES IN AN
UPLAND RESERVOIR

88

Chapter 5: Home-range behaviour and population distribution

5.1 INTRODUCTION
Reservoirs have been constructed throughout the range of many of Australia’s endemic
freshwater fish species, and as a result some species now inhabit these artificial
ecosystems. It has been recognised that reservoirs provide suitable habitats for fish
communities (Maitland, 1995), and can be valuable for conserving fish biodiversity (Irz
et al., 2006). Yet, in Australia there has been a strong focus on the detrimental impacts
of dams and river regulation upon native fish species (e.g. Bishop and Bell, 1978; Gehrke
et al., 1995; Gehrke et al., 1999; Humphries et al., 1999; Humphries and Lake, 2000;
Gehrke and Harris, 2001; Humphries et al., 2002), leaving the potential conservation
value of reservoirs largely unexplored. Recent studies emphasising the potential
importance of stable reservoir environments for Australian threatened fishes (Ebner
and Lintermans, 2007; Ebner et al., 2010b; Lintermans et al., 2010) indicate a need to
factor biodiversity conservation issues into management of impoundments.
Macquarie perch, Macquaria australasica, (Percichthyidae) is an endangered species
(Ingram et al., 2000; Lintermans, 2007), with one of the last self-sustaining populations
inhabiting Cotter Reservoir on the Cotter River, Australian Capital Territory (ACT). The
persistence of this population suggests that Cotter Reservoir currently provides critical
habitat for this species that is preferable to upstream riverine habitat for most of the
year (Ebner and Lintermans, 2007; Ebner et al., 2010a), with this species requiring
riverine environments for spawning in late spring and early summer (Cadwallader and
Backhouse, 1983; Douglas, 2002; Lintermans, 2007). It has been suggested that the
presence of large stands of emergent macrophytes in the reservoir, which have
established in response to long-term stable water levels, may mitigate predation on this
fish population, and thus be a major factor in the persistence of the species at the site
(Ebner and Lintermans, 2007). Enlargement of Cotter Reservoir from 4 to 78 GL, and
the subsequent fluctuating water levels as a result of its operation, will eliminate
emergent macrophytes from the reservoir, which has raised concern for the future of
the Macquarie perch population (Lintermans, 2005). Effects of river impoundment on
body condition and reproductive potential of Macquarie perch have been previously
investigated, revealing a decline in fitness in the post filling phase of Lake Dartmouth
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(Appleford et al., 1998; Gray et al., 2000). However, the impacts of impoundment on the
behaviour of Macquarie perch are largely unknown.
An understanding of home-range behaviour has provided valuable information about
resource and conservation needs for a number of Australian freshwater fish species
(e.g. Simpson and Mapleston, 2002; Koehn et al., 2008; Ebner and Thiem, 2009; Koehn
et al., 2009). Home-range is a commonly measured parameter of spatial behaviour, and
was originally defined as “the area traversed by an individual in its normal activities”
(Burt, 1943). Whilst this definition is somewhat ambiguous, particularly in regards to
temporal scale, it has led to the development of theoretical models which have helped
explain home-range behaviour (e.g. Gowan et al., 1994; Rodriguez, 2002; Crook, 2004a).
The home-range shift model suggests that home-range occupation by riverine fish is
often interspersed with short periods of mobility which result in either the
establishment of a new home-range, or a return after exploration (Crook, 2004a; b).
This model has been applied to riverine populations of Golden perch, Macquaria
ambigua (Crook, 2004a; b) and Trout cod, Maccullochella macquariensis (Ebner and
Thiem, 2009), both Percichthyidae, and may subsequently be applicable to Macquarie
perch. However, fish in lakes have been found to inhabit larger home-ranges than those
in rivers (Woolnough et al., 2009). This finding was attributed to the stable low-flow
conditions of lakes, which reduces the energy costs and risks involved in movements
when compared to the patchy and stochastic environments of rivers (Woolnough et al.,
2009). Fish in reservoirs are likely to experience flow conditions that are more similar
to lakes than rivers. Thus, the characteristics of Cotter Reservoir may result in
Macquarie perch exhibiting different trends in home-range behaviour than that of
percichthyids in rivers.
The distribution of fish in waterbodies is often dependent on physical and chemical
conditions, particularly oxygen concentration and water temperature (Brosse et al.,
1999; Gido and Matthews, 2000; Matthews et al., 2004; Prchalova et al., 2009), as well
as biotic factors such as food availability, predation risk, and competition (Mous et al.,
2004; Prchalova et al., 2009). Many of these characteristics follow profound horizontal
gradients within reservoirs, with some parameters such as temperature and dissolved
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oxygen changing seasonally (Thornton et al., 1990). Striped bass, Morone saxatilis,
inhabiting a hydroelectricity reservoir shifted their distribution seasonally and were
associated with specific temperatures and dissolved oxygen concentrations (Young and
Isely, 2002). Temporal trends in the distribution of fish can provide insight into habitat
preferences and seasonal requirements for specific species.
Diel ranges and seasonal home-ranges of adult Macquarie perch at Cotter Reservoir
have previously been investigated using radio-telemetry over diel periods during two
seasons (Ebner and Lintermans, 2007; Ebner et al., 2010b). Yet, it has been recognised
that studies of fish ecology should be conducted at temporal scales that are relevant to
the animal’s life history (Gowan et al., 1994). Additionally, it is important that
Macquarie perch behaviour is understood at a temporal scale relevant to the
management of the reservoir. The current study aims to develop an understanding of
the spatial requirements and behaviour of Macquarie perch in Cotter Reservoir over the
course of a year to guide the conservation of this threatened population. To achieve this
aim the following research questions will be addressed:
1. What is the annual home-range size of adult Macquarie perch in Cotter
Reservoir?
2. What are the trends in home-range behaviour exhibited by adult Macquarie
perch?
3. What are the seasonal trends in the spatial distribution of the population of adult
Macquarie perch in Cotter Reservoir?
4. What effect does drawdown have on the spatial distribution of the adult
Macquarie perch population in Cotter Reservoir?
Additionally, this chapter will discuss the potential benefits of reservoir habitats for this
and other native fish species.
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5.2 MATERIALS AND METHODS
5.2.1 Study area
Cotter Reservoir (35°19'S, 148°55'E, 500 m a.s.l), is the smallest and most downstream
of three water storage reservoirs on the Cotter River, that were built to provide water to
the ACT (FIG. 5.1). Smaller than other reservoirs on the Cotter River, Cotter Reservoir
has a capacity of 4 GL, a surface area of 52 ha, and is approximately 2.5 km long. The
upstream quarter of the reservoir is characterized by depths <5 m and the upstream
half <10 m (Chapter 4). Large beds of emergent macrophytes are abundant in the
upstream half of the reservoir, with a substantial amount of fallen timber in the most
upstream section (Chapter 4). Only a very small portion of the reservoir, at the most
downstream end, has depths >20 m. The downstream half of the reservoir also has
some stands of emergent macrophytes and fallen timber, as well as rocky shorelines
(Chapter 4).
5.2.2 Radio-tracking
Ninety three adult Macquarie perch, ranging from 220–414 mm total length (TL), were
radio-tagged (see Chapter 4) over five separate occasions throughout the study (April
2008, December 2008, February 2009, March 2009 and May 2009) (Appendix 1). The
sample size of radio-tagged fish decreased to between 14 and 36 fish because of radiotag rejection, mortality and radio-tag failure. Radio-tagged fish were located from a boat
during the daytime once every two weeks between April 2008 and June 2009. Daytime
locations were used to identify diurnal habitat use (Chapter 4) and assess predation risk
from diurnally active predators(Chapter 3). Water levels were drawndown 5 m below
full supply level for one month in winter 2008, and 2 m for one month in each season
(FIG. 5.2) to simulate structural habitat conditions in the enlarged Cotter Reservoir. The
number of fish radio-tracked ranged from 14 to 36, of which 29 fish were located more
than 12 times. A sample of 13 fish 235–412 mm TL (mean = 367.4 mm, n = 2 <350 mm,
n = 11 >350 mm) were located at least 24 times from the beginning of the study, with
five fish 360–407 mm TL located 27 times.
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5.2.1 Data analysis
Home-range area and core-range area were determined using kernel utilisation
densities of 95% and 50%, respectively. Both of these parameters were produced with
the Hawths tools extension (Beyer, 2004) in ArcGIS 9.0 (ESRI Ver. 9.3) using least
squares cross validation fixed kernel methods following findings that these methods
produce low amounts of bias (Seaman and Powell, 1996; Seaman et al., 1999). Homerange and core-range estimates were determined for all of the 29 fish located 12 times
or more. Whilst it is recommended that a minimum of 30 observations per animal be
made for producing reliable kernel estimates (Seaman et al., 1999), radio-tracking
studies face problems such as tag failure, tag rejection and mortality (e.g. Cowen and
Schwarz, 2005; Ebner et al., 2007b). Thus, it is often difficult to achieve 30 observations
when broad radio-tracking intervals are used. In addition, less than 30 radio-tracking
fixes have been found to be sufficient for home-range estimates of some species (e.g.
Borger et al., 2006).
Home-ranges and core ranges were calculated based on 12, 15, 18, 21, 24 and 27
observations (radio-tracking fixes). This was to allow identification of the effect that the
number of radio-tracking fixes had on estimates. Mean estimates for the population
were calculated using the maximum number of fish located, as well as the sample of 13
fish located 24 times and the sample of five fish located 27 times, to allow insight into
sample size effects. Relationships between fish length and home-range area, core-range
area and the number of core-ranges were determined for fish located 12 and 24 times
using linear regression. The relationship of home-range area, core-range area and the
number of core-ranges with body size, sample size and the number of radio-tracking
events were investigated using nonparametric tests.
Home-range behaviour of the 13 fish located 24 times was determined by graphically
examining shifts between core-range areas. Shifts between core-ranges were examined
rather than shifts between home-ranges. This was because of the fragmented nature of
home-ranges. Additionally, some home-range fragments were not associated with a
core-range and therefore fidelity to these locations was unclear. Core-range shifts were
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examined in relation to temporal patterns, season and water level to determine any
trends in behaviour.
Trends in the longitudinal distribution of adult Macquarie perch in Cotter Reservoir
were determined by calculating the mean centre of the sample for each radio-tracking
event, using spatial statistics tools in ArcGIS. This was done for the group of 13 fish that
were located 24 times, all fish >350 mm TL and all fish <350 TL mm in. Seasonal trends
were determined by mapping the mean centre of each group of fish for each tracking
event and examining clusters. Water level effects on distribution were determined by
producing standard deviation ellipses for each water level and group of fish using the
spatial statistics tool. Trends in the linear density of the population along the reservoir
were examined by creating standard deviation ellipses for each group of fish for each
tracking event. The standard deviation for each tracking event was plotted against
water level in the reservoir to determine the effect of drawdown on the linear density of
the population.
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FIG. 5.1 Map showing a) the location of Cotter Reservoir in the Australian Capital Territory and b)
the location of emergent macrophytes ( ), structural woody habitat ( ), 0–5 m depth ( ), 5–10 m
depth ( ), 10–15 m depth ( ), 15–20 m depth ( ), and >20 m depth ( ) within Cotter Reservoir.
Map b) derived from Chapter 4, Ebner and Lintermans (2007) and data supplied by Ecowise
Environmental.
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FIG. 5.2 Water Levels in Cotter Reservoir throughout the length of the study.

Indicates a sampling event.
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5.3 RESULTS
5.3.1 Home-range behaviour
Mean home-range area was 14.2 ha (± 3.6 S.E.), and varied between 3.5 and 46.3 ha,
based on 13 fish after 24 fixes (FIG. 5.3). This variation between individuals was not
explained by fish length (R2=0.084, p=0.41). Additionally, home-ranges were mostly
fragmented, with fish establishing between 1 and 9 home-range fragments (e.g. F7 and
F15) (FIG. 5.4). The mean number of home-range fragments after 24 fixes was 6 (± 1
S.E.). While some home-range fragments contained more than one core-range, many
had none, resulting in the majority of fish having more home-range fragments than
core-range areas
Mean total core-range area was 4.7 ha (± 2.1 S.E.), ranging between 3.5 and 46.3 ha,
based on 13 fish after 24 fixes (FIG. 5.3). Variation in the core-range area of individuals
was not explained by the length of the fish (R2=0.2, p=0.12). However, there was a
positive relationship between the size of fish and the number of core areas that they
established (R2=0.57, p=0.003, equation = y=0.19x-3.2). Individuals established
between 1 and 6 core-ranges, with a mean of 4 (±0.4 S. E.), based on 13 fish after 24
fixes. The mean number of core-range areas stabilised at around 18 radio-tracking fixes,
with the mean number of core-range areas estimated from 12 tracking fixes
significantly less than at 21, 24 and 27 fixes (Kruskil Wallis p<0.05), based on the entire
sample of fish.
The number of radio-tracking fixes did not result in significantly different estimates for
home-range area (Kruskil Wallis p=>0.05) or core-range area (Kruskil Wallis p>0.05)
(FIG. 5.3). The different sample sizes of fish did not produce significantly different
results for home-range area (Kruskil Wallis p>0.05) or core-range area (Kruskil Wallis
p>0.05) at any number of fixes. Additionally, sample size did not produce significantly
different results for the number of core-range areas (Kruskil Wallis p>0.05) across the
range of 12 to 27 radio-fixes.
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A number of home-range fragments did not contain a core-range area (FIG. 5.4) and
many of these only included one or two fish locations. As a result of this, the extent of
fidelity to some home-range fragments is unclear. Home-range shifts were therefore
investigated by examining shifts between core-range areas, to ensure that only
movements between areas to which fish showed fidelity were identified.
Shifts between core-range areas were individual-specific, and did not occur specifically
in response to water level or season (FIG. 5.5). All fish located 24 times shifted outside
or between core-ranges during drawdown. However, only two of these fish (F12 and
F23) did not move outside or shift between core-ranges in the first five weeks of the
study when water levels were stable. Only two of the fish located 24 times moved
consecutively between core-ranges (F18 and F23). The remaining fish made at least one
return to a previously established core-range, with some fish (e.g. F19 and F25) making
frequent shifts between core-ranges.
5.3.2 Distribution
The distribution of the sample of fish radio-tracked 24 times shifted downstream when
the reservoir was drawn down to 5 m and 2 m (FIG. 5.6). A similar trend was seen for all
fish greater than 350 mm TL. Fish less than 350 mm TL were distributed towards the
downstream end of the reservoir at each water level. The length of the distribution
ellipse declined with the increasing level of drawdown. Linear distribution decreased
32, 45 and 60% from full at 2 m drawdown, and 58, 54 and 81% at 5 m drawdown, for
the sample of fish located 24 times, fish >350 mm TL and fish <350 mm TL, respectively.
Seasonal shifts in distribution occurred when the reservoir was full, with the sample of
fish located 24 times shifting upstream from October to December (mid-spring to early
summer), followed by a shift back towards the middle of the reservoir in January (early
summer) (FIG. 5.7). Fish >350 mm TL also shifted upstream in October through to early
January; however, this group again shifted upstream in February, immediately after the
summer drawdown, and in May immediately after the autumn drawdown. Both groups
were distributed furthest downstream in March. The sample of fish <350 mm TL were
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mostly distributed in the downstream section of the reservoir, with shifts towards the
upstream in October and early December, and shifts to the middle of the reservoir in
November and late December (FIG. 5.7).
Macquarie perch distribution became concentrated when the reservoir was drawn
down (FIG. 5.8). Standard deviation from the mean centre of the population was mostly
lower when the reservoir was drawndown than when it was full. The linear distribution
of fish located 24 times, and those >350 mm TL, declined during 5 m to less than half of
what it was when the reservoir was full. A similar decline also occurred during the
summer 2 m drawdown.
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a)

b)

c)

FIG. 5.3 Mean estimates of a) home-range (± S.E.), b) core-range (± S.E.) and c) the number of coreranges (± S.E.) of adult Macquarie perch in Cotter Reservoir. Estimates are based on the total
sample of fish ( ), a sample of 13 fish located 24 times ( ) and a sample of 5 fish located 27
times( ). * Denotes a sample of 29 fish and ** a sample of 18 fish.
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FIG. 5.4 Home-range ( ) and core-range ( ) areas of individual adult Macquarie perch located 24 times in Cotter Reservoir. An individual identifier is
located at the top left corner of each map.

F15

102
FIG. 5.4 Continued.
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FIG. 5.4 Continued.
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FIG. 5.5 Patterns of core-range use ( ) of adult Macquarie perch located 24 times or more in
relation to water level ( ) and season ( ) from autumn 2008 to autumn 2009. Blank spaces
indicate times when fish were outside core-range areas during that radio-tracking event. Core
area ID 1 indicates the most upstream core-range while the most downstream core-range has the
highest core area ID.
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FIG. 5.6 Distribution of adult Macquarie perch in Cotter Reservoir based on a) sample of 13 fish located 24 times, b) all fish > 350 mm, c) all fish < 350
mm in relation to water level. The figure shows mean populations centres for each tracking event when the reservoir was full ( ), drawndown 2 m ( )
and drawndown 5 m ( ). The standard deviation ellipse is shown for the population when the reservoir was full ( ), drawndown 2 m ( ) and
drawndown 5 m ( ).
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FIG. 5.7 Distribution of the mean population centre ( ) when the reservoir is full based on a) the
sample of 13 fish located 24 times, b) all fish > 350 mm and c) all fish < 350 mm. Groupings are a) i
= October –December 2008, ii = April–July 2008 and January and February 2009 and iii = March
2009; b) i = October 2008 – early January 2009, February and May 2009, ii = April–July 2009 and
late January 2009, iii = March 2009; c) i = late October and early December 2009, ii = late
November and late December.
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FIG. 5.8 Standard deviation (based on direction distribution ellipse) from the mean centre of the group of Macquarie perch based on the sample of 13
fish located 24 times ( ) and all fish > 350 mm ( ) in comparison with water level ( ).
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5.4 DISCUSSION
5.4.1 Home-range behaviour
This study is the first to describe the home-range behaviour of Macquarie perch or any
percichthyid in a reservoir over the course of a year. Total home-range estimates from
the current study showed some similarity to seasonal home ranges estimated by Ebner
and Lintermans (2007), which ranged from 0.6–33.3 ha. Yet, that study was based on
short-term radio-tracking of individuals (typically weeks to months) and intensive
(four-hourly) tracking within diel periods (Ebner and Lintermans, 2007). Ebner et al.
(2010b) also reported that adult Macquarie perch can traverse almost the length of
Cotter Reservoir over a diel period, suggesting that many fish may utilise the majority of
the reservoir whilst foraging. This suggests that the current study may have
underestimated the home-ranges of adult Macquarie perch. Regardless of this, the
current study shows, based solely on daytime locations, that adult Macquarie perch are
capable of establishing home ranges that incorporate a large portion of the reservoir ,
and thus allow the exploitation of a wide range of resources.
Home-ranges were fragmented for the majority of Macquarie perch, with some
fragments not containing core-ranges and only one or two locations. This finding
demonstrates a limitation of kernel home-range estimates. Fragments without coreranges, and with a small number of fish locations, do not represent fidelity to certain
areas of the reservoir. The need to distinguish site fidelity from random movements has
been recognised as essential in identifying home-range behaviour (Crook, 2004a). The
current study did not meet the minimum of 30 locations recommended for kernel
estimates of home-range (Seaman et al., 1999), which may be the reason for the
observed results. However, home-range estimates in the current study were robust to
sample size effects and were obtained from regular sampling over the course of a year.
Therefore, it is likely that the home-range estimates provided by the current study are
representative of the diurnal range of this species.
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Adult Macquarie perch established up to six core-range areas over the course of a year,
with return shifts between established core-ranges commonly occurring (FIG. 5.5). This
suggests that adult Macquarie perch have a detailed spatial awareness of Cotter
Reservoir (cf. Ebner and Thiem, 2009). Return shifts between established home-ranges
have been reported for other percichthyid species including Trout cod (Ebner and
Thiem, 2009), Golden perch (Crook, 2004b), Mary River cod (Simpson and Mapleston,
2002), and Murray cod (Koehn et al., 2009); however, these studies report less frequent
return shifts than the current study. Crook (2004b) reported return shifts between
established home-ranges for two out of 15 Golden perch, but focused his discussion on
the importance of exploratory movements outside home-ranges to assess habitat
profitability and develop spatial awareness. Ebner and Thiem (2009) reported one
Trout cod out of 29 individuals returning from one home-range to another, which they
suggested indicated detailed spatial knowledge of the riverscape. The development of
spatial memory has been recognised in both freshwater and marine fish species (e.g.
Reese, 1989; Markel, 1994; Noda et al., 1994; Girvan and Braithwaite, 1998; OdlingSmee and Braithwaite, 2003). The positive relationship between the size of adult
Macquarie perch and the number of core-ranges established suggests that spatial
awareness increases over time, which follows the theory that spatial memory develops
through learning (Odling-Smee and Braithwaite, 2003). The current study moves
beyond previous research on percichthyids that have reported occasional return shifts,
and confirms that return shifts occur in many individuals within the population,
providing strong evidence that Macquarie perch have spatial memory of Cotter
Reservoir, which allows them to move between established core-ranges.
The spatial and temporal scales of movement between core-range areas in the current
study were much finer than has been reported for home-range shifts of percichthyids in
rivers (Simpson and Mapleston, 2002; Crook, 2004a; b; Ebner and Thiem, 2009). Some
fish in the current study were rarely located in the same core-range area on consecutive
tracking occasions. Conversely, Mary River cod were found to have an average homerange occupation of 181 days, based on radio-tracking at 10 day intervals (Simpson and
Mapleston, 2002). While adult Macquarie perch moved between core-ranges within the
small reservoir in the current study, an individual Trout cod was found to move 36 km
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between established home-ranges in the Murrumbidgee River (Ebner and Thiem,
2009). The comparison of shifts between core-ranges with shifts between home-ranges
may provide some explanation for the differences observed between the current study
and other radio-tracking studies of percichthyids. There is potential for multiple coreranges within a single home-range, and thus investigating movements between core
ranges may reveal spatial awareness at finer spatial and temporal scales. The
examination of core-range shifts in addition to home-range shifts may provide value for
studies aiming to understand spatial awareness.
Home-ranges of adult Macquarie perch in Cotter Reservoir are larger than those of
percichthyids in rivers, with the core-ranges observed in this study showing closer
similarity with home-ranges of previous studies (e.g. Simpson and Mapleston, 2002;
Broadhurst and Ebner unpubl. data; Ebner and Thiem, 2009). This may be a result of the
different habitat characteristics of Cotter Reservoir to riverine environments. Homeranges of fish have been found to be larger in lakes than rivers, which has been
attributed to the lower energy costs of moving through the environment (Minns, 1995;
Woolnough et al., 2009). Additionally, fish that perceive little risk in making movements
are able to move regularly to maintain fitness (Charnov, 1976; Railsback et al., 1999;
Gowan and Fausch, 2002). Cotter Reservoir has negligible flow conditions in
comparison with riverine environments, and has a high continuity of structural habitat
throughout the littoral zone (Chapter 4). Therefore, the home-range behaviour
observed in the current study may be a result of fish being able to move throughout the
reservoir with little risk of predation and low energy costs. This suggests that inhabiting
a reservoir provides benefit over inhabiting rivers, however; it is likely that many
reservoirs lack the stability and habitat characteristics of the current Cotter Reservoir,
and thus assumptions about the value of reservoir habitats should be dependent on
individual reservoir characteristics.
Home-range behaviour was variable among individual adult Macquarie perch, which
suggests that the population has some plasticity. Variability in home-range behaviour
has previously been reported for Macquarie perch (Ebner and Lintermans, 2007) and
other percichthyids (Simpson and Mapleston, 2002; Crook, 2004b), and is recognised as
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being essential to the long-term maintenance of fish populations (Gerking, 1953;
Simpson and Mapleston, 2002; Bahr and Shrimpton, 2004). This study has
demonstrated that adult Macquarie perch are capable of establishing home-ranges of
variable size, and moving both frequently and infrequently, which implies potential to
adapt to different conditions, such as those that will occur in the enlarged reservoir. In
addition to coping with altered conditions, previous findings that home-range size is
related to water body size (Minns, 1995; Woolnough et al., 2009) leads to the suggestion
that there is potential for the home-range of adult Macquarie perch to increase in an
enlarged reservoir, which would allow the exploitation of more resources. Yet, the
effects of reservoir enlargement and subsequent operation on fish behaviour have
received little attention and the current study provides valuable baseline data for
investigating this in regards to Macquarie perch.
5.4.2 Population distribution
Distribution of adult Macquarie perch in Cotter Reservoir shifted seasonally, with an
upstream movement occurring between October and December. This shift corresponds
with the spawning period of this species, in which Macquarie perch move into the river
(Cadwallader and Backhouse, 1983; Harris and Rowland, 1996; Douglas, 2002;
Lintermans, 2007; Lintermans et al., 2010). Until now the extent of occupation of this
upstream section of the reservoir was unknown. Similar to the current study, this
species was found to aggregate in pools just above the entrance to Lake Dartmouth,
Victoria, for extended periods during the spawning season (Tonkin et al., 2009).
Aggregation in the upstream section of Cotter Reservoir further demonstrates that the
reservoir provides valuable habitat for this population, particularly during the
spawning period, which corresponds with influxes in avian predators (Chapter 3).
Reasons for prolonged aggregations have not yet been determined, however it has been
recognised that Macquarie perch spawn in response to temperature (Cadwallader and
Rogan, 1977; Ebner and Lintermans, 2007; Tonkin et al., 2009) and elevated flows
(Lintermans et al. 2010). Thus, the extended period of time spent in the upstream
section of the reservoir may be a result of fish waiting for specific cues. Reduced flow in
Cotter River above Cotter Reservoir, which has occurred in response to upstream
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impoundment, may also influence the behaviour of Macquarie perch. Alternatively,
seasonal changes in conditions within the reservoir may result in preferable conditions
upstream during warmer months, as was the case with Striped bass, for which an
upstream shift was attributed to changed temperature and oxygen conditions (Young
and Isely, 2002). Furthermore, upstream sections of reservoirs have higher
concentrations of nutrients and organic matter (Kennedy and Walker, 1990; Kimmel et
al., 1990), which may result in increased food availability and be beneficial for fish
during the spawning period when energy expenditure is highest. While the specific
reasoning behind this distribution trend requires further investigation, this study has
identified the upstream section of the reservoir as an area in which conservation efforts
should be focused, especially during the critical spawning period for Macquarie perch,
which is also when avian predators are most abundant (Chapter 3).
A downstream shift in distribution, and reduced linear dispersion of Macquarie perch
occurred in response to drawdown. Cotter Reservoir is characterised by a shallow
upstream section, and thus the reduction in surface area caused by drawdown provides
some explanation for the downstream shift. However, the linear distribution of adult
Macquarie perch during drawdown declined more than the linear length of the
reservoir did. Fish have been found to inhabit deeper parts of lakes when the
availability of structural habitat is low (Koehn, 1997; Ahrenstorff et al., 2009). Reducing
vulnerability to predation risk is considered to be one of the reasons why fish may
depart one habitat and move to another (Railsback et al., 2001). Macquarie perch are
associated with emergent macrophytes and structural woody habitat when the
reservoir is full (Ebner and Lintermans, 2007; Chapter 4). Despite the downstream shift
during drawdown, larger adult Macquarie perch remain associated with shallower
water around the perimeter of the reservoir suggesting that deeper water in the
reservoir provides sub-optimal physiological conditions, or that larger fish perceive
little threat of predation (Chapter 4). However, it appears that when structural habitat
is not available, adult Macquarie perch prefer to be within close proximity to deep water
rather than homogeneous shallow water, and therefore shift downstream. This may
provide fish with the opportunity to utilize depth as refuge if a predator is detected.
Great cormorants, Phalacrocorax carbo, the main predator upon this population of
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Macquarie perch, have been found to commonly forage at depths less than 5 m (RopertCoudert et al., 2006). However, it has been recognised that Great cormorants can exploit
depths of up to 30 m (Gremillet et al., 1998). Thus, the value of shifting towards deeper
water for protection from predation is limited, and with increased density of the fish
population during drawdown there is potential for density-dependant interactions,
such as predation, to increase.
Population level analysis of distribution has demonstrated that a drawdown during the
spawning period is likely to have detrimental effects on the resident Macquarie perch
population. Water level regimes in reservoirs have been found to have detrimental
impacts on fish populations, including insufficient variation for spawning (Fortin et al.,
1982), and too much variation to incubate eggs in the littoral zone(Winfield et al., 1998;
Kahl et al., 2008). Further, fluctuations in water levels can also impact on invertebrate
communities with implications for availability of prey (Balcombe et al., 2007). Results of
the current study suggest that drawdown during spawning will cause fish to shift
downstream, moving them out of the upstream section of the reservoir, which appears
to be important habitat at that time. This may result in fish not spawning because access
to the river is difficult as a result of extended silt beds at the top of the reservoir (related
to bushfire impacts) (Lintermans, 2005). Additionally, there may be increased
predation mortality of fish that do attempt to spawn, as they must move through
shallow areas of the reservoir which contain little refuge. Maintaining access to the river
and refuge habitat in the upstream section of the reservoir during the spawning period
is essential to the conservation of this population.
This study is the first to examine population level shifts in the distribution of a
percichthyid, and potentially the first to investigate the impacts of drawdown on
population distribution of a freshwater fish species. Radio-telemetry studies of
freshwater fish species have focused largely on individual behaviour, which have been
used to derive population estimates of home-range or activity (e.g. Baras et al., 1998;
Simpson and Mapleston, 2002; Crook, 2004b; Kobler et al., 2008; Koehn et al., 2008;
Ebner and Thiem, 2009; Koehn et al., 2009; Ovidio et al., 2009; Ebner et al., 2010b). The
failure to examine population level shifts in distribution may be because of the
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challenges involved in interpreting distribution trends in river environments.
Conversely, reservoir environments are particularly suitable for studying trends in
population distribution because of the gradients that exist. Population level studies of
fish have previously been conducted in lakes but have used echo sound technology to
view fish presence rather than radio-telemetry (Eckmann and Imbrock, 1996; Imbrock
et al., 1996). However, the use of radio-telemetry provides more valuable information
as it allows identification of individual behaviour and habitat use as well as population
level trends. Population level assessment of distribution has been widely used in marine
environments to identify key conservation areas (Wilson et al., 1997; Rayment et al.,
2010). Similarly, in this study, population level analysis has allowed the identification of
the upstream section of the Cotter Reservoir as a key location for conservation efforts.
5.4.3 Conclusion
This study has provided valuable information for the conservation of a threatened fish
population, advanced our understanding of the ecology of Macquarie perch, and has
identified appropriate methods for studying aspects of the spatial ecology of fish. By
examining trends in the distribution of the adult Macquarie perch population, an
upstream shift in spring and summer was identified, allowing key conservation
requirements to be determined Further, the current study identified larger homeranges than what has previously been reported for percichthyids in rivers, suggesting
that reservoir environments may allow fish to exploit more resources than riverine
environments. Therefore, in some circumstances reservoirs may be valuable for
conserving threatened fish populations. However, this finding should be interpreted
cautiously and further research into the benefits of reservoir habitats for threatened
fish is required. This study confirms that percichthyids are capable of obtaining spatial
awareness, which they develop over time, a finding that has only briefly been touched
on by other researchers (Crook, 2004b; Ebner and Thiem, 2009). The annual timeframe
of this study was essential to this result. Where possible, future studies on the spatial
ecology freshwater fish species interested in obtaining information on spatial
awareness should be conducted over long time frames. In addition to providing valuable
information for the conservation of the threatened fish population at Cotter Reservoir,
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this study has provided a valuable benchmark for investigating the effects of reservoir
enlargement on the spatial behaviour of Macquarie perch.
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6.1 SUMMARY
The primary objective of the present thesis, to ‘determine spatial and temporal trends in
cormorant predation risk to Macquarie perch in Cotter Reservoir’, has been achieved.
Predation risk to adult Macquarie perch in Cotter Reservoir varies both temporally and
spatially. Seasonal peaks in cormorant abundances in spring and summer demonstrate
that predation risk is greatest in these seasons (Chapter 3). The increased overlap in
predator-prey distribution during these seasons reinforces this conclusion (Chapter 3).
This overlap occurs in the shallow upstream section of the reservoir where fish
aggregate during the spawning period (Chapter 3). The use of structural habitat is likely
to mitigate predation risk; however, loss of structural habitat during 2 m drawdown,
and continued use of shallow water in the absence of refuge (Chapter 4), renders adult
Macquarie perch vulnerable to cormorant predation. Therefore, it can be concluded that
predation risk to Macquarie perch is greatest in the upstream section of Cotter
Reservoir during spring and summer, and that this risk escalates substantially when
structural habitat is not available. In the absence of data quantifying cormorant
predation on Macquarie perch, this study has provided valuable information that will
guide conservation efforts in this real life situation, based on the understanding that
predators can have profound impacts on small prey populations (Crawley, 1992;
Sinclair et al., 1998; Wittmer et al., 2005; Angulo et al., 2007; Millus and Stapp, 2008;
Kojola et al., 2009; Gregory and Courchamp, 2010; Kramer and Drake, 2010).
The second objective of the present thesis, to ‘improve our understanding of the ecology
of adult Macquarie perch by determining trends in spatial ecology and habitat use over
the course of a year’, has also been achieved. Key findings on the ecology of Macquarie
perch include the identification of spatial awareness (Chapter 5); seasonal shifts in the
population distribution (Chapter 5); and the use of shallower habitats by larger fish and
deeper habitats by smaller fish (Chapter 4). This information contributes significantly to
understanding Macquarie perch behaviour, and application of the approach used in the
current study elsewhere could contribute to understanding freshwater fish behaviour in
reservoir environments. Additionally, the understanding of home-range behaviour
(Chapter 5), trends in population distribution (Chapter 5) and habitat selection

117

Chapter 6: Synopsis: Summary and implications
(Chapter 4) developed in this thesis provides valuable baseline data for assessing the
effects of reservoir enlargement on Macquarie perch in the future. Further, the
information obtained on the ecology of the Macquarie perch population at Cotter
Reservoir provides insight into its resource requirements, which will play an important
role in guiding conservation and reservoir management.

6.2 CONSERVATION OF MACQUARIE PERCH IN COTTER RESERVOIR
Results from the present thesis suggest that efforts to protect Macquarie perch from
cormorant predation in the enlarged Cotter Reservoir should be focused on the
upstream section, which fish must pass through to spawn and feed in warmer months.
Currently there is a large amount of structural woody habitat and emergent
macrophytes the upstream section of the reservoir (Chapter 4), which is likely to have
contributed to the persistence of this fish population (Ebner and Lintermans, 2007).
This is further supported by the substantial use of structural habitat by Macquarie
perch shown in the current study (Chapter 4). Unlike the current conditions in Cotter
Reservoir, water levels in the enlarged reservoir will fluctuate significantly, inhibiting
the establishment of emergent macrophytes (Lintermans, 2005; ACTEW, 2009). Fallen
softwood timber that will be flooded when the enlarged reservoir is filled is already
decayed and will not provide permanent refuge. Therefore, long-term conservation of
the threatened Macquarie perch population requires that structural habitat be
supplemented in the upstream section of Cotter Reservoir, particularly in spring and
summer, to ensure that fish are able to make a spawning run into the river and access
upstream foraging habitat without increased threat of cormorant predation. This will
require the addition of constructed habitat, which should be placed to ensure habitat
availability at all potential water levels, or alternatively water levels should be managed
accordingly.
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6.3 REALITY OF ESTIMATING PREDATOR-PREY
INTERACTIONS
Cormorant predation on Macquarie perch at Cotter Reservoir was identified
serendipitously (Ebner and Lintermans, 2007), revealing the need for a better
understanding of the predator-prey relationship, which is necessary for guiding
conservation measures to protect the threatened fish population. A conventional
approach to understanding predator-prey interactions is to determine the rate of
consumption (Peckarsky et al., 2008). This can be challenging when dealing with small
populations because estimating consumption based on a limited number of samples can
bias estimates of food intake (Rindorf and Lewy, 2004; Ebner et al., 2009d). Previous
studies that have estimated cormorant consumption rates have dealt with much larger
predator and prey populations than the current study. For example, a total of 373
cormorant stomach samples were collected over seven months to determine predation
impacts on a population of Yellow perch, Perca flavescens at Lake Huron, Michigan
(Belyea et al., 1997). This involved killing only a small portion of the cormorant
population which peaked at over 10,000 birds (Belyea et al., 1997). At the River Skjern
in Denmark 100,000 fish were implanted with wire coded tags, and more than 10,000
cormorant regurgitated pellets were collected from a cormorant colony that had a
estimated size of 1,980 birds, to determine cormorant consumption rates (Jepsen et al.,
2010). When compared with these studies, it is doubtful that sufficient information
could be obtained from Cotter Reservoir, which had a maximum of 18 Great cormorants
(Chapter 3) and a small and threatened Macquarie perch population (Farrington et al.,
2009), to develop a true understanding of consumption rates. If such challenges in
obtaining information were to deter from the investigation of predator-prey
interactions, appropriate conservation measures may not be implemented, which could
result in the demise of the Macquarie perch. When populations are small, an alternative
to consumption estimates is required to understand predator-prey relationships and
guide conservation requirements, and the present thesis has presented such an
alternative by assessing spatial and temporal trends in predation risk.
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6.4 THE SIGNIFICANCE OF SPATIAL AND TEMPORAL OVERLAP
OF PREDATOR AND PREY IN ASSESSING PREDATION RISK
The investigation of spatial and temporal overlap of predator and prey (Chapter 3) is a
critical component of the present thesis, which has allowed the identification of when
and where predation is most likely to occur. Conventional methods for studying
predator-prey interactions may quantify predation, but do not allow the identification
of conservation requirements at fine spatial scales, as the current study has done.
Knowing that predation occurs on a threatened prey population in a particular
waterbody or wildlife reserve does not guide managers as to where refuges should be
placed to protect prey. Without information on fine-scale predator-prey overlap,
managers may place refuge ineffectively, which could have detrimental impacts to small
prey populations. Placement of habitat in areas where predation risk is low could also
result in inefficient expenditure of conservation resources. Thus, understanding finescale predator-prey overlap is critical for developing targeted management plans for
threatened prey populations.
In the present thesis the investigation of predator-prey overlap at Cotter Reservoir led
to the identification of the upstream section of the reservoir as a conservation priority,
particularly in spring and summer (Chapter 3). This was reinforced by the examination
of population trends in distribution, which highlighted the upstream section of the
reservoir as critical habitat for adult Macquarie perch during their spawning season
(Chapter 5). Consideration of prey habitat use (Chapter 4) provided further value to
explaining why predator-prey overlap declined at the finest spatial scales measured
(Chapter 3), emphasizing the critical nature of structural habitat for protecting adult
Macquarie perch from predators. In addition to understanding when and where
predation is most likely to occur, this study has also identified that the addition of
structural habitat is the best self-maintaining and long-term option for mitigating
cormorant predation on Macquarie perch in the enlarged reservoir (Chapter 3 and
Chapter 4). These findings are critical to the conservation of this specific Macquarie
perch population, and similar information about predator-prey interactions, and the
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requirements to mitigate predation, would be valuable for all small prey populations
threatened by predation.
The non-conventional approach to understanding predator-prey interactions developed
in the current study is practical for studying small populations and provides valuable
outcomes for guiding conservation. Although this thesis has focused on predator-prey
interactions in a reservoir environment, this approach has applicability to other
ecosystems. The upstream shift by the Macquarie perch population and their
aggregation in the upstream section of the reservoir during warmer months (Chapter 5)
was vital to the success of this approach in identifying specific areas within the
reservoir where refuge habitat should be placed. If fish had remained dispersed
throughout the reservoir, as they mostly were in autumn and winter (Chapter 5), then
key conservation areas may not have been identified. The approach used in the current
study is particularly valuable for prey populations that aggregate in specific areas
because of life history or resource requirements. Thus, the investigation of predatorprey overlap, combined with predator abundance and prey habitat use, would be
valuable for determining conservation requirements for numerous threatened prey
populations in both aquatic and terrestrial environments. The questions answered in
this thesis provide a framework to guide managers of threatened populations interested
in understanding predation risk (FIG. 6.1).
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FIG. 6.1 Framework of questions for guiding investigation into predation risk to small prey
populations.
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6.5 THE SIGNIFICANCE OF THE CURRENT STUDY FOR SMALL
POPULATIONS
The potential for predators to have profound detrimental impacts on small prey
populations has been a key tenet of the present thesis. Natural levels of predation on a
threatened prey population could result in population decline and eventually extinction
(Crawley, 1992; Sinclair et al., 1998; Wittmer et al., 2005; Angulo et al., 2007; Millus and
Stapp, 2008; Kojola et al., 2009; Gregory and Courchamp, 2010; Kramer and Drake,
2010). To avoid further declines in global biodiversity, species must be protected from
extinction. This may require a proactive approach when it is known that alteration to
natural ecosystems will occur because of human resource requirements, as was the case
at Cotter Reservoir.
The present thesis has taken a proactive approach to guiding the conservation of
Macquarie perch in the enlarged cotter reservoir. With less than 80 adult Macquarie
perch contributing annually to the population (Farrington et al., 2009), cormorant
predation poses a significant threat. Quantifying cormorant consumption rates of
Macquarie perch before and after the reservoir is expanded may have resulted in
conservation measures being implemented after detrimental impacts had already
occurred on the population (in addition to the challenges involved in quantifying
predation outlined in section 6.3). This study has identified key areas where refuge
habitat should be added to mitigate predation on Macquarie perch. Although the study
was conducted in the current reservoir, the information is transferable to the enlarged
reservoir. Using this approach for other threatened populations facing a similar
situation to Macquarie perch may be critical to ensuring their future and slowing the
decline of biodiversity.

6.6 CONCLUSION
The present thesis has improved our understanding of the ecology of an endangered
species and identified spatial and temporal trends in predation risk. Such information is
critical to the conservation of threatened prey populations where predation has been
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identified as a threat. Of most significance (from this thesis) for the conservation of
Macquarie perch in Cotter Reservoir is recognition of the need to maintain structural
habitat in the upstream section of the enlarged reservoir, particularly during spring and
summer. This finding was obtained through investigating predator prey-overlap,
predator abundance and prey habitat use, which is a more appropriate approach to
understanding predator-prey interactions when dealing with small populations than
conventional consumption estimates. Investigation of predator-prey overlap allowed
the identification of when and where within Cotter Reservoir predation is most likely to
occur, which could not be achieved using consumptive estimates. The approach used in
this study has potential applicability in other ecosystems, particularly for dealing with
threatened prey species that aggregate in specific areas in response to life history of
resource requirements. Thus, the approach of the current study is valuable for
providing critical information to protect threatened prey populations, which is essential
to ensuring the future of endangered species and maintain global biodiversity.
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Fish
ID
1
2
3
4
5
6
7
8
9
10

11
12
13
14
15
16
17
18
19
20
21
22
23
24

Date of
capture
7/04/2008
7/04/2008
7/04/2008
7/04/2008
7/04/2008
7/04/2008
7/04/2008
7/04/2008
7/04/2008
7/04/2008

7/04/2008
7/04/2008
7/04/2008
8/04/2008
8/04/2008
8/04/2008
8/04/2008
8/04/2008
8/04/2008
8/04/2008
8/04/2008
9/04/2008
9/04/2008
9/04/2008

Radio Freq
151.873
151.532
151.171
151.451
151.973
151.393
151.153
151.812
151.463
151.213

151.312
151.243
151.914
151.793
151.570
151.512
151.381
151.692
151.852
151.352
151.281
151.191
151.413
151.892

Length (mm)
407
393
226
373
411
392
236
235
245
255

378
392
412
356
255
410
412
401
388
381
378
224
371
249

Weight (g)
832.0
730.6
161.5
792.1
1202.7
925.0
180.6
193.3
229.6
272.4

876.0
869.5
1110.0
711.8
225.5
1001.2
953.3
1019.3
862.1
795.6
793.0
154.8
848.6
215.4

Sex
unknown
female
unknown
unknown
unknown
female
unknown
female
male
female

female
female
unknown
female
male
female
female
female
female
female
female
male
female
female
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Date/s
Recaptured

4/03/2009

15/04/2008
and
03/03/2009

25/02/2009
25/02/2009
18/05/2009

15/12/2008

Date of last
valid
record
10/04/2009
19/07/2008
24/09/2008
None
27/03/2009
8/02/2009
None
10/04/2009
30/04/2008
None

10/04/2009
25/10/2008
30/04/2008
21/05/2009
27/04/2009
27/04/2009
10/04/2008
11/05/2009
27/03/2009
8/10/2008
8/10/2008
24/09/2008
26/02/2009
None

Appendix 1
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

9/04/2008
9/04/2008
9/04/2008
9/04/2008
9/04/2008
9/04/2008
9/04/2008
9/04/2008
9/04/2008
9/04/2008
9/04/2008
9/04/2008
15/04/2008
15/04/2008
15/04/2008
15/04/2008
15/04/2008
15/04/2008
15/04/2008
15/04/2008
15/04/2008
16/04/2008
16/04/2008
16/04/2008
16/04/2008
16/04/2008
16/04/2008
16/04/2008
15/12/2008
15/12/2008
15/12/2008
15/12/2008

151.126
151.261
151.113
151.091
151.300
151.753
151.991
151.933
151.013
151.072
151.832
151.252
151.473
151.612
151.322
151.374
151.273
151.292
151.481
151.421
151.202
151.773
151.231
151.402
151.672
151.433
151.732
151.332
150.392
150.542
150.211
150.062

231
255
235
239
259
229
238
257
228
233
360
378
247
284
231
242
239
235
235
406
309
298
382
235
237
236
385
255
406
270
410
390

174.2
223.7
172.0
173.5
230.0
183.9
189.2
220.9
170.8
181.3
743.2
866.7
199.4
316.8
181.6
197.3
182.8
188.0
189.0
1044.8
411.8
370.9
758.9
195.9
194.2
197.5
814.9
227.4
967.2
251.3
870.5
824.2

male
female
female
female
female
male
female
unknown
female
unknown
female
female
unknown
female
female
female
unknown
female
unknown
female
unknown
female
female
female
female
unknown
female
female
unknown
unknown
unknown
unknown

160

18/12/2008

25/02/2009

3/03/2009
18/05/2009

24/05/2008
None
24/09/2008
24/09/2008
5/01/2009
None
27/08/2008
None
24/09/2008
24/09/2008
11/05/2009
27/04/2009
8/10/2008
4/12/2008
None
20/11/2008
27/08/2008
None
27/08/2008
10/09/2008
27/08/2008
None
18/06/2008
None
None
25/10/2008
11/05/2009
8/10/2008
21/07/2009
None
21/07/2009
21/07/2009
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57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88

15/12/2008
16/12/2008
16/12/2008
16/12/2008
16/12/2008
17/12/2008
17/12/2008
17/12/2008
18/12/2008
18/12/2008
18/12/2008
18/12/2008
25/02/2009
25/02/2009
25/02/2009
25/02/2009
25/02/2009
26/02/2009
26/02/2009
26/02/2009
4/03/2009
4/03/2009
5/03/2009
5/03/2009
18/05/2009
18/05/2009
18/05/2009
18/05/2009
18/05/2009
18/05/2009
18/05/2009
19/05/2009

150.571
150.092
150.122
150.182
150.479
150.454
150.842
150.630
150.422
150.242
150.872
150.512
150.272
150.601
150.663
150.780
150.692
150.301
150.934
150.331
150.362
150.752
150.721
150.810
151.953
151.653
151.221
151.361
151.552
151.711
151.596
151.632

237
225
220
260
385
253
285
257
240
273
235
239
243
400
232
400
414
391
353
307
405
372
382
383
280
232
275
235
369
401
322
394

186.2
171.5
166.6
265.7
797.9
222.0
279.9
219.8
176.7
259.8
180.3
181.2
226.4
1044.0
192.6
920.4
1090.0
872.7
673.5
479.8
1017.4
717.8
755.0
815.0
340.8
197.2
336.9
207.7
846.9
1003.5
590.4
903.1

unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
female
unknown
unknown
unknown
female
female
unknown
unknown
female
unknown
female
female
female
male
female
unknown
female
unknown
unknown
unknown
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4/03/2009
18/05/2009

None
None
5/01/2009
30/06/2009
21/07/2009
None
None
None
None
None
None
None
None
11/05/2009
27/03/2009
21/07/2009
21/07/2009
21/07/2009
10/04/2009
None
21/07/2009
10/04/2009
21/07/2009
21/07/2009
21/07/2009
21/07/2009
21/07/2009
30/06/2009
21/07/2009
21/07/2009
21/07/2009
21/07/2009

Appendix 1
89
90
91
92
93

19/05/2009
19/05/2009
19/05/2009
19/05/2009
19/05/2009

151.343
151.491
150.152
150.903
150.454

279
284
238
255
240

330.8
347.3
206.3
272.0
201.1

unknown
unknown
female
female
male

162

21/07/2009
21/07/2009
None
21/07/2009
30/06/2009

