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Thesis outline 

This thesis is presented as a series of journal publications that have been published or are in review. The 

overall structure of the thesis includes; a brief introduction on the processes and dynamics of fish 

populations; an introduction to the study species, Macquarie perch (Macquaria australasica); five data 

chapters as publications which relate to specific population processes and population dynamics, and finally, 

a synthesis of these chapters and concluding remarks. The publication status of each chapter is provided at 

the beginning of the chapter together with detailed information on authorship and contributions.  
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Synopsis 

The mechanisms behind the spatiotemporal dynamics of natural populations has motivated studies of animal 

and plant populations for centuries, largely due to our reliance on natural resources and associated 

industries such as agriculture, forestry and fisheries. As such, understanding the drivers and dynamics of 

populations form a vital component of natural resource management. Nevertheless, despite the vast number 

of empirical and theoretical studies on population dynamics of many plants and animals, this understanding 

remains elusive for many species. 

An important and overarching principle of population dynamics is that the relative growth rate of a population 

is a function of its environment. This principle is particularly relevant for fish, especially those occupying 

freshwater systems. Such species (and populations) often occupy highly variable environments, and are 

therefore subject to natural and more recently, anthropogenic factors that continually modify and adjust their 

size- and age-structure and, numerical abundance. The magnitude and rate at which fish populations 

change is determined by the interplay between four key population processes, Recruitment, Mortality, 

Immigration and Emigration. As such, to understand the population dynamics of species, scientists and 

managers require knowledge of how key intrinsic (e.g. growth, spawning, survival, population structure, 

competition and predation) and extrinsic factors (e.g. rainfall, temperature and connectivity) influence these 

processes. 

Globally, fisheries science literature has many examples of the exploration of the drivers of key processes 

and subsequent dynamics of fish populations. This is particularly relevant for species supporting large 

commercial fisheries, especially those that are marine based. Freshwater fishes however, have far fewer 

examples which adhere to these principles. For many Australian freshwater fish species, knowledge is often 

limited to specific aspects of biology (e.g. histology) or focus on a specific process (e.g. spawning), with 

studies which take a holistic approach in considering potential population drivers being rare. This limits our 

ability to effectively manage fish populations or develop strategies that optimise the ecological benefits of the 

ever-increasing investment in rehabilitation activities such as environmental flow delivery and habitat 

restoration.  

The aim of my research was to study the drivers of population dynamics of Macquarie perch, Macquaria 

australasica, a nationally endangered freshwater fish occupying both riverine and lacustrine habitats across 

south-eastern Australia. While the biology of Macquarie perch has been relatively well studied, particularly 

for lacustrine populations, specific investigations of key intrinsic and extrinsic drivers of population processes 
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and the application of such knowledge to inform the dynamics of populations has received little attention. As 

such, the approach used in my thesis encompassed a whole of life-cycle framework to avoid the potential 

pitfalls of focusing on a single life-stage or biological attribute, rather than process rates. My thesis is 

presented as a series of journal publications focusing largely on the processes of, and factors governing 

recruitment and mortality with the potential importance of immigration and emigration still considered at a 

conceptual level throughout.  Importantly, several chapters as well as my conclusion draw links between 

these processes and data derived trends in dynamics of Macquarie perch populations occupying both 

lacustrine and riverine habitats.  

The first two chapters of the thesis explore the dynamics and drivers of a lacustrine population of Macquarie 

perch. Lacustrine populations of Macquarie perch typically exhibit declines in abundance 5-10 years after 

initial filling which is in accordance with the boom - bust pattern of productivity in newly formed reservoirs. I 

proposed that there was potential for these populations to be enhanced, via increased fish growth, 

recruitment strength and abundance, by replicating the events of the initial filling period of the lake. My 

findings supported this hypothesis with these vital rates and population growth being enhanced during the 

refilling of Lake Dartmouth after significant and extended drawdown due to drought.  These results implied 

an intrinsic link between growth, recruitment success and survival, based on the alignment between 

increased juvenile Macquarie perch growth and year class strength reported in this and previous studies on 

lacustrine trophic upsurge.  

My second data chapter looked at the size- and age- structure as well as migration of the adult spawning 

stock, which undoubtedly facilitated the aforementioned recruitment success and the population expansion in 

the lake. Maintaining a broad age- and size-structure of the spawning demographic of long-lived iteroparous 

fish species is crucial for recruitment stability and population persistence.  I found that over an eight-year 

period, spawning fish were predominantly large-bodied, spanning a broad age structure, with a high 

proportion of fish (25 %) aged 15-30 years. Furthermore, Macquarie perch were most likely to occupy the 

spawning reach from October to mid-December, migrated to this reach annually, and moved large distances 

throughout the lake all year, with no evidence of any spatial structuring. Based on these results, it is clear 

that the spawning stock structure of a healthy Macquarie perch population consists of a stable number of 

large fish with a broad age-distribution. These results also suggest that along with reductions in system 

productivity, overexploitation of the spawning demographic, like many species around the world, is likely to 

be another key driver of the collapse of Macquarie perch populations in south eastern Australia. 
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The findings from my first two chapters suggest lacustrine populations of Macquarie perch can be relatively 

stable, providing spawning stocks are maintained and fish have access to suitable riverine spawning habitat 

and feeding areas for juveniles and adults. Since Macquarie perch are naturally a riverine species, it is 

unclear if these and other ecological findings gathered from lacustrine populations are transferrable to those 

occupying riverine habitats. My third data chapter presents an important first account of spatio-temporal 

spawning patterns of riverine Macquarie perch populations. My results lend some support for the transfer of 

information from lacustrine populations, specifically, localised spatial-spawning patterns and strong 

associations with water temperature. My fourth data chapter then examine recruitment dynamics of five 

Macquarie perch populations (both riverine and lacustrine) through space and time and relates these 

dynamics to drivers that vary at local and regional scales. I found river discharge during the core egg and 

larval period, which was highly correlated across the region, and a local-scale (intrinsic) variable, spawning 

stock abundance, were the covariates most important in explaining recruitment strength. I also observed 

synchronised patterns in recruitment across the five populations, thus conforming to predictions of the Moran 

effect whereby biotic (e.g. population density, or reproductive rate) and abiotic (e.g. rainfall, flows and 

temperature) variables fluctuate in synchrony across the landscape.  

My final data chapter extended from specific population processes, to assessing the dynamics of five riverine 

Macquarie perch populations, with a focus on assessing trends in the final years of, and immediately 

following an extended drought (the millennium drought which affected southeastern Australia from 1997-

2010). Riverine fish populations can be particularly susceptible to episodic disturbances such as droughts, 

therefore assessing the recovery of populations following these events provides important information to help 

guide species management. Using trends in abundance and size structure I found four of the five 

populations underwent a slow recovery, not detectable for several years, with the largest increases in 

population size driven by the survival of new recruits. As per my findings on recruitment, I found evidence of 

synchrony in dynamics across populations, related to annual extremes in river flow which negatively 

influenced population trajectories. The one population which did not follow this trend occupied the largest 

waterway which was also subject to legal recreational fishing for the species. This suggests either the 

magnitude of impacts of disturbance on populations occupying larger systems are reduced compared to 

smaller, more variable systems or; recreational fishing take can negatively influence recovery rates following 

episodic disturbance events such as drought. The results of this chapter highlight that forecasting population 

trends, and management of long-lived freshwater fish must incorporate multi-year planning to include factors 
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such as the maintenance of refuges, connectivity and increased protection of reproductively mature fish to 

aid population recovery. 

Importantly, the findings collated throughout my thesis have provided information to aid population 

forecasting and help guide recovery actions by waterway, threatened species and fisheries managers. I 

suggest that Macquarie perch population in Lake Dartmouth is relatively stable, providing spawning stocks 

and the quality and access to riverine spawning habitat is maintained. Climate change predictions for south 

eastern Australia are for an increased likelihood of protracted drought and rapid refilling events. Therefore, 

despite the prediction that future climate change will be detrimental for remnant riverine populations of 

Macquarie perch, the future of this lacustrine population may even be enhanced, provided any such benefits 

are not countered by our predictions of reduced growth under higher temperatures. This emphasises the 

importance of recognising the conservational benefits of reservoir populations of native fish.  

The distribution and future outlook of remnant riverine populations is less certain. Macquarie perch 

occupying small isolated waterways are much more likely have an increased risk of population collapse due 

to more variable recruitment and survival, and the risk of episodic disturbance events, which are predicted to 

increase in frequency and magnitude due to climate change. Moreover, the synchronised patterns in 

recruitment and population dynamics suggest that threatened freshwater fishes such as Macquarie perch 

with highly fragmented isolated populations have an increased risk of the regional population becoming 

imperiled. This heightened risk of extirpation adheres to predictions of the Niche Reduction Hypothesis which 

suggests when a species contracts from its historical niche, to a contemporary niche (restricted area of its 

former range), it can experience reduced ability to tolerate other threats, as well as lowered adaptive 

capacity and genetic diversity. As such, future management of the species must move beyond conserving 

current populations (via riparian and instream habitat restoration) and take a coordinated multijurisdictional 

conservation approach which could facilitate connectivity to or reestablishing the species back to some of the 

larger river reaches of its former range. 

The themes and approach used in my thesis has identified and quantified several important factors (intrinsic 

and extrinsic) influencing key processes including growth, spawning, population structure, recruitment and 

mortality and linked these to the dynamics of Macquarie perch populations occupying both lacustrine and 

riverine environments. While there are still several important knowledge gaps that require investigation, the 

information I have derivedhas also given further insight into the threatening processes which have 

contributed to the major decline of the species. The particular threats include, changes to flow and 

temperature regimes associated with river regulation; loss of important spawning habitat; periods of reduced 
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productivity in lacustrine populations; and over-exploitation by recreational fishing, particularly of 

reproductively mature fish. 

The information generated in this thesis has made has made a valuable contribution to understanding the 

role of climate and hydrology on key population processes and dynamics of freshwater fish. Moreover, this 

contribution also extends to threatened species management given my study species, is also one of 

considerable conservation significance. This whole-of lifecycle framework provides an ideal basis to study 

the key drivers of the processes and dynamics of other freshwater fish populations, particularly those that are 

long-lived and imperiled.  
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1 Background 

1.1 Population dynamics, processes and managing threatened fish 

populations 

Understanding the mechanisms behind the spatiotemporal dynamics of natural populations has fascinated 

scientists and motivated studies of animal and plant populations for centuries (Liebhold et al. 2004). This 

fascination of understanding why populations of plants and animals vary through time and space is 

understandable given our reliance on natural resources and associated industries such as agriculture, 

forestry and fisheries. Yet, despite the vast number of empirical and theoretical studies, definitive answers to 

basic questions such as why organisms fluctuate from highly abundant to extirpation in just a few 

generations; or why for some species populations explode in some locations but are rare in others remain 

elusive for many species (Turchin 2003; Andersen et al. 2004). 

An overarching principle of population dynamics is that the relative growth rate of a population is a function of 

the environment (e.g. Ginzburg 1986). This principle is particularly relevant for fish, especially those 

occupying freshwater systems. Freshwater fishes often occupy environments that are in a continuous state 

of flux, and thus are subject to natural control processes that lead to ongoing changes in population size- 

and age-structure and, numerical abundance (Milner et al. 2003). Considering anthropogenic impacts such 

as over exploitation of some species and more recently, human-induced climate change, is likely to further 

amplify these control processes, the need to understand the drivers and dynamics of freshwater fish 

populations is now more critical than ever. 

The magnitude and rate at which fish populations change is determined by the interplay between four key 

population processes (vital rates), Recruitment, Mortality, Immigration and Emigration (Wootton 1998; Milner 

et al. 2003; Harris et al. 2013). Each of these population processes are themselves governed by several key 

sub-processes such as growth and spawning; and a variety of intrinsic and extrinsic factors (Figure 1). 

Intrinsic factors are generally innate to a species and includes its life-history strategy which consists of 

attributes such as fecundity (e.g. Reznick 1983), behavior (e.g. Jonsson 2006) and genetic makeup (e.g. 

Pavlova et al. 2017). Extrinsic factors being associated with a population’s environment, may be biotic, such 

as competition or predation, or abiotic and include factors such as river flows, water temperature and 

connectivity (e.g. Morrongiello et al. 2015). Thus, to understand the dynamics of populations, scientists and 

managers require knowledge of how such intrinsic and extrinsic factors influence each of the population 



24 
 

processes. Understanding such links is extremely valuable in natural resource management and threatened 

species recovery (McMahon et al. 2007), underpinning most of the important issues and decision making in 

the conservation and management of fish populations (Wootton 1998).  

The processes and factors which govern fish populations are inherently variable (Winter et al. 2009) with the 

dynamics of recruitment particularly complex. King et al. (2013) described the understanding of how different 

combinations of biotic and abiotic conditions affect recruitment as the “Holy Grail” of fisheries research. 

Recruitment is generally defined as the number of fish in a year class as it enters a specific segment of the 

population, ranging from early juvenile through to maturation (Wootton 1998; Harris et al. 2013). The variable 

life-stages for which recruitment is considered is therefore, governed by the intrinsic and extrinsic factors that 

affect survival during each of the critical life-history stages from spawning through to this defined period 

(Figure 1).    

Whilst much attention is given to the success or failure of spawning in governing recruitment success and 

subsequent population trajectories, knowledge of mortality and its compliment, survival, is also fundamental 

to understanding population dynamics (Harris et al. 2013). In general, mortality rates in fish populations are 

size related, with the highest rates of mortality associated with egg, larval and juvenile periods (Wootton 

1998).  For some species, there may also be additional critical periods of mortality, ranging from yolk sac 

absorption in larvae (e.g. Heath 1992), over-wintering of juveniles (e.g. Shuter and Post 1990) and 

reproduction (e.g. Pitcher and Hart 1982). As such, survival is governed by intrinsic causes such as genetic 

deaths and physiological failures; and extrinsic causes, which include both biotic factors (such as 

competition, predation, parasitism and infectious disease) and abiotic factors (such as temperature, salinity 

and various aspects of river flow; Wootton 1998).  Thus, identifying the factors influencing age, growth and 

subsequent survival has long been regarded as important in understanding population dynamics (Hastings 

1990; Kareiva 1990; Tyler and Rose 1994).  Understanding these factors influencing survivorship can 

provide information on the proportion of new recruits that will survive to reproductive age, impacts of 

management interventions on population dynamics, and how to apply management regulations (e.g. setting 

of recreational size limits) to maximize sustainability (e.g. Koehn and Todd 2012). 

The final processes influencing any taxa’s dynamics relate to population connectivity, specifically, the rate 

immigration and emigration. The degree of connection that occurs within or between populations (or 

metapopulations) drives processes that govern the fate of species (Levin 1992). Concepts such as island 

biogeography (MacArthur and Wilson 1967) have led to a view of ecological systems as a series of ‘patches’ 

(Watt 1947; Levin and Paine 1975) which interact with each other according to intrinsic and extrinsic factors. 
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For fishes within freshwater systems, such interactions occur most frequently within defined areas (e.g. 

within a river channel or lake), and fish have been shown to use these dispersal corridors to fulfil a variety of 

life-history requirements such as spawning, foraging, and permanent migration (Schlosser 1991; Crook 

2004; Walther et al. 2011).  As such, understanding the dynamics of dispersal within and between 

populations of fishes is vital in estimating population fluctuations across space and time (e.g. Lyon et al. in 

press).   

Cooke et al. (2012) highlights that despite much effort being devoted to identifying the threats faced by 

imperiled freshwater fishes, there has been less effort devoted to identifying the factors that may hinder our 

ability to conserve and restore populations. The review by Cooke et al. (2012) identified a series of research 

and implementation needs to help protect, restore, or conserve river fish globally, particularly those that are 

endangered. Unsurprisingly, most are based around knowledge gaps that exist relating to key population 

processes, their drivers and the challenges in predicting the response of fish to these drivers which include 

management actions. For many Australian freshwater fish species, examples of identifying key intrinsic and 

extrinsic drivers of processes to understand the dynamics of populations is limited to basic biological 

attributes (e.g. fecundity), factors influencing numerical abundance or limited to a specific process (e.g. 

spawning). As a result, there are very few studies which have taken a holistic approach in considering 

potential population drivers (e.g. Harris et al. 2013). Thus, there is much uncertainty surrounding the key 

factors and subsequent processes which are limiting a particular fish species or population and importantly, 

their recovery. This limits our ability to effectively manage fish populations or develop strategies which 

optimise the ecological benefits of the increasing investment in rehabilitation activities such as environmental 

flow delivery and habitat restoration (e.g. Koehn et al. 2014).  

Work by Todd and co-authors present some of the few Australian examples which use a quantitative 

population dynamics approach, whereby all key population processes are considered in a quantitative 

stochastic modelling framework for several Australian freshwater fish species including Murray cod 

Maccullochella peelii and trout cod Maccullochella macquariensis (Todd et al. 2004; Todd and Koehn 2008; 

Koehn and Todd 2012). These models are based on a mechanistic understanding of the processes that 

control change in the population with empirically derived parameter estimates of population processes (vital 

rates) and provide an ideal tool for managers of threatened species to rank options for intervention, 

particularly in circumstances of incomplete data or lack of full ecological knowledge (Burgman and 

Lindenmayer, 1998). Nevertheless, there is no doubt that the power of these models as a management tool 

vastly improves with increased ecological knowledge, particularly links between vital rates and those 
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extrinsic factors which can be altered by management interventions (e.g. river flows). Recently, a population 

model was developed for another threatened Australian percichthyid, the Macquarie perch Macquaria 

australasica (Todd and Lintermans 2015).  Whilst much of the basic biological data is available for the 

species, the inclusion of parameters which consider the major factors (intrinsic and extrinsic) governing the 

key population processes for the species would significantly strengthen the model predictions and 

importantly, uptake by managers.  

 

1.1 Overarching aims and objectives 

My thesis aims to study the drivers of important processes and population dynamics of the nationally 

endangered freshwater fish, Macquarie perch. The work encompasses a whole of life-cycle framework to 

avoid the potential pitfalls of focusing on one particular life-stage or numerical abundance, rather than 

specific process rates.  I focus largely on the process of, and factors governing recruitment and mortality, 

and link these processes with trends in population dynamics. The potential importance of immigration and 

emigration while not investigated directly, is still considered at a conceptual level throughout the thesis 

(Figure 1). I first explore key processes and the population dynamics of a self-sustaining lacustrine 

population, and then extend my investigation to several riverine populations. Specifically:  

• Chapter 2 investigates the key factors influencing somatic growth, recruitment and population 

dynamics of a lacustrine population; 

• Chapter 3 investigates the spawning stock characteristics including size- and age-at maturity, and 

migration pathways of a lacustrine population; 

• Chapter 4 investigates spatial and temporal spawning patterns of two riverine populations; 

• Chapter 5 investigates the recruitment dynamics of five Macquarie perch populations across Victoria; 

• Chapter 6 investigates the population dynamics of five riverine Macquarie perch populations over a 

decadal period, including the recovery from the millennium drought;  

• Chapter 7 collates the information obtained throughout each of the chapters of my thesis to 

undertake a holistic review of population dynamics of Macquarie perch across its range including 

past and current management of the species and how this may be influenced by future threatening 

processes such as climate change, water management and fisheries management. 
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Figure 1. Conceptual understanding of key processes governing population dynamics of Macquarie 
perch (green); the sub-processes governing recruitment (pink); and some of the major intrinsic and 
extrinsic factors which can influence each (white).   

 

1.2 Study species 

The Macquarie perch, Macquaria australasica is a medium-sized (up to 460 mm total length), long-lived (up 

to 30 years) percichthyid fish endemic to south eastern Australia, specifically, the south-eastern reaches of 

the Murray–Darling Basin and several rivers of the eastern seaboard (Figure 2; Figure 3). Morphological and 

genetic differences between Murray-Darling Basin and eastern seaboard Macquarie perch have resulted in a 

revision of the taxonomic status of the species to recognise the Shoalhaven, Hawkesbury-Nepean and 

Murray-Darling Basin as separate species (Faulks et al. 2010; Pavlova et al. 2017).  
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Macquarie perch are primarily a riverine fish, however the species has maintained populations in some 

reservoirs where they have access to suitable inflowing riverine habitat for spawning (Cadwallader, 1981; 

Appleford et al. 1998; Broadhurst et al. 2013). The species is gonochoristic and iteroparous, with both sexes 

reaching full maturation at 3+ years of age, being age- rather than size- dependent (Appleford et al. 1998), 

although some males have been reported to mature as young as ages 1+ (Appleford et al. 1998; Douglas, 

2002). Fecundity of Macquarie perch is estimated at 32 000 eggs per kilogram of fish (Wharton 1973).  

Adult Macquarie perch spawn in river habitats during spring (October – December) when water temperatures 

exceed 16 °C (Cadwallader and Rogan 1977; Appleford et al. 1998; Douglas 2002; Tonkin et al. 2010; 

Tonkin et al. 2016). Spawning and recruitment in lacustrine populations have been shown to occur annually 

(e.g. Cadwallader and Rogan 1977; Douglas 2002; Tonkin et al. 2014; Tonkin et al. 2017); however, there 

remains some uncertainty about the frequency at an individual level, such as whether a proportion of fish 

skip spawning (Hunt et al. 2011). 

Macquarie perch was once widespread and abundant, supporting a popular recreational fishery, however, 

the species underwent major declines in abundance and distribution from 1920 – 1960’s (Trueman 2011; 

Figure 3). These declines have resulted in the species being listed as endangered under the Environmental 

Protection and Biodiversity Conservation Act 1999 (Australian Commonwealth); the Australian Society for 

Fish Biology Threatened Fishes List, the Australian Capital Territory Nature Conservation Act 2014, and the 

New South Wales Fisheries Management Act 1994. The Macquarie perch is also listed as ‘threatened’ in 

Victoria under the Flora and Fauna Guarantee Act 1988 (FFG Act) and ‘presumed extinct’ in South Australia 

under the National Parks and Wildlife Act 1972.  

Numerous causes of the decline of Macquarie perch have been proposed. The initial large-scale decline 

from 1920 – 1960’s has been attributed to the sedimentation of waterways across south eastern Australia 

(Cadwallader 1978). Severe sedimentation of waterways first occurred during the gold rush years (1850 – 

1900), during which huge quantities of mining sludge and tailings were discharged into waterways (Scott 

2001; Davies et al. 2018). This was then followed by wide-spread changes in land use, with land-clearing for 

agriculture, riparian degradation, forestry and road construction further increasing erosion and subsequent 

sediment delivery into streams. Other threats identified as likely drivers of the species decline include de-

snagging, interspecific competition, overfishing, predation and disease transmission by introduced species, 

and the construction of dams acting as barriers to movement and modifying river flows and temperatures 

downstream (Cadwallader and Rogan 1977; Ingram 2000; Lintermans 2007, 2012).  
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In Victoria, only a few populations remain in the Goulburn, Mitta Mitta, Ovens, Campaspe, and Upper Murray 

catchments, with many of these being small, isolated remnant populations occurring in suboptimal habitats 

(Lintermans 2007; DELWP unpublished data). A relatively healthy population of Macquarie perch also exist 

in the mid-reaches of the Yarra River south of the Great Dividing Range, courtesy of translocations of fish 

from the Mitta Mitta and Goulburn catchments in the 1930’s. The construction of the Dartmouth Dam on the 

Mitta Mitta River in 1979 is believed to have caused the disappearance of a major population of Macquarie 

Perch in the lower Mitta Mitta River (Koehn et al. 1995). However, fish which remained in the dam (and 

upstream in the Mitta Mitta River) have, over the last two decades, been recognised as constituting the 

largest remaining population for the species (Tonkin et al. 2010). Furthermore, Dartmouth Dam was still 

supporting an important recreational fishery up until the early 1990s. During the late 1990s however, 

research indicated a decline in Macquarie Perch numbers, possibly due to reduced productivity and 

recruitment success (Hunt et al. 2011). This research, coupled with population crashes of Macquarie Perch 

reported earlier in other large impoundments such as Lake Eildon (e.g. Cadwallader and Rogan 1977), led 

many to believe that this population was also on the verge of collapse. This uncertainty extends to the 

viability of remnant riverine populations given their poor genetic status (Pavlova et al. 2017) and ongoing 

threat of climate change induced episodic events such as extreme drought.  

To ensure the ongoing viability of Macquarie perch, targeted management actions are needed.  However, at 

present, there is scant information available to guide threatened species and waterway managers in their 

prioritisation of key critical habitats and conditions to ensure the longevity of this species.  Whilst the biology 

of Macquarie perch has been relatively well studied, particularly for lacustrine populations (e.g. Cadwallader 

and Rogan 1977; Lintermans 2007; Douglas et al. 2002; Ebner et al. 2011; Broadhurst et al. 2013), specific 

investigations of key intrinsic and extrinsic drivers of key population processes and the application of such 

knowledge to inform the dynamics of populations, has like most other Australian freshwater fish species, 

received very little attention.  

This thesis examines specific drivers of the processes and subsequent dynamics of Macquarie perch 

populations occupying lacustrine and riverine habitats across Victoria. The timing of this work has been 

fortuitous in that there has been population monitoring underway for the past decade, with much of the data 

collected encompassing the transition from the protracted millennium drought through to several years of 

cooler, wet conditions, which conceptually, is also likely to include variability in both biotic and abiotic drivers 

of key population processes. The information collated throughout the thesis are used in a holistic review of 

population dynamics of Macquarie perch across its range including past and current management of the 
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species and how this may be influenced by future threatening processes such as climate change, water 

management and fisheries management. 
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Figure 2. Adult Macquarie perch Macquaria australasica (Photo: Jarod Lyon). 
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Figure 3. Current and historical distribution of Macquarie perch in south-eastern Australia (Figure 
extracted from National Recovery Plan for Macquarie Perch, Commonwealth of Australia 2018). 
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2 Growth and recruitment of Macquarie perch in a lacustrine 

environment 

2.1 Introduction to Chapter 2 

The Lake Dartmouth population of Macquarie perch is currently recognised as one of the healthiest 

remaining stocks of the species, due largely to the sheer abundance of fish and genetic diversity (Douglas 

2002; Pavlova et al. 2017). As such, knowledge gained on the drivers and dynamics of this lacustrine 

population can provide important information to help guide successful management of the species across its 

range. Lacustrine populations of Macquarie perch typically exhibit declines in abundance 5-10 years after 

initial filling (Harris and Rowland 1996; Hunt et al. 2011) which is in accordance with the boom - bust pattern 

of productivity in newly formed reservoirs (e.g. Hendrickson and Power 1999; Albrecht et al. 2009). 

Furthermore, given the extirpation events documented for several other (older) lacustrine populations of 

Macquarie perch following initial population expansions, the future of the species in Lake Dartmouth 

remained uncertain.  

In this chapter, I consider this question, and assess whether Macquarie perch populations can be enhanced 

by replicating the events of the initial filling period, as demonstrated for some species in the northern 

hemisphere (Scarnecchia et al. 2009). Specifically, I tested whether the refilling of the Lake (and presumably 

a secondary trophic upsurge period) results in increased fish growth, recruitment strength and abundance, 

reproducing a similar response to the initial filling period. As such, the specific themes explored in this 

chapter focus on how extrinsic factors such as productivity, temperature and habitat availability influence fish 

growth (intrinsic factor), recruitment and subsequent population dynamics (Figure 4). 
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2.2 Statement of contribution to co-authored published paper 

The themes explored in this chapter have been developed as a co-authored paper. The bibliographic details 

of the co-authored paper, including all authors, are: 

 

Tonkin, Z., Lyon, J., Ramsey, D.S., Bond, N.R., Hackett, G., Krusic-Golub, K., Ingram, B.A. and Balcombe, 

S.R. (2014) Reservoir refilling enhances growth and recruitment of an endangered remnant riverine fish. 

Canadian Journal of Fisheries and Aquatic Sciences 71(12), 1888-1899. 
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Figure 4. Conceptual understanding of key processes governing population dynamics of Macquarie 
perch (green); the sub-processes governing recruitment (pink); and some of the major intrinsic and 
extrinsic factors which can influence each (white).  The themes directly and indirectly explored in 
Chapter 2 highlighted in red text. 
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2.3 Abstract 

Rapid increases in native riverine fish populations associated with trophic upsurge immediately following 

reservoir construction are well documented. Repeated upsurge periods and extended benefits to populations 

are however, less understood.  We used sclerochronology to investigate fish growth, and netting surveys to 

estimate recruitment and abundance of a lacustrine population of an Australian riverine fish, the Macquarie 

perch Macquaria australasica in Lake Dartmouth. Record low inflows from 1997-2008 caused the reservoir to 

shrink to its lowest volume since construction. Refilling began in 2008, reaching 99% capacity in 2013. We 

hypothesised that fish growth, recruitment and abundance would increase in response to the refilling of the 

Lake, reproducing a similar response to the initial filling period. 

Our findings supported this hypothesis. Macquarie perch growth, recruitment and abundance were enhanced 

during the refilling of Lake Dartmouth.  Growth, best explained by the effects of dam height, change in dam 

height, temperature (and their interactions), and recruitment, were highest during the first years of refilling, 

when Lake levels and temperatures were low.  We propose one or a combination of varying levels of 

intraspecific competition (low during initial filling and high following population expansion) and improved 

riverine conditions for reproductive success as the most plausible explanation.   

Our results suggest extended periods of low lake levels followed by rapid inundation events are likely to 

enhance recruitment and population growth opportunities for this species. While reservoir construction in 

general impacts negatively on native fish populations, the potential to offset these impacts for conservation 

management purposes should be considered.  

 

2.4 Introduction 

The construction of large dams and subsequent creation of reservoirs has been a major driver of reductions 

in the range and abundance of native riverine fishes globally. The detrimental impacts of inundating former 

habitats, downstream flow alteration and barriers associated with reservoir construction are well documented 

(Poff et al. 2007; Lintermans 2012; Mims and Olden 2013), yet the potential enhancement of native fish 

populations within or upstream of reservoirs has received very little attention (e.g. Ebner et al. 2011). 

Continued human population growth and subsequent water demands dictate that large reservoirs will be a 

permanent component of many freshwater ecosystems. As such, there is an imperative to identify any 
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conservation benefits these constructed habitats might provide, and to identify specific management 

strategies that will preserve or enhance these benefits into the future. 

In addition to the social benefits of reservoirs (see Baxter 1977; Ebner et al. 2011) the provision of 

permanent and often productive lacustrine environments can present benefits that enhance fish populations. 

Such opportunities are most frequently reported for populations of generalist or non-native lacustrine species 

(e.g. Kruk and Penczak 2003) or the establishment of recreationally important species through stocking (e.g. 

Cowx 1998; Welcome and Bartley 1998; Hunt et al. 2010).  Nevertheless, the impounded water of reservoirs 

can also provide benefits to remnant riverine fish species (Irz et al. 2006; Ebner et al. 2011; Lintermans 

2012).  Examples include paddlefish Polyodon spathula in the United States (Paukert and Fisher 2001; 

Scarnecchia et al. 2009), golden galaxiids Galaxias auratus (Hardie et al. 2007, 2013) and Macquarie perch 

Macquaria australasica (Cadwallader 1981; Appleford et al. 1998) in Australia.  

Riverine fish populations occupying new reservoirs often exhibit immediate increases in abundance and 

production, generally as a result of one, or a combination of mechanisms relating to resource availability. The 

most documented, and well understood is that of trophic upsurge, whereby nutrient release from inundated 

terrestrial vegetation and soils increase primary production, which is transferred to higher trophic orders, 

including fish (Grimard and Jones 1982; Robarts et al. 1992; Hendrickson and Power 1999; Albrecht et al. 

2009). This period can also provide additional prey resources such as terrestrial invertebrates (e.g. 

Cadwallader and Douglas 1986), as well as increase the availability of essential habitats such as spawning 

substrate (e.g. Hardie et al. 2013). Such rapid increases in resource availability are likely to result in 

immediate reductions in intraspecific competition, a common factor governing density dependence and the 

regulation of fish populations (Jonsson et al. 1998; Lorenzen and Enberg 2001; except see Lobón-Cerviá 

2013). These mechanisms mirror the increased production from seasonal floodplain inundation (the so-called 

“flood pulse advantage” Bayley 1992).  

However, unlike the seasonally recurrent pulse of production occurring in tropical floodplain rivers, many of 

the benefits that reservoirs provide to remnant riverine species are short-lived. Lacustrine trophic upsurge 

generally last little longer than a decade, being followed by a period of trophic depression (Geraldes and 

Boavidav 1999) and subsequent decline in fish abundance and production (Hendrickson and Power 1999). 

Nevertheless, repeated upsurge periods and subsequent population responses by remnant riverine fish are 

possible. Scarnecchia et al. (2009) reported paddlefish Polyodon spathula populations increasing 

dramatically in response to the refilling of Lake Sakakawea on the Missouri River, almost thirty years after 

the initial filling phase.  
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This study investigates the response of Macquarie perch Macquaria australasica, a medium-sized   

freshwater fish species native to south eastern Australia, to the refilling of a large reservoir.  The species has 

undergone declines in distribution and abundance, to the extent that it is now listed as nationally endangered 

under the Environmental Protection and Biodiversity Conservation Act 1999 (Commonwealth) (Lintermans 

2007; Hunt et al. 2011).  Being a riverine species, the construction of dams that act as barriers to movement 

and modify downstream river flows and temperatures are thought to be a major reason for their decline 

(Ingram et al. 2000). Whilst Macquarie perch are naturally riverine fish, the species established strong 

populations in several large irrigation reservoirs where they have access to suitable inflowing riverine habitat 

for spawning (Cadwallader 1981; Appleford et al. 1998).  Lacustrine environments have been demonstrated 

to provide both refuge (Ebner et al. 2011) and feeding opportunities by providing a rich supply of terrestrial 

and aquatic invertebrates, particularly during the filling periods of reservoirs (Cadwallader and Douglas 

1986).  

Lacustrine populations of Macquarie perch typically exhibit declines in abundance 5-10 years after initial 

filling (Harris and Rowland 1996; Hunt et al. 2011) which is in accordance with the boom - bust pattern of 

productivity in newly formed reservoirs. Nevertheless, some impoundments still retain significant stocks of 

Macquarie perch, including Lake Dartmouth (Hunt et al. 2011) and the Cotter Reservoir (Ebner et al. 2011), 

albeit in reduced abundances to initial filling periods. As such, there is potential for these populations to be 

enhanced by replicating the events of the initial filling period, as demonstrated by paddlefish in the northern 

hemisphere (Scarnecchia et al. 2009). We investigate the response of Macquarie perch to the refilling of 

Lake Dartmouth in the wake of the ‘millennium’ drought, which persisted from 1997-2007, and was 

associated with record low streamflows in south eastern Australia (Murphy and Timbal 2008). The population 

was reported to have undergone reduced condition and spawning performance (Ingram and Gooley 1996; 

Gray et al. 2000) and a subsequent decline in abundance (Hunt et al. 2009) during the post-filling phase of 

the Lake. And so, we hypothesise that growth, recruitment and subsequent population size would increase in 

response to the refilling of the Lake.  

 

2.5 Methods 

Study site 

Lake Dartmouth (36°30’S, 147°30’E) is the largest freshwater impoundment in south eastern Australia’s 

Murray-Darling Basin (Figure 5). The Lake, an irrigation storage (primarily) which impounds the Mitta Mitta 
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River, has at full capacity a surface area of 6380 ha and stores almost 4 000 000 ML of water (Gray et al. 

2000). The construction of the dam was finalised in 1979, after which time the Lake took 11 years to reach 

full capacity (initial filling phase; 1979 – 1990; Figure 6). The following 17 years consisted of initially stable 

water levels held above 90% capacity, followed by a gradual reduction of levels (stable/draw-down period; 

1991 - 2007) due to the ‘millennium’ drought throughout south-eastern Australia (Bond et al. 2008). During 

mid-2008, the Lake began a rapid refilling phase, inundating regrowth of both native and exotic vegetation. 

This refilling phase continued into mid-2013, when the Lake reached 99% capacity. Water level fluctuation of 

Lake Dartmouth generally follow the seasonal rainfall pattern of the region.  Specifically, the highest rainfall 

usually occurs in winter and spring periods (June – November), resulting in the highest inflows and rising 

lake levels. Conversely, summer periods (December – February) are characterised by lower rainfall, reduced 

inflows and receding Lake levels.  The latter is also exacerbated by increased irrigation releases over 

summer.  

Whilst the creation of Lake Dartmouth is believed to have caused the disappearance of Macquarie perch 

from riverine habitats downstream of the reservoir (Koehn et al. 2005), a population established within the 

Lake. Whilst numerous unregulated tributaries flow into Lake Dartmouth, the largest, the Mitta Mitta River, is 

the primary spawning area used by Macquarie perch during their annual spring spawning migration from the 

Lake (Douglas et al. 2002; Tonkin et al. 2009).  
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Figure 5. Map of Lake Dartmouth including position of dam wall and major tributaries. Mitta Mitta 
River is primary tributary for Macquarie perch spawning.  
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Figure 6. Mean monthly water levels (solid line; m above sea level) of Lake Dartmouth from 1979 – 
2012 including the periods of the initial filling; stable / declining; and refilling phases of the Lake. An 
indicator of annual temperature variability is presented as degree days (grey bars), calculated as the 
cumulative average monthly air temperature of Dartmouth township for each year. 

 

Age and growth 

Sclerochronology, using otolith increment widths, was used to investigate temporal patterns in annual growth 

rates of Macquarie perch given the relationship between otolith growth and somatic growth (otolith radius vs 

fish length; Fig S1). This technique has been utilised to investigate fish growth responses to a range of 

environmental drivers, including resource availability and climate change (e.g. Morrongiello et al. 2011a). 

Transverse sections of sagittal otoliths have also been used to estimate ages of Macquarie perch up to 17 

years of age (Douglas et al. 2002; Hunt et al. 2011); and used to estimate ages and growth for the closely 

related perchychthid, golden perch Macquaria ambigua (Anderson et al. 1992; Stuart 2006; Morrongiello et 

al. 2011a).  

Macquarie perch sagittal otolith samples were collected from fish that had died during netting surveys or 

broodstock collection. The most recent samples (n=144) were from fish collected during population surveys 

conducted as part of this study (see below) and broodstock collection between 2008 and 2012. Archival 

collections of Fisheries Victoria (Department of Environment and Primary Industries) were sourced from fish 

collected during netting surveys of the Lake in 1990 (n=72) and 1997 (n=26). All Macquarie perch collected 

were measured for total length (nearest mm), and their sagittal otoliths removed, dried and stored in a paper 

envelope before embedding in epoxy resin. Otoliths were thin-sectioned through the primordium across the 

transverse plane, mounted on a glass slide with thermoplastic cement and polished using 3 µm lapping film 

to remove major scratches. 

Otolith sections were independently labelled and photographed at 20 × magnification using a dissecting 

microscope illuminated with transmitted light. Annuli, defined as a pair of translucent and opaque zones, 
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were counted without information on fish size or sampling date to estimate an individual’s age in years (e.g. 

Hunt et al. 2011).   

The width of each annuli was then used to reconstruct annual growth.  Annuli were marked at the start of 

each opaque zone on a transect that ran from the primordium to the distal edge on the ventral side adjacent 

to the sulcus. This transect was selected as it showed minimal deviation in its growth axis. Older specimens, 

which did display any such change in growth axis, were countered by adjusting the transect angle from the 

point of deviation. The edge type of each otolith section was classified as new (opaque), intermediate 

(narrow translucent) or wide (wide translucent), based on the optical state of the outermost zone.  The 

marginal state analysis, when compared to the samples collection date, revealed that the transition from 

wide (suggesting that there should be a zone about to form) to new edge types occurred in samples 

collected from October to early December. This period coincides with the peak spawning period of the 

species (Douglas et al. 2002; Tonkin et al. 2009). As a result, we estimated each annuli width to represent 

the individuals’ growth from November 1 - October 31. This also enabled zone counts to be adjusted to more 

accurately back calculate birth year (zone counts were increased by one if the otolith had been classified as 

having a wide marginal state). 

 

Population change and recruitment strength 

Annual netting surveys of Lake Dartmouth were used to assess changes in abundance, size-structure, and 

recruitment strength of Macquarie perch. The methods used were comparable to those used by Douglas et 

al (2002) to survey the lake in 1999 and 2000. Briefly, surveys were undertaken over a five- day period 

between February and April (late summer- early autumn). Between six - ten gill nets (25 m length; 2 m drop; 

50.8 to 112.5 mm stretched mesh) were set for one overnight period (1800 – 0800; checked every two 

hours) in the three regions of the lake (Mitta-Mitta arm; Dart River arm and; Eight-mile / main basin; Figure 

5).  The same number of single-wing fyke nets were also set for one overnight period in each region of the 

lake to collect younger cohorts of fish not selected by gill nets. In consideration of their conservation status, 

most Macquarie perch were released after being weighed and measured for total length.  Otoliths were 

opportunistically collected from only those fish that had died in the nets. 

Analysis 

A standard non-linear regression model (Gompertz) of length Lx (mm) at age X (years) was constructed from 

all aged fish to enable estimates of age from length data collected during netting surveys. Specifically: 
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Gompertz:  

Where Lx is the length at age X, L∞ is the asymptotic length, b is the instantaneous growth rate, and M is the 

inflection point of the curve (years).  

Mixed effects linear models (LMM) were used to investigate otolith derived measures of annual growth (from 

the repeated growth measures for individual fish) in response to a suite of predictors (Table 1).  Predictors 

related either to covariates which are consistently reported to have strong influences on fish growth (e.g. fish 

age and temperature; Tonkin et al. 2008; Morrongiello et al. 2011a) or, were hydrologic variables associated 

with testing our predictions of growth responses to Lake filling.  Specifically, dam phase, water level, change 

in water level and years since littoral inundation (Table 1). A complete additive model was first fitted to the 

data, which included all fixed-effects, including Age, as well as random effects of fish ID (random intercept for 

each individual), Age within fish ID (random slopes for age for each individual) and Year (random intercept 

for Year).   Specifically: 

Growth ~ Age + I(Age^2) + Dam_height + heightchange + Dam_Age + Degree_months + Dam_phase + Inun 

+ STDEV_dam_height + (1|ID) + (0 + Age|ID) + (1|Year).   

 

This random-effects structure allowed each individual fish to have its own random age ~ growth relationship 

(correlated slopes and intercepts) as well as allow for a separate random effect of year of observation.  The 

latter random effect was uncorrelated with the age ~ growth random effects.  Hence, we were not interested 

in the effects of observation year per se, but wanted to account for random year-to-year variation in growth 

relationships that may be due to unmeasured effects of observation year.  The residuals of this model 

exhibited considerable curvature indicating the strong effects of Age on growth. The quadratic of Age (Age2) 

was included from thereon to remove this curvature. Initial modelling concentrated on selecting the 

appropriate random-effects structure using fish ID (random intercept), fish age (random intercept and slope) 

and observation year (random intercept uncorrelated with ID) using the complete additive fixed effects 

structure. A variety of fixed effects structures were then examined to investigate: 

If growth rates differed among the three filling periods of the dam (Figure 6) using a single fixed-effect of dam 

phase (and also including Age + Age2) and; Whether any differences in growth rates between dam phases 

could be explained by one or a combination of four annual environmental covariates of hydrology and 

temperature (Table 1).  

( )( )MXbe
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The relative support for each of the random and fixed effects models was assessed using Akaike’s 

Information Criterion (AIC), corrected for small sample size (AICc) (Burnham and Anderson, 1998).  AICc 

values were rescaled as differences between each model and the model with the lowest AICc value. All 

linear mixed-effects models were fitted using the lmer function within the package lme4 (Bates et al. 2011) 

using the R statistical programming environment (R Development Core Team 2005). 

Macquarie perch catches in gill nets (CPUE = number of fish per net) were used to investigate annual 

changes in abundances (fyke net data was excluded due to very low numbers of fish collected).  Macquarie 

perch CPUE for each year were compared using a generalised linear model (GLM) using a poisson 

distribution and logarithmic link function due the non-normal distribution of catch data.  Whilst the details of 

catch data used in the analysis was not available for the data collected during 1999 / 2000 (Douglas et al. 

2002), average numbers of fish per net were plotted in figures enabling some reference to catches of the 

recent surveys.   

Individual cohorts of Macquarie perch were identified using length data and subsequent estimated ages 

predicted using the aforementioned Gompertz model (generated from the population’s length at age data).  

Both length and predicted ages were then assessed using frequency histograms to back calculate year-class 

strength during annual sampling from 2010 - 2013. 
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Table 1. Description of variables used in mixed effects modelling of Macquarie perch otolith 
growth.   

 

Variable Description 

ID Individual fish number. 

Year Macquarie perch growth year (1st November - 31st 
October). 

Age Fish age (years) at the end of given growth year (1 being 
the first year of growth). 

Dam_Phase Whether the growth year is within the initial filling (1: 1979 
- 1991), steady / receding (2: 2002 - 2007), or refilling (3: 
2008 - 2013) period. 

Dam_height Water level (meters above sea level) at the end of the 
given growth year. 

Heightchange change in dam height at the end of the given growth year 
from previous. 

Degree_months* Cumulative monthly average air temperature for 
Dartmouth township of the given growth year. 

Inun Categorical value based on time (years) since inundation 
of littoral zone.  1 = < 1; 2 = 1 - 2; 3 = 3 - 5; 4 = > 5 years 
since inundation. 

* Nearby township air temperature used as a proxy for water temperature give the lack of historical records 
of dam water temperatures records. 
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2.6 Results 

Age and growth  

A total of 236 Macquarie perch, ranging in size from 98- 448 mm TL, were aged during this study. The oldest 

fish were estimated to be 26 years of age, and were 440 mm and 420 mm TL respectively (Figure 7). The 

predicted relationship between age and length of Macquarie perch from the Gompertz model showed rapid 

fish growth up until six years of age (~350 mm TL), followed by stable growth from thereon (Figure 7). The 

parameter estimates from this model are L∞ = 410.65; b = 0.3946; and M = 1.086. 

Back calculated spawning years using the entire otolith sample set identified cohorts during all but two years 

between 1980 and 2012 (Figure 8). The greatest proportion of fish in the sample set were from the 2007, 

1985 and 1986 year classes (12%, 9% and 8% of the samples respectively). This expansive range of cohorts 

and fish longevity enabled a complete reconstruction of growth since the early filling phase of the reservoir. 

Importantly, otolith growth in response to age reflected the Gompertz growth model predictions (length at 

age), where annuli widths rapidly decreased until six years of age, after which widths were consistently 

narrow (Figure 9). Growth, as indicated by both otolith growth and length at age data, was most variable for 

younger cohorts of fish (Figure 9).  

Model selection using AICc on four random effects models, using a complete additive fixed effects structure 

identified almost indistinguishable support for two models that included a random age ~ growth relationship 

for each individual (random age slopes and intercepts for each individual with no correlation between slope 

and intercept); and a second model that included an additional random intercept for Year (AICc = -680.0441 

and 679.0312 respectively).   Hence we selected the model with the simpler random effects structure 

(specified in lmer as (1 | ID) + (0 + Age | ID)) that just included the (uncorrelated) random age slopes and 

intercepts for each individual and used this for all subsequent analysis. 

The first fixed effects model used Age, Age2 and dam phase to determine whether Macquarie perch growth 

rates differed among the three filling stages of the dam. All three fixed effects were significant factors in 

predicting Macquarie perch growth (LMM; p<0.001, p<0.001 and p<0.01 respectively). Whilst age was the 

overarching factor determining Macquarie perch growth, model predictions indicated growth during the 

refilling period of the dam (2008 – 2013) was significantly higher than during both the initial filling (1979 – 

1990) and stable / declining periods (1991 - 2007; Figure 10). Surprisingly, Macquarie perch growth during in 

the initial filling phase and stable / declining periods were similar.   
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Further analyses of 11 fixed effects models representing one or a combination of the environmental 

covariates indicated model 7 and model 6 provided the best explanations of growth rates relative to other 

models (Table 2). Hence the effects of dam height, change in dam height, temperature (degree months) and 

their interactions were the covariates considered the most important in explaining variations in growth rates. 

Predictions from the model indicated the highest growth rates of Macquarie perch to occur during years of 

low lake levels (Figure 11 a,b,c). During such periods, lower temperatures and dropping water levels 

contribute to the highest growth. The lowest growth was predicted to occur during years of high lake levels, 

lower temperatures and dropping water levels (Figure 11 g,h,i) which reflect those conditions most frequent 

during the stable / declining period). 

 

Population change and recruitment strength 

A total of 244 Macquarie perch were collected during the netting surveys from 2010 – 2013 with gill nets 

accounting for more than 81% of the catch (n = 198 and n = 44 in gill and fyke nets respectively). Macquarie 

perch were collected in very low numbers during the first annual survey during 2010 (only six fish collected in 

gill nets), with CPUE values slightly lower to those recorded by Douglas et al. (2002) during 1999 / 2000 

(Figure 12). A dramatic increase in the numbers of Macquarie perch captured in the Lake then followed, with 

significantly greater numbers of fish recorded in 2011, 2012 and 2013 than 2010 (GLM; p < 0.05, p<0.01 and 

p<0.01 respectively; Figure 12). Whilst Macquarie perch CPUE continued to increase after 2011, the rate of 

change between each year was low, with no significant difference in CPUE detected between the last three 

years of surveys. 

The size of Macquarie perch collected using all methods from 2010 to 2013 ranged from 95 – 440 mm TL 

(Figure 13 a). Of the few fish collected in 2010, the majority (~ 68 %) were juveniles collected in fyke nets 

<140 mm TL.  These fish, being primarily 1+ and 2+ fish (as predicted by the Gompertz growth curve and 

several directly aged individuals) belonged to the 2007 and 2008 cohorts (Figure 13 a). Length frequencies 

of catches in subsequent years tracked several cohorts of juvenile fish to the point where catches of 

Macquarie perch in the final year of sampling were 240 – 320 mm TL. These catches were dominated by the 

2007 and 2008 cohorts, with 2006 and 2009 also strong year classes (Figure 13).  Lower proportions 

belonged to cohorts beyond 2009. 
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Table 2. Results of the model selection procedure for 11 models comparing the effects of 
water level and temperature variables on Macquarie perch growth in Lake Dartmouth.  AIC 
Akaike’s Information Criterion (c, corrected for small sample size); ∆AICc, difference in AICc 
between this model and the model with the lowest AICc. 

 

No. Model parameters AIC AICc df ∆ AICc Likelihood 

7 (Dam_height + heightchange + degree_months) † -784.294 -784.036 13 0.000 0.680 

6 (Dam height + degree_months)* -782.364  -782.236  9 1.800 0.276 

5 (Dam_height + heightchange)* -777.353 -777.226   9 6.810 0.023 

1 Dam_height  -777.145 -777.065   7 6.970 0.021 

10 (Degree_months + heightchange + Inundation) † -769.494 -768.833 21 15.203 0.003 

8 (Inun + heightchange)* -764.064 -763.805 13 20.230 0.000 

4 Degree_months -758.1608 -758.082   7 25.954 0.000 

2 Heightchange  -757.376 -757.297   7 26.738 0.000 

9 (Degree_months + heightchange)* -757.063 -756.936   9 27.100 0.000 

11 (Degree_months + Inundation)* -757.152 -756.893 13 27.143 0.000 

3 Inun -756.858 -756.730   9 27.305 0.000 

*Indicates main effects + all two-way interactions. 

†indicate main effects + all two-way and three-way interactions. 
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Figure 7. The relationship between total length (mm) and estimated age (years) for Macquarie perch 
predicted by the Gompertz growth model. Age data from direct reading of otoliths is indicated by 
black crosses. 
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Figure 8. Cohort frequency (birth year) of all Macquarie perch aged in the study.  Black triangles 
indicate period of fish sampling and numbers of fish collected.  

 

 

 

 

 

Figure 9. Macquarie perch annuli width (mean ± SD) for each year (age) of growth. 

 

 
 
 
 
 
 
 
 
 



Population dynamics of Macquarie perch 51 

 
Figure 10. The predicted 1st year growth (annuli width mm) of Macquarie perch during the initial filling 
(phase 1; 1979 – 1990), stable / declining (phase 2; 1991 – 2007); and refilling (phase 3: 2008 – 2013) 
periods of Lake Dartmouth. 
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Figure 11. The predicted 1st year growth (annuli width mm) of Macquarie perch under different 
combinations of dam height (low = 410 m, med = 458, High = 486); water level change (Height 
change: dropping = -46 m, stable = 0 m, rising = 26 m); and temperatures (degree months calculated 
as cumulative average monthly temperature). 
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Figure 12. Average (± se) number of Macquarie perch collected (fish per gill net) during each of the 
netting surveys of Lake Dartmouth from 2010 – 2013. Average number of fish collected during 
surveys undertaken in 1999 and 2000 also included for reference (data from Victorian Inland 
Fisheries). a and b represent significant differences between annual CPUE values. 
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Figure 13. Length (left) and predicted Age (right) frequency distribution of Macquarie perch collected during netting surveys of Lake Dartmouth from 
2010 – 2013. Ages of all Macquarie perch derived using length based predictions of the Gompertz growth model.  
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2.7 Discussion 

This study has demonstrated that remnant riverine fish populations occupying large reservoirs can be re-

enhanced beyond the early periods of trophic upsurge associated with initial reservoir filling. Macquarie 

perch populations displayed increased growth and recruitment strength during the refilling of Lake 

Dartmouth, 29 years after its construction, and 17 years after the initial filling phase concluded.  Importantly, 

the results demonstrate that fishes of conservation value such as the Macquarie perch can persist or be 

enhanced in large irrigation reservoirs. 

Macquarie perch growth and recruitment strength did, as hypothesised, increase during the recent refilling 

period of Lake Dartmouth.  This is likely a result of the increased availability of prey, generated by the 

inundation of newly revegetated littoral areas, enhancing lower trophic order productivity (e.g. Hendrickson 

and Power 1999; Albrecht et al. 2009) and the provision of terrestrial invertebrates (e.g. Cadwallader and 

Douglas, 1986). Our findings are consistent with those of Scarnecchia et al. (2009), who reported stronger 

year classes, and faster growth of Paddlefish following refilling in Lake Sakakawea on the Missouri River. In 

consideration of these findings, we would have expected our investigation of annual drivers and variability of 

Macquarie perch growth and year class strength to align with the primary hydrological variables associated 

with the refilling phase of the lake, (i.e. increasing water levels and a high rate of rise). However, whilst the 

effects of dam height, change in dam height, temperature and their interactions were the covariates 

considered the most important in explaining fish growth, years of low and receding lake levels during years of 

lower temperatures were predicted to promote the highest growth.  Interestingly, increased recruitment 

strength also aligned with years of low lake levels, with the strongest year classes present during the year 

prior to, and first years of, the refilling phase.  

Whilst predictions of highest growth during years of low water temperatures is not surprising considering the 

species natural occupancy of cool, upland streams (Lintermans 2007), the apparent negative correlation 

between high growth and year class strength with Lake levels during the refilling period was unexpected.  

We assumed that a repeated trophic upsurge would occur and continue throughout the refilling period of the 

Lake coupled with a relatively stable temperature (in reference the predictor variable of temperature and its 

interaction with Lake level). Furthermore, Gray et al. (2000) reported the condition of spawning Macquarie 

perch to be positively correlated to lake levels during the stable period of Lake Dartmouth (1991 – 1997), 

even though fluctuations in dam height during this period were comparatively small.  A possible cause of 

reduced growth and year class strength in the latter period of the refilling phase may be due to increased 
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intraspecific competition for prey and / or habitat. Specifically, we propose the first years of the refilling period 

favoured the highest growth rates due to a combination of increased resources (the hypothesised trophic 

upsurge) and low Macquarie perch abundance (therefore low intraspecific competition).  The resulting rapid 

expansion in Macquarie perch abundance then led to increased intraspecific competition in subsequent 

years.  Intraspecific competition for resources is the most common factor driving density dependence, a 

common and important mechanism in the regulation of fish populations that is most effective at high 

population densities (Jonsson et al. 1998; Lorenzen and Enberg 2001).  Furthermore, density dependent 

processes such as growth, survival and reproduction, are often compensatory if their rates change in 

response to variation in population density such that population growth rates are slowed at high densities 

and increase at low densities (Grenouillet et al. 2001; Lorenzen and Enberg 2001).  Compensatory density 

dependence may therefore be a plausible explanation of our finding of reduced growth and year class 

strength in the final years of the refilling phase.  This may also explain why we found no significant difference 

in fish growth between the initial filling period and the stable / decline period of the lake whereby the early 

population expansion may have resulted in immediate increases in intraspecific competition and subsequent 

growth throughout the remaining filling period.  

Whilst our data precludes any such assessment, interspecific interactions influencing Macquarie perch 

populations cannot be excluded.  Further investigation of such interactions, particularly between Macquarie 

perch and the exotic species goldfish Carassius auratus, carp Cyprinus carpio and brown trout Salmo trutta 

which are abundant in the Lake (Douglas et al. 2002) would be of particular interest.   

Our results imply an intrinsic link between growth and recruitment success.  This is based on the alignment 

between increased juvenile Macquarie perch growth and year class strength reported in this and previous 

studies on lacustrine trophic upsurge (Hendrickson and Power 1999; Albrecht et al. 2009; Scarnecchia et al. 

2009). At a conceptual level, these findings adhere to aspects of the growth-mortality hypothesis whereby 

mortality of early life stages of fish is often growth dependent; with many studies demonstrating early growth 

can result in substantial fluctuations in year class strength (e.g. Campana 1996; Houde 1997; Islam et al. 

2010). There may of course be alternative or additional factors governing each.  Firstly, the increased growth 

of Macquarie perch during the first years of the refilling period may simply be a result of an increase in 

energy rich prey items during this period. Whilst this study did not assess the diet of Macquarie perch during 

this time, previous studies in Lake Dartmouth have found Macquarie Perch diets to be dominated by 

terrestrial arthropods and annelids during rising water levels, and cladocerans during recession phases 

(Cadwallader and Douglas 1986). These findings of Cadwallader and Douglas (1986) suggest the predicted 



Population dynamics of Macquarie perch 57 

changes in Macquarie perch growth during the refilling period are unlikely to be a result of changes in prey 

composition.  

Secondly, it is likely that the riverine conditions during spawning play a major role in recruitment success for 

this species. Lacustrine populations of Macquarie perch rely on accessing riverine habitats for spawning 

during spring (Cadwallader and Rogan 1977; Douglas et al. 2002; Broadhurst et al. 2013).  The presence of 

annual year classes since dam construction reported in this study confirms earlier reports that the species 

spawns each year irrespective of riverine conditions (Tonkin et al. 2010).  Nevertheless, varying year class 

strength may also be a reflection of temporal variability in riverine conditions relating to hydraulic, 

hydrological and temperature variables which have been demonstrated to influence recruitment strength in 

other Australian percichthyids (e.g. Mallen-Cooper and Stuart 2003). Our results indicated the strongest year 

classes occurring during the refilling period (2008 and 2009) were years of low lake levels, low – moderate 

spring inflows and above average spring temperatures (Murphy and Timbal 2008; Tonkin et al. 2010). It is 

therefore likely that one or a combination of riverine variables has contributed to increased recruitment 

strength of Macquarie perch in Lake Dartmouth. Further investigation into riverine variables governing 

recruitment strength of Macquarie perch is required to better understand the mechanisms driving recruitment 

success of the species.  

Our results suggest lacustrine populations of Macquarie perch are relatively robust. They are long-lived (up 

to 26 years of age), recruit every year, and are capable of rapid expansions in population size. Gido et al. 

(2000) suggested native fish in an impounded river either resist or are resilient to stochastic events (such as 

hypoxia, turbid flows, water fluctuations and invasion by introduced species) due to most large river fishes 

being adapted to highly variable riverine environments.  However, many riverine species, including other 

populations of Macquarie perch, do not persist beyond the initial phases of reservoir filling and population 

expansion.   In most cases it seems likely that density – independent factors such as loss of spawning or 

nursery areas (Hendrickson and Power 1999); predation by exotic species (Cambray 2003); disease 

(Langdon 1989; Lintermans 2007); loss of connectivity to adjoining populations (e.g. Petts 1984) and; over 

exploitation by commercial and / or recreational fishing (Cadwallader and Rogan 1977) may have played a 

role in extirpating populations. Our findings suggest it is likely that one or a combination of these factors 

contributed to the disappearance of other lacustrine populations of Macquarie perch, rather than changes in 

Lake productivity alone.  

Whilst the decline of riverine fish populations occupying large reservoirs has been well documented (e.g. 

Hendrickson and Power 1999), there are limited investigations of re-expansion opportunities, and the 
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mechanisms by which this can occur. The results of our study suggest that extended periods of low lake 

levels followed by rapid inundation events may enhance growth and recruitment opportunities for the Lake 

Dartmouth population of Macquarie perch into the future.  Climate change predictions for south eastern 

Australia are for an increased likelihood of protracted drought and rapid refilling events (Morrongiello et al. 

2011b).  Therefore, despite the prediction that future climate change will be detrimental for remnant riverine 

populations of Macquarie perch (Balcombe et al. 2011), the future of this lacustrine population may be 

enhanced provided any such benefits are not countered by our predictions of reduced growth under higher 

temperatures. Similarly, Morrongiello et al. (2011a) predicted growth rates of southern populations of golden 

perch would increase under climate change predictions as warmer conditions lengthen growing seasons and 

make higher latitude habitats more favourable. This emphasises the importance of recognising the 

conservational benefits of large reservoirs, particularly given the predicted trajectory of many riverine fish 

populations under climate change (e.g. Balcombe et al. 2011).   

Water level manipulation is one of the most effective methods to manage fish and biological production in 

reservoirs (Benson 1982; Scarnecchia et al. 2009) yet, its use for conservation purposes has received little 

attention, particularly in comparison with the use of environmental flows in lotic environments (Hardie 2013).  

Recently, Hardie (2013) demonstrated the successful use of water level manipulation in an Australian lake to 

enhance spawning and recruitment of the threatened Galaxias auratus. Water level manipulation to purely 

enhance species of conservation significance in multi-purpose reservoirs like Lake Dartmouth is difficult due 

to conflicting demands for power generation, flood mitigation, and irrigation (Benson 1982). Nevertheless, its 

use should still be considered as a viable management option for maintaining important lacustrine 

populations of Macquarie perch, particularly within smaller systems or under extreme circumstances such as 

following several decades of high lake levels and poor recruitment.  

The proper management of reservoirs is of global importance because of their prevalence in virtually all large 

river systems and their economic importance for recreational, commercial, and conservation purposes (e.g. 

Gido et al. 2000; Ebner et al. 2011). This study has demonstrated that in this case lacustrine populations of 

riverine fish can be re-enhanced after the population expansions associated with initial reservoir filling 

provided access and conservation status of adjoining riverine habitats is maintained. This has important 

implications for the conservation and management of relictual populations of riverine fish. 
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Figure S1: Relationship between Macquarie perch total length (TL mm) and sagittal otolith radius (mm). 
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3 Spawning stock characteristics and migration of 

Macquarie perch in Lake Dartmouth 

3.1 Introduction to Chapter 3 

Maintaining a broad age- and size-structure of the spawning demographic of long-lived iteroparous fish 

species is crucial for recruitment stability and population persistence (e.g. Warner and Chesson 1985; Secor 

2000; Berkeley et al. 2004a). As such, there is a growing body of research which demonstrates that over-

exploitation of large and old fish in a population can lead to demographic changes in spawning stocks 

towards younger and smaller fish that, in turn, affect recruitment dynamics and productivity of a population 

(e.g. Olsen et al. 2004; Berkeley et al. 2004a; Rouyer et al. 2011). This chapter explores the reproductive 

strategy (in particular adult migration) and key intrinsic demographic attributes (size- and age- structure; 

migration; Figure 14) of the adult spawning stock, which undoubtedly facilitated annual recruitment success 

and the population expansion reported in Chapter 2 (Tonkin et al. 2014).  
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of the co-authored paper, including all authors, are: 

 

Tonkin, Z., Lyon, J., Moloney, P., Balcombe, S.R. and Hackett, G. (2018) Spawning‐stock characteristics and 

migration of a lake‐bound population of the endangered Macquarie perch Macquaria australasica. Journal of 

Fish Biology 93(4): 630-640. 

 

My contribution to the paper involved: 

“I conceived this research with all coauthors, collected otolith samples with JL and GH, conducted field 

surveys and fish surgery with JL, performed the data analysis with PM, and wrote the manuscript. All authors 

contributed guidance and revisions on the final manuscript”. 
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Figure 14. Conceptual understanding of key processes governing population dynamics of Macquarie 
perch (green); the sub-processes governing recruitment (pink); and some of the major intrinsic and 
extrinsic factors which can influence each (white).  Themes directly and indirectly explored in 
Chapter 3 highlighted in red text. 
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3.3 Abstract 

The intrapopulation variability in the size- and age- structure of the spawning stock and migration of the 

threatened Macquarie perch (Macquaria australasica) in Lake Dartmouth was investigated between 2008 

and 2016. Sampling centred around the core reproductive period (October – December) when mature fish 

migrate from the lake into riverine habitat to spawn. Spawning fish were predominantly large, spanning a 

broad age structure, with a high proportion of fish (25 %) aged 15-30 years. The overall median size of 

spawning fish did not change for males or females during the nine-year study period. The size of the smaller 

mature male fish did change in some years suggesting a small proportion of male Macquarie perch matured 

at age 1+ and 2+. Acoustic telemetry employed over three years showed that Macquarie perch were most 

likely to be in the spawning reach from October to mid-December, migrated to this reach annually, and 

moved large distances throughout the lake all year, with no evidence for any spatial structuring. Mature fish 

sometimes occupied the spawning reach for several months after the core reproductive period, which 

increased their vulnerability to recreational fishing. Males tagged in the lake were seldom recorded in the 

spawning reach, presumably because a large proportion had not yet entered the spawning demographic 

despite their size suggesting maturity. Maintaining a broad age- and size-structure of the spawning 

demographic of long-lived iteroparous fish species is crucial for recruitment stability and population 

persistence. Over-exploitation of the spawning demographic has likely contributed to previous population 

declines in the Lake as well as the collapse of other Macquarie perch populations in south-eastern Australia. 

3.4 Introduction 

The magnitude and rate at which fish populations change is determined by four key population processes: 

recruitment, mortality, immigration and emigration (Wootton 1998; Milner et al. 2003; Harris et al. 2013). 

Understanding the dynamics of populations therefore requires knowledge of factors that influence these 

processes. The process of recruitment is initiated by the strategy an individual adopts, including where and 

when to reproduce and how to allocate resources (Fleming 1996). Knowledge of a species’ reproductive 

strategy therefore underpins effective conservation and management of fish populations. 

Body size and/or age has a pervasive effect on recruitment success (and therefore population dynamics), 

such as influencing the outcome of competitive interactions on the spawning ground, ability to migrate, 

fecundity, egg mass and subsequent larval survival (e.g. Fleming 1996; Berkeley et al. 2004; Jonsson and 

Jonsson 2006). As such, the age and size at which a species matures represent vital information for 
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sustaining or conserving fish populations, with the setting of size-limits for commercial and recreational 

fishing being an obvious example. In general, the longer that maturation in female fishes is delayed, the 

larger they grow and the more eggs they produce (Reznick 1983; King et al. 2013). For several species, the 

small proportion of large and older fish within a stock produces disproportionally more future cohorts (e.g. 

Berkeley et al. 2004a, 2004b; Bobko and Berkeley et al. 2004).  The collapse of fish populations often starts 

with trends towards earlier maturation ages and smaller sizes, and ultimately lower sustainable yields and 

reduced population resilience (Trippel 1995; Olsen et al. 2004).  

Many factors contribute to intraspecific and intrapopulation variability in size and age at maturity, including 

food availability (Jonsson and Jonsson 2009); migration distance (Jonsson 2006); and fishing pressure 

(Gwinn et al. 2015). These factors may maintain population productivity and sustainability during periods of 

shifting environmental conditions (Hilborn et al. 2003; Olsen et al. 2008).  As such, the sustainable 

management of a species will require information on its response to the range of conditions likely to be 

experienced in each of the habitats where it occurs (Appleford et al. 1998). 

Understanding adult migration behaviour has also proven critical for improving knowledge of many species’ 

reproductive strategies. Key information includes timing, cues and location of specific spawning zones (e.g. 

Koehn et al. 2009; Koster et al. 2014); the presence of skipped spawning for iteroparous species (e.g. 

Rideout et al. 2005; Jørgensen et al. 2006; Jónsdóttir et al. 2014); identifying zones which are population 

sources or sinks (Harris et al. 2013); and structuring within populations (e.g. Begg et al. 1997; Boatright et al. 

2004; Metcalfe 2006; Young et al. 2016).  

Despite underpinning important components in their management, detailed knowledge of reproductive 

strategies of Australian freshwater species is poor (King et al. 2013). Investigations of the reproductive 

ecology of the nationally endangered Macquarie perch (Macquaria australasica; Environmental Protection 

and Biodiversity Conservation Act 1999, Commonwealth) have been underway for several decades 

(Cadwallader and Rogan 1977; Appleford et al. 1998; Broadhurst et al. 2013; Tonkin et al. 2016), yet 

important information remains unresolved.  Although Macquarie perch are primarily a riverine fish, the 

species has maintained populations in some reservoirs where they have access to suitable inflowing riverine 

habitat for spawning (Cadwallader 1981; Appleford et al. 1998; Broadhurst et al. 2013). The species is 

gonochoristic and iteroparous, with both sexes reaching full maturation at 3+ years of age, being age- rather 

than size- dependent (Appleford et al. 1998), although some males have been reported to mature as young 

as ages 1+ (Appleford et al. 1998; Douglas 2002). Growth and maturation size of Macquarie perch vary 

within and across habitat types, with system productivity proposed to be a likely driver (Appleford et al. 1998; 
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Tonkin et al. 2014). A study conducted in the late 1960s reported spawning Macquarie perch of both sexes 

were uniformly large (greater than ~350 mm TL), suggesting a lack of recent recruitment as a likely cause of 

this size structure (Cadwallader and Rogan 1977). In another study, Douglas (2002) reported a very small 

proportion of spawning fish was this size with the majority of ripe male fish being 200 – 260 mm TL and 3 – 4 

years of age (females were not reported). Collectively, this suggests among-population variability in size- and 

age-structure in Macquarie perch spawning stocks is governed by changes in system productivity and 

preceding recruitment success.  

Adult Macquarie perch spawn in river habitats during spring (October – December) when water temperatures 

exceed 16 °C (Cadwallader and Rogan 1977; Appleford et al. 1998; Douglas 2002; Tonkin et al. 2010; 

Tonkin et al. 2016). Spawning and recruitment in lacustrine populations have been shown to occur annually 

(e.g. Cadwallader and Rogan 1977; Douglas 2002; Tonkin et al. 2014; Tonkin et al. 2017); however, there 

remains some uncertainty about the frequency at an individual level, such as whether a proportion of fish 

skip spawning (Hunt et al. 2011). Such uncertainty extends to the spatial structuring of populations, with 

specific spawning areas (e.g. preferred rivers and sites therein) and subsequent recruitment sources 

reported for riverine (e.g. Tonkin et al. 2016) and lacustrine populations (e.g. Cadwallader and Rogan 1977; 

Broadhurst et al. 2013; Tonkin et al. 2017). Adult Macquarie perch were found to change their diel range and 

spatial distribution throughout the year in a small reservoir (Thiem et al. 2013; Ryan et al. 2013), particularly 

in association with the spawning period. However, whether this temporal shift in spatial structure occurs in 

much larger waterbodies, and if any such spatial structuring is reflected in spawning stock distribution 

remains unknown.  

This study investigated two objectives that build on the current knowledge describing the reproductive 

strategy of the endangered Macquarie perch.  Firstly, the size- and age- structure of the spawning stock and 

associated intrapopulation variability was assessed for a lacustrine population, over a nine-year period.  We 

hypothesised that the spawning stock maintains a large proportion of fish that substantially exceeds the 

minimum size and age at maturity reported in previous studies; however, there will be a shift towards smaller 

and younger fish following periods of strong recruitment.  Secondly, we expand the current knowledge 

gained by detailed lacustrine movement studies of Macquarie perch (e.g. Ryan et al. 2013; Thiem et al. 

2013) by assessing the timing and frequency of spawning migrations to riverine habitat and the spatial 

patterns in occupancy of the Lake by these adult fish. 

. 
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3.5 Methods 

Study site 

We investigated spawning stock structure and migration of adult Macquarie perch in Lake Dartmouth (Figure 

1), the largest freshwater impoundment in south-eastern Australia’s Murray-Darling Basin. The lake, an 

irrigation storage which impounds the Mitta Mitta River, has a surface area of 6380 ha at full capacity and 

stores almost 4 000 000 ML of water (Gray et al. 2000). Numerous unregulated tributaries flow into Lake 

Dartmouth including Dart River, Shady Creek, Larsons Creek, Gibbo River and the largest, the Mitta Mitta 

River (Figure 15). Our study focusses largely on fish occupying the Mitta Mitta River (average annual 

discharge of approximately 800 ML day -1 upstream of the Dam) given its importance as a spawning site for 

Macquarie perch, with the distribution of early juvenile fish reflecting this spatial pattern (Douglas et al. 2002; 

Tonkin et al. 2010; Tonkin et al. 2014).   

Over the past decade, Macquarie perch in Lake Dartmouth have undergone periods of increased fish growth, 

annual recruitment and increasing abundance (e.g. Tonkin et al. 2014; 2017). The population is recognised 

as one of the healthiest, both in abundance and genetic diversity, of this threatened species (Tonkin et al. 

2014; Pavlova et al. 2017) and is therefore ideal to characterise information on spawning stock structure and 

migration.  
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Figure 15. Map of Lake Dartmouth including position of dam wall and major tributaries. The Mitta 
Mitta River is the primary tributary for Macquarie perch spawning. Locations of acoustic receivers 
also shown (stars and triangles with latter indicative of primary spawning region).  
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Spawning stock structure 

We captured Macquarie perch over a nine-year period (2008 – 2016) during the core reproductive period for 

the species (October – December) when mature fish undertake an annual spring spawning migration from 

Lake Dartmouth into the Mitta Mitta River (Douglas et al. 2002; Tonkin et al. 2010). Macquarie perch were 

sampled with a range of methods to ensure all size classes of fish were caught (if present). Fish were 

captured migrating from the lake into riverine habitat using six drum nets (2-m diameter opening) and six 

single-wing fyke nets over a minimum period of one week (up to three weeks) between mid-October and 

early December. Sampling was targeted during the first weeks when mean daily water temperatures 

exceeded 16 ˚C and spawning fish were most likely to be moving to and occupying riverine habitats 

(Cadwallader and Rogan 1977; Douglas, 2002; Tonkin et al. 2010, 2015). Nets were set with mouths facing 

downstream in a 500-m reach of the lake / river junction and checked at approximately 0800 h and again at 

1800 h. Angling was used to sample spawning fish within the riverine habitat. In most years, low turbidity and 

discharge of the Mitta Mitta River during sampling enabled individual fish and spawning aggregations of 

Macquarie perch to be easily observed (e.g. Tonkin et al. 2009, 2010). These fish were then targeted using 

artificial lures and bait. This proved a valuable method for capturing fish in spawning areas upstream of the 

lake as it minimised fish handling and area disturbance and was useful in areas that were difficult to access 

with netting equipment.  

All fish captured were weighed (to the nearest g), measured (total length, TL, to nearest mm) and examined 

for maturation and sex by applying light pressure to the abdomen to identify the presence of milt or eggs.  

Fish greater than 200 mm TL were also tagged with an externally unique T-bar or Dart tag with the aim of 

generating future recapture information (by this program or recreational anglers) that could provide further 

information on site occupancy and spawning frequency.  

Given the species’ threatened status, we avoided annual collections of mature fish for ageing purposes. 

Instead, sagittal otolith samples were collected from fish that died during sampling as well as from fish that 

were retained as part of an artificial breeding program (over the nine-year study period) to generate a broad 

assessment of age structure of spawning fish.  These fish were first measured (TL, to nearest mm), and their 

sagittal otoliths removed, dried and stored in a paper envelope before embedding each otolith in epoxy resin. 

Otoliths were prepared and interpreted as outlined in Tonkin et al. (2014). Briefly, thin transverse sections of 

either the left or right sagittal otolith from each fish were mounted on a glass slide and polished using 3-µm 

lapping film. Sections were examined under a stereo microscope with transmitted light, independently 

labelled and photographed at × 20 magnification. Annuli, defined as pairs of translucent and opaque zones, 
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were counted without information on fish size or sampling date to estimate an individual’s age in years. The 

size and age at the time of wild capture were used for individual fish used in the artificial breeding program, 

with age-at-capture calculated by subtracting the time in captivity (generally less than 2 years) from the 

estimated fish age.   

 

Fish migration: timing, frequency and source 

Acoustic telemetry was used to investigate migration patterns of mature fish by assessing their timing and 

frequency of migrations to the spawning reach as well as their spatial patterns in habitat use throughout the 

Lake. In November 2010, 10 acoustic listening stations (Model VR2W; Vemco) were deployed throughout 

Lake Dartmouth (Figure 1) to detect the presence of acoustically tagged fish. As the listening stations had 

detection ranges 300 –500 m in the impoundment (estimated via field testing using a hydrophone: Model 

VR100, Vemco, Nova Scotia, Canada), and the lake has long and narrow arms, stations could be 

strategically positioned to cover fish passage through all the major tributaries of the lake.  Upon retrieval, 

data was downloaded from each of the listening stations biannually (summer and spring) from 2011 – 2013. 

Macquarie perch (>285 mm TL) were collected for tagging using angling or netting methods described 

above. Additionally, in September 2011, gill nets (25 m long; 2 m drop; 50.8-to 112.5-mm stretched mesh) 

were also used to capture fish in the Lake whereby nets were set for up to six hours (generally 0700 – 2000) 

and checked every hour. Thirty-four Macquarie perch were implanted with 69-kHz acoustic transmitters 

(Vemco, Nova Scotia, Canada). Eighteen fish were tagged when they were using the Mitta Mitta River 

spawning area during November 2010, although the remaining 16 fish were tagged around the main basin of 

the Lake (Shady Creek, Dam wall and Eight-mile Creek, Figure 15) in September 2011.  This tagging 

strategy enabled assessment of sex-specific patterns of movement (timing, site occupancy and frequency) 

for known spawning fish during and outside the reproductive period. We then tested whether fish tagged 

outside of the spawning area displayed similar patterns.  Two types of transmitters were used: Model V9–2 L 

(weight in air 4.6 g, estimated battery life 522 days) and Model V13–1 L (11 g, 1113 days).  These tag types 

were selected to ensure that transmitter-fish weight ratios remained below 2% (Winter, 1996). The V9 tags 

were implanted in fish > 230 g, and V13 tags implanted in fish > 550 g.     

The surgical procedures used were similar to those described by Koster et al. (2014). Fish were transferred 

into an aerated, 50-L holding container and individually anaesthetised (0.03 mL AQUI-S L-1 water; AQUI-S, 

Lower Hutt, New Zealand). A diluted anaesthetic solution (50 % concentration) was administered directly 

over the gills to ensure fish remained sedated during surgery. Acoustic transmitters were implanted into the 
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peritoneal cavity through an incision of approximately 15 mm, on the ventral surface between the pelvic and 

anal fins. Two or three external synthetic absorbable monofilament sutures were used to close the incision. 

All acoustic tagged fish were also tagged with an individually coded externally unique Dart tag. All fish were 

also weighed (to nearest g), measured (TL, nearest mm) and sexed (internally during surgery). Following 

surgery, fish were placed into a cage at their point of capture to recover (minimum of ten minutes) before 

release.  

 

Analysis 

Spawning stock structure 

Only ripe mature fish, whereby the sex could be determined externally, were used to assess spawning stock 

structure.  We first compared the size structure of fish between the methods netting and angling (46% and 

54% of the total catch respectively), given the proportion of fish captured for each varied considerably 

between years (being dependent on whether fish were primarily in the river or migrating to the spawning 

reach at the time of sampling). No significant difference in size structure of ripe fish was found between the 

two methods (Kolmogorov-Smirnov test, p = 0.1185, Supplementary Figure S1) and as such, all fish were 

pooled for each year for further analysis. An initial exploration of length data revealed bimodal distribution of 

ripe fish in some years, especially for males.  To assess temporal changes in the length distributions, we 

used quantile regressions using the rq() function in the quantreg package (Koenker 2017) in the statistical 

program R (R Development Core Team, 2016).   First, we assessed whether median lengths changed 

linearly over time for each sex by running a quantile regression that included sex and time as the interaction, 

and then whether the lower 10th percentile of lengths changed over time.  Separate quantile regressions 

were performed on each sex. Because the presence of small, ripe mature fish was nonlinear, time was 

included as a categorical variable to capture yearly changes.  

Given the lack of adequate data to represent annual age structure, a single frequency histogram for the 

entire study period was used to assess age structure of the spawning stock from 2008 – 2016. Fish ages 

were also used to identify year classes which were represented in the spawning stock. Length-frequency 

histograms between known-age mature fish and all mature fish captured in the project were compared using 

a Kolmogorov-Smirnov test to assess how representative the age structure data was of the spawning stock. 

 

Migration: Timing, frequency and sources  
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The probability of a fish accessing the spawning reach over the year (timing) was modelled using a binomial 

generalised additive model (GAM) with a logistic link function (Hastie and Tibshirani 1986). A fish was 

determined as occupying the spawning reach if it were detected at the Mitta Mitta River or the nearby Gibbo 

River receiver. The latter was included as a precaution given the close proximity to the Mitta Mitta spawning 

reach and anecdotal evidence of this also being a spawning site. The response variable was the proportion 

of fish in the spawning area. Potential explanatory variables included the day-of-year and origin of fish 

(tagged in lake or spawning area). The day-of-year was smoothed using a cyclic cubic regression spline 

(Wood 2006). 

To assess the likelihood of skipped spawning (frequency), the probability that a fish went to the spawning 

reach being dependent on if it went there the previous year was modelled using a binomial generalised linear 

mixed model (GLMM). The model allowed for differences in probability related to whether the fish had been 

in the spawning reach in the previous year as the fixed variable and the individual fish was used as a random 

term. 

To assess the areas used by known spawning fish (source) outside of the spawning period, the probability of 

a tagged fish being at a location and whether this was influenced by origin of fish (tagged in lake or spawning 

area) was modelled using a binomial generalised linear model (GLM). Models covering the three possible 

combinations of location and tagging origin were compared with the null model using the Akaike information 

criterion corrected for small sample size (AICc). The model with the smallest AICc was selected as the best 

model (Burnham and Anderson, 2010). All analyses were carried out using the statistical program R (R 

Development Core Team, 2016).  The LMMs were constructed using the package lme4 (Bates et al. 2013). 

 

3.6 Results 

Spawning stock structure 

A total of 980 Macquarie perch was captured between 2008 – 2016. Of these fish, 661 (67% of the total 

catch) were ripe (243 female and 418 males) with the sex and maturation status of remaining fish unable to 

be determined. These fish were primarily small (<180mm TL) with just 7% of fish being greater than the 

minimum length recorded for mature female fish in this study (235 mm TL). In general, mature fish captured 

in the spawning reach showed very little variation in length among years. Mature female fish had a median 

length of 395 mm TL, ranging from 235 – 458 mm TL (Figure 16). Male fish were slightly (but not 
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significantly) smaller at 387 mm TL, ranging from 150 – 445 mm TL (Figure 16). There was no significant 

change in median length across the nine years for the total size range of fish for either sex (F1,610 = 2.6, p = 

0.11).  Our analysis of mature fish in the lower 10th percentile of size varied over time for males (F8,367 

=334.6, p < 0.001). This was driven by the years 2008, 2009 and 2016 where mature male fish in the lower 

10th percentile were 196 mm TL (median) versus 353 mm TL during the other years (Figure 16).  Total 

lengths of mature female fish in the lower 10th percentile remained fairly constant with a median TL of 368 

mm, although there was a significant effect of year (F8,228 = 12.1, p < 0.001) due to fish in 2012 being slightly 

larger (24±6.4 mm, p<0.001) than the median length from other years. 

Eighty-six mature fish (n = 50 and 36 for female and males respectively) were collected between 2008 – 

2016 for age analysis. The sample of known-age fish represented fish spawned in 24 of the 31 years 

between 1982 and 2012, with all year classes represented between 1998 and 2012 (see Supplementary 

Figure S2).   The length of fish of known age was proportionally representative of the length-frequency of all 

mature Macquarie perch captured during the program, with no significant difference in size structure 

(Kolmogorov-Smirnov test, p = 0.2552, Figure 17). The oldest mature female and male fish sampled were 30 

and 25 years of age, respectively. In general, there were similar patterns in age structure between mature 

male and female Macquarie perch, with peak numbers of fish around from eight to ten years of age.  

Approximately 61% of mature fish were ≥ 10 years of age (62% and 59% for female and males respectively), 

with 25% ≥ 15 years of age (Figure 18).  Mature male fish had a much a greater proportion of younger fish 

than females. Specifically, males younger than six comprised 25% of mature fish compared with <6% 

females (Figure 18).   

A total of 394 fish was tagged in or in close proximity to the spawning reach during the project (external tags) 

with 36 of these fish recaptured on one or more occasions. Most of these fish were recaptured in the 

spawning reach a year after tagging, with three fish captured more than once (over multiple years). 

Seventeen fish were captured by recreational anglers from 2009 – 2016, six of which were kept. Only two 

fish (both acoustic-tagged fish) were recaptured in the main lake. All other recaptures were in or near the 

Mitta Mitta River. Most of these fish were captured from October to January in the Mitta Mitta River, although 

several fish were also captured in the river in February and March. 
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Figure 16. Size -frequency (%) distribution of all male (grey rectangles) and female (black rectangles; 
overlaid) Macquarie perch captured from the spawning stock from 2008 – 2016.  

  

 

Figure 17. Density plot comparing length-frequency distribution of Macquarie perch captured from 
the spawning stock from 2008 – 2016 for fish of known (n = 86) and unknown (n = 613) ages (both 
sexes combined). 
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Figure 18. Age-frequency (%) distribution (years) of Macquarie perch captured from the spawning 
stock from 2008 – 2016 for Female (left) and male (right) fish. 

 

Migration: Timing, frequency and sources  

Of the 34 fish implanted with acoustic tags, 26 were detected beyond three months after surgery and were 
used for our analysis of migration patterns (  
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Table 3). The remaining eight fish (six males and two females, primarily from the river habitat) were assumed 

to have either rejected tags or died. Three of the 26 fish were captured by recreational anglers, with two of 

these fish kept. Despite a relatively sparse receiver array throughout the lake, most tagged fish were 

detected at multiple locations each of the two or three years after tagging (depending on tag life). 
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Table 3. The sex, total number and size range (total length, TL) of Macquarie perch tagged 
with acoustic transmitters during the spawning period in the Mitta Mitta River (River) in 
2010 and in the Lake in Spring 2011. The number of fish retaining transmitters beyond three 
months after tagging is shown in parentheses. 

 

Tagging location Sex N Size range (TL, mm) 

River M 14 (9) 396 – 420 

 F 4 (2) 410 – 420 

Lake M 13 (12) 285 – 422 

 F 3 (3) 392 – 410 

 

 

Fish ranged in their occupancy time of the spawning area from days to several months.  However, due to the 

fluctuating level of the lake and the limited receiver array, we could not identify specific occupancy times or 

repeated entry into riverine habitat. The likelihood of fish occupying the spawning reach changed significantly 

over the year (timing), but only for fish which were tagged in the river (known spawning fish; Figure 19; p < 

0.001). Macquarie perch were most likely to be in the spawning reach from October to mid-December 

(Figure 19). Fish tagged in the lake had a low probability of occupying the spawning reach at any time of 

year (p = 0.292), with just 47% of tagged fish migrating to the spawning reach at least once during the study. 

Male fish tagged in the lake were very unlikely to be present in the spawning reaches at any time of the year 

(just 33% of fish migrated to the reach). In contrast, all three females tagged in the lake migrating to the 

spawning reach. Four of the male fish tagged in the lake did however migrate to the spawning reach one or 

two seasons after tagging despite not migrating in the season of tagging. No seasonal patterns in migration 

to other areas of the lake were observed for those male fish that did not migrate to the known spawning 

reach.  

For fish detected over multiple spawning seasons, the majority, once detected in the spawning reach, 

returned to the spawning reach the following season. We found some evidence that fish tagged in the 

spawning area were more likely to spawn in subsequent years (78.6% with 95% confidence interval from 

57.1% to 99.9%) compared to lake tagged fish (30.4% with 95% CI from 0.0% to 47.9%). 

Of all the fish tagged in the spawning reach that were detected over multiple spawning seasons, just one 

male fish (407 mm TL) did not return. This individual was detected in the main body of the lake the year after 

tagging (during the spawning season). All of the female fish made repeated returns to the spawning area 

after they were first detected to have migrated to the area, with fish generally arriving in mid-October.  
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In general, individuals tagged in both the spawning area and lake moved throughout the lake during all times 

of the year. During the spawning season, several fish were detected at locations such as Dart River or Shady 

Creek in October, but still migrated to the spawning reach over several weeks or even days. For example, a 

male fish detected at Dart River on 27 October was detected at the Mitta Mitta River (spawning reach) six 

days later, swimming a minimum distance of 48 km. Another male fish was detected making three migrations 

between Eight-mile Creek and Mitta Mitta River from 24 August to 19 November, including one movement 

from Soldiers Creek to Dart River (minimum distance of 24 km) in a single day. As such, we found no 

evidence for fish preferring a specific location of the Lake outside of the spawning period with the models of 

location and tagging origin not significantly different from the null model (AICc <1). 

 

 

Figure 19. Probability that a Macquarie perch, tagged either in the river (known spawning reach; 
dashed line) or Lake (solid line), will be in the spawning area at different times of the year. 
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3.7 Discussion 

Spawning stock structure 

There is a growing body of research which demonstrates over-exploitation of large and old fish in a 

population can lead to demographic changes in spawning stocks towards younger and smaller fish that, in 

turn, affect recruitment dynamics and productivity of a population (e.g. Olsen et al. 2004; Berkeley et al. 

2004a; Rouyer et al. 2011).  Such studies demonstrate the utility of detailed knowledge of age-at-maturity 

and stock age-structure data in its use as a stress indicator for fish populations (Trippel, 1995). We found 

that ripe Macquarie perch occupying the spawning reach were predominantly large fish (350 – 450 mm TL), 

with no significant change in the overall size across the nine-year period. These results support our first 

general hypothesis that size structure of fish occupying the spawning reach would comprise a large 

proportion of fish that exceed the minimum size (and age) at maturity reported in previous studies for the site 

(Appleford et al. 1998; Douglas 2002). For example, the study by Douglas (2002), and whose netting 

methods were replicated in our study, reported the highest proportion of running ripe male fish was 200 – 

260mm TL and 3 – 4 years of age. Our results mirror the observations of Cadwallader and Rogan (1977) 

who also reported spawning fish in another lacustrine population were of a uniform large size. However, 

aside from some slight changes in male fish (see below), there is little support for our second hypothesis of 

variation in the size of mature fish through time given that Macquarie perch in Lake Dartmouth have been 

subject to annual and variable recruitment over the study period (Tonkin et al. 2014, 2017).  Instead, we 

suggest the spawning stock structure of a healthy Macquarie perch population consists of a stable number of 

large fish with a broad age distribution. 

Over the study period, we found a broad age structure of the spawning stock, with a large proportion of fish 

(25% for both sexes) exceeding 15 years old. The oldest female and male fish were 30 and 25 years old, 

respectively and to our knowledge are the oldest recorded for the species. Surprisingly, despite annual 

recruitment, there was only a small proportion of fish in their first or second year of maturity (4-5 years of 

age; Appleford et al. 1998). Iteroparous species such as Macquarie perch that reach sexual maturity at a 

larger size, and thus delayed age-at-maturity, usually have a longer reproductive life-span than species that 

reach maturity at an earlier age (Wootton, 1998). As such, longevity in iteroparous fish species aids 

persistence of their populations by maintaining mature adults through periods of unfavourable recruitment 

conditions (e.g. Warner and Chesson, 1985). Longevity and maintaining a broad age distribution within a 

spawning stock have also been shown to reduce recruitment variability (Secor 2000; Berkeley et al. 2004a).  

For example, older female rockfishes (Sebastes spp.) have been shown to produce larger, healthier and 
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faster-growing larvae that withstand starvation better than offspring from younger fish (e.g. Berkeley et al. 

2004a, 2004b; Bobko and Berkeley et al. 2004).   

Although the Macquarie perch population in Lake Dartmouth is currently recognised as one of the healthiest, 

both in abundance and genetic diversity (Tonkin et al. 2014; Pavlova et al. 2017), the population declined 

sharply from the mid-1980s to 2000 (Gray et al. 2000; Hunt et al. 2011). This period coincided with intense 

fishing pressure in Lake Dartmouth where recreational anglers could harvest Macquarie perch at a minimum 

size limit of 250 mm TL (approximately 2 – 4 years of age; Appleford et al. 1998). The spawning stock of 

Macquarie perch during the mid-1980s to 2000 consisted largely of fish in their first or second year of 

spawning (Appleford et al. 1998), with the highest proportion of running ripe male fish during this period was 

200 – 260mm TL and 3 – 4 years of age (Douglas 2002). Fortunately for Macquarie perch in Lake 

Dartmouth, a change in fisheries regulations to the current minimum size limit of 350 mm TL. Indeed, our 

finding of the broad size and age structure of the spawning stock is perhaps an outcome from this regulation 

change which, along with periods of increased productivity, is likely to be a contributing factor to recruitment 

success and increased population trajectories over the past decade (see Tonkin et al. 2014, 2017).  

Nevertheless, given the longevity of Macquarie perch, further protection of the population may be achieved 

by shifting to a harvest-slot-length limit by restricting harvest to intermediate lengths, which may contribute to 

maintaining a more natural age-structure (e.g. Koehn and Todd. 2012; Gwinn et al. 2015). As such, we 

recommend an evaluation of harvest slot limits (vs current minimum legal length limits) for Macquarie perch 

to meet both fisheries and conservation objectives. 

Although the overall median size of the spawning stock did not change during the nine-year study period, the 

size of the smaller mature male fish (in the lower 10th percentile of the size structure) did change in some 

years. These years (2008, 2009 and 2016) were those that were either one or two years following strong 

recruitment years (see Tonkin et al. 2014; 2017), therefore providing some support for our first hypothesis 

(but relevant for small males only). This result also suggests a small proportion of male Macquarie perch in 

the overall population matures at age 1+ and 2+ (based on the growth model for the population; Tonkin et al. 

2014). Similar sized (150 – 250 mm TL) and aged fish are far more numerous than fish > 350 mm TL in the 

Lake (e.g. Tonkin et al. 2014), yet only make up a small proportion of the overall size structure in the 

spawning stock. Other studies have also recorded ripe male Macquarie perch at similar small sizes in Lake 

Dartmouth and other impoundments (Douglas, 2002; Ebner and Lintermans 2007). The mechanism for this 

structuring is unknown but it may suggest some small male Macquarie perch employ an alternative spawning 
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strategy to their larger counterparts. (e.g. Huchings and Myers 1985; Huchings 1993; Fleming 1996; Jonsson 

and Jonsson 2006).  

 

Migration: Timing, frequency and sources  

We found the likelihood of fish occupying the spawning reach changed over the year.  Specifically, fish were 

most likely to be in the spawning reach from October to mid-December, with similar timing of spawning 

behaviour reported for lacustrine (Cadwallader and Rogan 1977; Appleford et al. 1998; Douglas 2002; 

Tonkin et al. 2010) and riverine populations (Appleford et al. 1998; Tonkin et al. 2016). Although Macquarie 

perch were most likely to occupy the spawning reach from October to December, we also found some 

acoustic tagged fish remained in the spawning area, either near or within the riverine habitat for several 

months after the core spawning period. Furthermore, several tagged fish (acoustic and externally tagged 

individuals) were also captured by recreational anglers in the Mitta Mitta River from January to March. 

Whether this was due to a more protracted spawning period than initially thought or simply that some fish 

stayed in the area to feed is unknown. Whatever the mechanism, this result highlights the increased 

vulnerability of mature fish to recreational fishing (Cadwallader and Rogan 1977; Tonkin et al. 2009) or 

predation (Ryan et al. 2013) not just during the core spawning period, but for several months thereafter. 

Given the risks of over-exploitation of large and old fish in a population (e.g. Reed 1983; Berkeley et al. 

2004b; Hidalgo et al. 2011), the impacts of recreational fishing in the known spawning regions during and 

several months either side of the core spawning period should be closely monitored. Furthermore, whilst 

there is a seasonal closure for the take of Macquarie perch in Lake Dartmouth and its tributaries (October to 

December, extending this period by several months as well as a complete closure to recreational fishing 

within the known spawning reach should be considered. 

The likelihood of fish occupying the spawning reach also changed between tagging location. We found male 

fish tagged in the Lake (predominantly males) were very unlikely to be present in the spawning reaches at 

any time of the year, with just 33% of tagged male fish migrating to the spawning reach during the study. 

This result may suggest a large proportion of male fish occupying the Lake is migrating to other tributaries to 

spawn, or alternatively, these fish are not spawning, despite their size suggesting maturity (Appleford et al. 

1998). We suggest the second mechanism is the most plausible given we observed no seasonal patterns in 

movement by Lake tagged male fish to other areas of the lake, and three of these fish eventually migrated to 

the known spawning reach one or two seasons after tagging. Furthermore, our size frequency data also 
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showed more than 85% male fish occupying the spawning demographic were >370mm TL, which is much 

greater than size-at-maturity reported by Appleford (et al. 1998). 

The low proportion of fish tagged in the Lake which migrated to the spawning reach also has implications for 

the interpretation of fish migratory behaviour more broadly, particularly when using telemetry data to asses 

spawning behaviour. By tagging mature fish occupying the known spawning habitat and comparing with 

similar sized fish tagged within the greater population, we were able to highlight the uncertainties that arise 

when tagging and interpreting fish movement data from what are assumed to be mature fish (usually based 

on fish size), and therefore part of the reproductive stock. Fish movement data is usually highly variable 

among individuals, with our results suggesting that uncertainties about an individual’s demographic are likely 

to contribute to such variability. For example, Koster et al. (2014) reported tagged Macquarie perch in a 

riverine habitat displayed limited although variable movements during the spawning season however fish 

were on average 294 mm TL and of an unknown age, sex or maturity. Given our findings on spawning stock 

size and age, as well as the low proportion of ‘unknown’ adult fish which migrated to the spawning reach, it is 

possible that a proportion of the tagged fish in the study by Koster et al. (2014) had not yet recruited into the 

spawning stock. We therefore suggest a conservative approach when assessing movement data to interpret 

reproductive behaviour of fish, particularly when using minimum size-at-maturity values to assign tagged 

individuals to the spawning stock.  

The majority of tagged fish, once detected in the spawning reach, returned the following spawning season, 

thus confirming our hypothesis and earlier observations that spawning occurs on an annual basis (e.g. 

Cadwallader and Rogan 1977). Of course, this observation assumes fish returning to the spawning site are 

participating in spawning, which although likely, could not be confirmed with our methods. Nevertheless, a 

very small proportion of fish did not return to the spawning reach each year, which may suggest some 

skipped spawning occurs. Many species have been documented to display skipped spawning (varying 

proportions of the spawning stock), thought to constitute an adaptive trait aimed at maximising offspring 

produced throughout the life of an individual (Rideout et al. 2005; Jorgensen et al. 2006).  Given the 

implications of skipped spawning on species management (such as population model projections; Todd and 

Lintermans 2015), further investigations of the likelihood and proportion of Macquarie perch which display 

skipped spawning behaviour is required.  

We found no evidence for any spatial structuring of Macquarie perch in Lake Dartmouth. Individuals tagged 

in both the spawning area and the Lake moved large distances throughout the lake, often over short time 

periods, during all times of the year. As such, we found no evidence for fish preferring specific areas of the 
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Lake. Only sex had a weak significant effect on where fish were detected, with female fish more likely to be 

detected at the Gibbo River, Mitta Mitta River and Italian Point logger locations, associated with the 

spawning reach. This is due to male fish tagged in the lake having a low likelihood of migrating to the 

spawning reach. Ebner et al. (2011) and Thiem et al. (2013) reported diel ranges of radio-tagged Macquarie 

perch approached the linear extent of a small reservoir (2km). Although our sparse acoustic array did not 

allow any such assessment of home ranges or diel movements, our findings add further evidence that 

lacustrine populations of Macquarie perch are highly mobile.  

 

Conclusion 

Our results emphasise the importance of maintaining a broad age and size structure of the spawning 

demographic of long-lived iteroparous fish species for recruitment stability and subsequent population 

persistence. Given Macquarie perch can live for at least three decades and have a broad age structure of 

spawning stock, it is highly likely that overexploitation of adult Macquarie perch led to reductions in biomass 

and changes towards younger and smaller fish in the spawning demographic (Appleford et al. 1998; Douglas 

2002). This overexploitation of the spawning demographic is therefore likely to be a major driver of the 

population decline observed in Lake Dartmouth from the mid-1980s to 2000 (Gray et al. 2000; Hunt et al. 

2011) as well as the collapse of other Macquarie perch lacustrine populations in south eastern Australia (e.g. 

Cadwallader and Rogan 1977; Trueman 2011).  

Our information on size and age structure of the spawning stock also provides a useful benchmark or trigger 

point (Trippel 1995) for future monitoring of this and other populations. For example, a reduction in the mean 

size or age structure of female fish in the spawning stock should trigger a review of pressures such as 

recreational angling and broodfish collection, with interventions to follow. Additional assessments of 

population outcomes resulting from harvest-slot limits as compared to the current minimum size limits should 

also be explored as an option for protecting the structure of the spawning demographic. 
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Figure S2. Year classes represented in aged spawning stock sample. 
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4 Spatio-temporal spawning patterns of riverine populations 

of Macquarie perch  

4.1 Introduction to Chapter 4 

The findings of the previous two chapters, which explored the drivers and dynamics of Macquarie perch in 

Lake Dartmouth, showed that the species is long-lived, recruit every year and are capable of expansions in 

population size in response to upsurges in system productivity. This suggests lacustrine populations of 

Macquarie perch can be relatively stable, providing spawning stocks are maintained and fish have access to 

suitable riverine spawning habitat and feeding areas for juveniles and adults. Of course, Macquarie perch are 

naturally a riverine species. It is therefore unclear if these findings are transferrable to the few remnant 

riverine populations, which for the most part, are now isolated and restricted to small areas of headwater 

reaches (Lintermans 2007). With much of the information on the spawning ecology of Macquarie perch 

based largely on data gathered from lacustrine populations, there remains uncertainty on the applicability 

such data has for managing riverine populations. This chapter presents an important first account of spatio-

temporal spawning patterns of riverine Macquarie perch populations. The specific themes explored in this 

chapter focus on how extrinsic factors such as river flows, temperature and habitat availability influence 

spawning of riverine Macquarie perch populations (Figure 20).  

 

4.2 Statement of contribution to co-authored published paper 

The themes explored in this chapter have been developed as a co-authored paper. The bibliographic details 

of the co-authored paper, including all authors, are: 

 

Tonkin, Z., Kearns, J., O’Mahony, J., and Mahoney, J. (2016). Spatio-temporal spawning patterns of two 

riverine populations of the threatened Macquarie perch (Macquaria australasica). Marine and Freshwater 

Research, 67(11), 1762-1770. 
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Figure 20. Conceptual understanding of key processes governing population dynamics of Macquarie 
perch (green); the sub-processes governing recruitment (pink); and some of the major intrinsic and 
extrinsic factors which can influence each (white).  Themes directly and indirectly explored in 
Chapter 4 highlighted in red text. 
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4.3 Abstract 

Understanding species-reproduction dynamics is vital for the management of riverine fish. Information on the 

spawning ecology of the endangered Australian Macquarie perch (Macquaria australasica) is based largely 

on data gathered from lacustrine populations, with uncertainty on the applicability such data has for 

managing riverine populations. The current study presents an important first description of spawning patterns 

of two riverine populations of Macquarie perch in Victoria, Australia, using egg counts recorded across 

multiple sites and periods within the species core spawning window. Spawning intensity was highly variable 

between study sites, with 96 and 82% of eggs collected from a single site in the King Parrot Creek and Yarra 

River respectively. We found spawning to be positively associated with both water temperature, and to some 

degree river discharge. Our results provide an important account of spatio-temporal spawning patterns of 

riverine Macquarie perch populations and lend some support for the transfer of information from lacustrine 

populations (as demonstrated by spawning habitat and temperature association). Although the spatial and 

temporal constraints of the present study must be considered, the results provide opportunity for further 

testing of the environmental effects, and management options aimed at enhancing spawning of this 

endangered species. 

4.4 Introduction 

 

Riverine habitats and their use by fish are known to be highly variable throughout river networks (Matthews 

1998). Consistent with landscape ecology patch-dynamic theory, the heterogeneous nature of habitat 

patches in rivers is often reflected by spatial or temporal segregation of critical processes (e.g. reproduction) 

for sustaining riverine-fish populations (Thorp et al. 2006). Understanding such spatial arrangement and 

importance of key habitats is therefore vital for the management and protection of fish communities 

(Torgersen et al. 1999; Fausch et al. 2002). 

Understanding reproductive ecology, and subsequent recruitment dynamics, underpin the conservation and 

management of fish populations. For most species, recruitment strength and subsequent population 

structure is established during the egg and larval phase given this life-history period is the major 

developmental and survival bottleneck (e.g. Wootton 1998; Mukhina et al. 2003; Lowerre-Barbieri et al. 

2014). Despite the importance of understanding the reproductive ecology of fish for conservation and 

management, the knowledge available on most Australian freshwater species is limited (King et al. 2013). 

One such species is the Macquarie perch (Macquaria australasica), a nationally endangered (Environmental 
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Protection and Biodiversity Conservation Act 1999, Commonwealth) medium-sized percichthyid. Although 

naturally occupying rivers, the species has persisted in several reservoirs where fish still have access to 

riverine-spawning habitat (e.g. Cadwallader 1981; Appleford et al. 1998; Ebner et al. 2011). Indeed, it is from 

these lacustrine populations as well as captive-breeding programs from which information on spawning and 

recruitment of the species has been sourced (e.g. Cadwallader and Rogan 1977; Ingram and Gooley 1996; 

Appleford et al. 1998; Douglas 2002; Tonkin et al. 2010). Specifically, adult Macquarie perch occupying 

lacustrine environments undertake an annual spawning migration to inflowing riverine habitats during 

October and November when water temperatures exceed ~16°C (Cadwallader and Rogan 1977; Appleford 

et al. 1998; Douglas 2002; Tonkin et al. 2010). Spawning fish have been documented to form dense 

aggregations at the base of pools, where eggs are deposited and settle into riffle habitats (Cadwallader and 

Rogan 1977; Tonkin et al. 2010). These spawning aggregations tend to be localised throughout a river 

reach, with accounts of large aggregations of spawning fish occupying just one or two sites, despite the 

availability of what appears to be other suitable habitat (e.g. Cadwallader and Rogan 1977; Tonkin et al. 

2009; Trueman 2011). Such ecological information is critical for effective management of fish populations 

(e.g. Silvano and Valbo-Jørgensen 2008) and has indeed formed the basis of much of the existing 

management actions for Macquarie perch (e.g. closed fishing seasons). Although this approach is utilising 

the best available information, a question still remains as to how applicable the spawning ecology reported 

for lacustrine populations is for the management of remaining riverine populations of Macquarie perch. 

Indeed, Koster et al. (2013) recently highlighted that understanding any intraspecific variation in life-history 

patterns such as spawning behaviour, will be critical to the development of conservation strategies (e.g. site 

rehabilitation, protection or environmental-flow delivery) for remaining riverine populations of Macquarie 

perch. 

The knowledge available on the spawning behaviour of riverine-Macquarie perch populations is limited to 

small numbers of larval and juvenile captures (e.g. King et al. 2011; Broadhurst et al. 2012); histology 

(Appleford et al. 1998) and movement data collected over a single season (Koster et al. 2013). 

Unfortunately, such studies provide limited information on spawning behaviour for the species, particularly 

fine-scale spatial variability and habitat use. Previous research on Macquarie perch within the Yarra River 

has suggested that spawning may occur within specific section(s) of the river (King et al. 2011), much like 

the localised patterns documented for lacustrine populations (Cadwallader and Rogan 1977; Tonkin et al. 

2009) and historical accounts of remnant riverine populations (Trueman 2011). However, the scarcity of eggs 

and early larvae by King et al. (2011), and a more recent finding of non-synchronised movement of adult fish 
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during the spawning season in the Yarra River (Koster et al. 2013) questions the existence of any localised 

Macquarie perch spawning sites. 

The current study, although limited to a single season, presents an important first description of spawning 

patterns of two riverine populations of Macquarie perch in Victoria. Our main objective was to detect 

Macquarie perch-spawning sites and describe any associated patterns in spatial variability and 

environmental conditions. We hypothesise that spawning by riverine populations of Macquarie perch will, like 

lacustrine populations, exhibit localised patterns in spatial distribution and a positive relationship with water 

temperature during spring. We also explore the influence of river discharge and other site-specific attributes 

of spawning areas, to inform management of this threatened native species. 

 

4.5 Materials and methods 

Study sites 

We conducted within-season spawning assessments of two Macquarie perch populations in Victoria, the 

King Parrot Creek in 2010, and the Yarra River in 2013. King Parrot Creek is an unregulated tributary of the 

Goulburn River, located in north-eastern Victoria and is ~48 km in length, draining a catchment of ~430 km2 

(Figure 21). The upper catchment comprises both forested and cleared land for agriculture, whereas the 

lower catchment consists of open farmland for grazing. Our spawning assessments were conducted at four 

sites across a 21-km reach, between Flowerdale and Kerrisdale (Figure 21). Sites were chosen according to 

distribution records of both juvenile and running-ripe Macquarie perch (e.g. Kearns et al. 2012). 

Our second assessment focussed on the Yarra River, a Victorian coastal stream ~240 km in length, draining 

a catchment of ~3766 km2 (DWR 1989). The study reach consists of some cleared foothills for agricultural 

practices and a heavily urbanised lower catchment (the city of Melbourne). The reach is subject to a 

regulated flow regime, owing to several upstream storages. Our spawning assessments were conducted at 

six sites across a 60-km reach, from the Warrandyte Gorge to the lower floodplain (Figure 21). This stretch 

has been proposed as the key region for Macquarie perch recruitment, based on the collection of small 

numbers of larvae and early juveniles (King et al. 2011). Nevertheless, adult fish are reasonably evenly 

distributed over a 130-km length of the Yarra River (Pitman et al. 2007; Arthur Rylah Institute, unpubl. data). 

Our decision for non-stratified sample sites was based largely on the aforementioned distribution records of 

both early juvenile and running-ripe fish. Further refinement of sites in both systems was based on the 

presence of riffle-pool sequences, given these are a key spawning habitat for lacustrine populations 
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(Cadwallader and Rogan 1977; Tonkin et al. 2010). Other site attributes including maximum pool depth 

(measured using either a boat-mounted depth sounder or hand-held pole); pool and riffle width and length 

(measured using a laser rangefinder); riffle slope (length or altitude change; measured using a laser dumpy 

level and rangefinder); and descriptions of instream habitat (instream wood, riparian overhang and 

macrophyte presence) were recorded (Table 4). 

 

Spawning assessment 

Counts of Macquarie perch eggs were used as an indicator of spawning. Macquarie perch eggs are 

demersal and slightly adhesive, being deposited at the base of pools to lodge in interstitial spaces within 

riffles (see Cadwallader and Rogan 1977; Ingram et al. 2000). Thus, we considered their presence at a site 

to indicate in-situ spawning, given the unlikelihood of eggs being transported long distances. 

Egg collection was undertaken using methods used by Tonkin et al. (2010). Specifically, eggs were collected 

using modified glass eel nets (two 2-m, 800 mm-deep wings with 1-mm mesh size; a 800-mm diameter hoop 

opening, leading to a single funnel and a 500-µm cod end), set facing upstream in close proximity (<20 m) to 

riffle habitats. Rigid 70-mm square mesh was also fixed at the mouth of each net to exclude larger fish and 

aquatic mammals. Importantly, the bottom of the net mouth was weighted to allow the collection of eggs in 

close proximity to substrate given the aforementioned characteristics of Macquarie perch eggs. 

Sampling was conducted at each of the four sites during eight sampling trips from 8 November to 6 

December 2010 in the King Parrot Creek (bi-weekly) and; each of the six sites during five sample trips from 

29 October to 26 November 2013 in the Yarra River (weekly). This period (primarily November) was targeted 

because it is the peak-spawning period for the species (Cadwallader and Rogan 1977; Appleford et al. 1998; 

Tonkin et al. 2010), thus, maximising our chance of detecting spawning. Owing to the availability of 

appropriate net positioning (and subsequent influence on sample independence); avoidance of excessive 

sample size and; to minimise site disturbance, each trip consisted of one net deployed across each of the 

sites for a 14-h overnight set (from ~1800 to 0800 hours) in similar depth (~1m) and flow conditions. The 

later Yarra River-data collection included a measure of water velocities recorded at the centre of the mouth 

of each net during a 30-s interval using an OSS HC PC-1 flow meter (Hydrological Services Pty Ltd, 

Liverpool, Australia), thus enabling any effect on catches by differences in volume of water filtered for each 

net set to be accounted for. 
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The contents of each net were first hand-sorted for eggs (water-hardened eggs generally 2–4 mm-diameter; 

Ingram et al. 2000), removed alive from the samples and a sub-sample (generally 10–20 eggs) returned to 

the laboratory to hatch. The remaining Macquarie perch eggs collected from the King Parrot Creek were 

counted and immediately returned to the water. The net contents from the Yarra River (following hand-

sorting) were transferred to 95% ethanol and returned to the laboratory for processing, where any remaining 

eggs were removed from the samples using a dissecting microscope. All preserved eggs removed from the 

samples were compared with known preserved specimens (hatchery produced) to verify their identification. 

 

Analysis 

Only descriptive methods were applied to the King Parrot Creek data, owing to the absence of velocity 

readings (therefore an inability to standardise catches because of differences in water filtered) and the highly 

variable nature of the data. For the Yarra River, count data of Macquarie perch eggs collected in each net 

was used to investigate the effects of variations in site, water temperature and river discharge on Macquarie 

perch-spawning intensity. The number of eggs for each sampling event were compared using generalised 

linear models (GLM) using a negative-binomial distribution, owing to the non-normal distribution of catch 

data. Average daily-water temperature and average daily-discharge values at the time of each sampling 

event (sourced from Templestowe gauging station in the Yarra River) were used along with site, as 

(uncorrelated; see supplementary material Table S1) factors in the model, offset by velocity (recorded at 

each net mouth), to account for any differences in volumes of water filtered during each set. The relative 

support for each of the models was assessed using Akaike’s Information Criterion (AIC), corrected for small 

sample size (AICc) (Burnham and Anderson 1998). AICc values were rescaled as differences between each 

model and the model with the lowest AICc value. The final model was checked for over-dispersion and 

goodness of fit using a χ2-test based on residual deviance and d.f. All models were fitted using the R 

statistical programming environment (R Development Core Team 2013), with all GLM constructed using the 

package MASS (Venables and Ripley 2002). 



Population dynamics of Macquarie perch 93 

Table 4. Habitat attributes for each of the spawning assessment sites in the King Parrot Creek (KPC) and Yarra River (Yarra) 

Substrates: BR, bedrock; ST, silt; GR, gravel. 

River Riffle      

Pool (upstream and 
downstream)  

 Substrate Site 
Width 

(m) 
Length 

(m) 
Fall 
(m) 

Slope 
(cm m–

1) 
Max. 

length (m) 
Max. 

depth (m) Other site attributes 

KPC GR, ST Moores 8 32 0.3
3 

1.03 55 1.0 Fringing emergent and overhanging vegetation; 
some woody habitat in pools 

 
BR, GR Callandoon 16 55 1.6

6 

3.02 >200 3.0 Extensive overhanging vegetation; some woody 
habitat in pools; undercut banks; large boulders in 
stream 

 
GR, ST Richards 10 18 0.0

8 

0.44 >100 0.7 Extensive overhanging vegetation; some woody 
habitat in pools 

 
GR, ST Draytons 10 28 0.1 0.36 30 1.1 Some overhanging vegetation; some woody habitat 

in pools 

Yarra BR; GR Griffith 
Park 

41 49 0.4
8 

0.98 329 >4 Some fringing emergent and overhanging 
vegetation; dense patches of woody habitat in 
downstream pool 

 
BR; ST Laughing 

Waters 

28 55 0.3
8 

0.69 158 1.7 Sporadic woody habitat 

 
BR; GR Jumping 

Creek 

40 59 0.1 0.17 82 1.8 Some emergent macrophytes; sporadic woody 
habitat 

 
BR, GR Bourchiers 

Road 

35 80 0.5 0.63 154 2.0 Extensive overhanging vegetation; limited woody 
habitat 

 
BR; ST Finns 

Reserve 

44 153 0.5
7 

0.37 84 1.5 Little overhanging vegetation; sporadic woody 
habitat 

 
BR; GR Wonga 

Park 

28 115 0.4
6 

0.4 140 2 Little overhanging vegetation; some woody habitat 
in riffle 

 



 

  

 

 

Figure 21. Map of the (a) King Parrot Creek (KPC) and (b) Yarra River study areas, including 
spawning assessment sites (grey triangles). Grey stars indicative of location of stream 
gauging stations referenced in the study. 
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4.6 Results 

Hydrology 

In 2010, the King Parrot Creek was characterised by two large flow events (>1600 ML day–1) during 

the sampling period (Figure 22a). These two flow pulses followed within 10 days of one another. Both 

pulses resulted in a drop in water temperature below the 16°C threshold. 

In 2013, the Yarra River was characterised by several moderate-flow events during the sampling 

period (Figure 22b). This included three significant mid–late season flow pulses, characterised by 

discharges more than doubling in successive days. Each of these events resulted in reductions in 

water temperatures. The mid-November event in particular, resulted in water temperatures dropping 

below 16°C. 

  



 

  

 

 

Figure 22. Average daily discharge (Black; ML day–1) and mean daily temperature (grey) of the 
King Parrot Creek (at Flowerdale) from 1 October to 31 December 2010; and the Yarra River (at 
Templestowe) from 1 October to 31 December 2013. Spawning survey times (black triangles) 
also included. Horizontal black-dotted line indicative of 16°C spawning threshold of Macquarie 
perch. 
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Spawning assessments 

A total of 225 Macquarie perch eggs were collected during the spawning assessment in King Parrot 

Creek. Macquarie perch spawning was detected at two of the four sites, with more than 96% of eggs 

recorded at the Callandoon site (Figure 23a). There was also considerable temporal variation in eggs 

collected within sites (predominantly Callandoon), with no eggs collected until trip 5 of the study 

(Figure 23a), when mean daily water temperatures exceeded 18°C (in situ water temperature at time 

of net set = 22.9°C). The highest numbers of eggs were recorded the following trip at a mean daily 

water temperature of 18.62°C (in situ water temperature at time of net set = 19.3°C) and increase in 

daily river discharge. 

A total of 1650 Macquarie perch eggs were collected during the spawning assessment in the Yarra 

River. Macquarie perch eggs were detected at all six sites assessed in 2013. As with the results from 

the King Parrot Creek, the number of eggs collected in the Yarra River was highly variable through 

both space and time. More than 82% of all eggs collected were sampled from a single site, Griffith 

Park, located in the lower-floodplain reach of the Yarra River (Figure 23b). There was also 

considerable temporal variation in egg counts within sites, with a general trend of highest egg counts 

associated with periods of highest water temperatures (mean = 17.8°C; in situ water temperature at 

time of net set = 19.4°C) and low discharges. Accordingly, location (site), temperature and river 

discharge were all significant factors predicting spawning intensity of Macquarie perch (GLM, all P < 

0.001), with the model containing all three factors having the best support for the data (Table 5; Chi-

Square goodness of fit test P = 0.746). Model predictions indicated spawning intensity (as indicated 

by egg CPUE) was significantly higher at Griffith Park than all other sites (GLM, all P < 0.001). 

Spawning intensity was significantly lower at two sites (Bourchiers Road and Jumping Creek; GLM, P 

> 0.05) compared with all others. Temperature and river discharge had a significant positive influence 

on Macquarie perch-spawning intensity, although the latter was weak (below; GLM coefficient 

estimates of 0.897 and 0.006 for temperature and discharge respectively). 

 

 



 

  

 

Figure 23. Mean (±s.e.) Macquarie perch eggs recorded at each of the sites (left) and trips 
(right) during spawning assessments of (a) the King Parrot Creek in 2010 and (b) the Yarra 
River in 2013. Yarra River values standardised to the number of eggs collected during 14 h net 
set at water velocities of 0.5 m/s. 

 

 

Table 5. Results of the model selection procedure for seven models comparing the 

effects of site, discharge and temperature variables on Macquarie perch (Macquaria 
australasica) spawning in the Yarra River from late October to early December 2013. 
AIC Akaike’s Information Criterion (c, corrected for small sample size); ∆AICc, 
difference in AICc between this model and the model with the lowest AICc. 

 

River Model parameters AICc ∆ AICc Likelihood 

Yarra Site + discharge + temp 209.127 0 0.993 

 Site + discharge 225.641 16.514 <0.001 

 Site + temp 219.251 10.124 0.006 

 Site 226.736 17.609 <0.001 

 Temp 224.545 15.418 <0.001 

 Discharge 229.731 20.603 <0.001 
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Figure 24. Predicted modelled Macquarie perch egg counts (and 95% confidence intervals) for 
the Yarra River at Griffith Park (site of highest egg counts) between 15 and 20°C. Predictions 
generated using mean daily discharge and mean net set velocity recorded during the study. 

 

 

4.7 Discussion 

Lowerre-Barbieri et al. (2014) highlight the importance of understanding fine-scale spatio-temporal 

reproductive behaviour, as this determines the first environment all fish encounter, affecting later life-

cycle processes and ultimately population structure. The present study provides an important first 

description of fine-scale spatio-temporal variation in spawning activity of riverine-Macquarie perch 

populations. Macquarie perch spawning, as indicated by the detection and abundance of eggs, was 

highly variable through both space and time, in both the King Parrot Creek and Yarra River. Most 

notable was the variation in spawning intensity between sites in both systems. 

The results of our spawning assessment indicated that for both waterbodies, a large proportion of 

eggs were collected from a single site (96% in King Parrot Creek and 82% in the Yarra River). 



 

  

Although our assessments are only reflective of a single spawning season (thus do not account for 

any possible annual variation), Macquarie perch surveys since 2007 suggest such patterns may 

indeed reflect more long-term spatial-spawning patterns. Specifically, by far the greatest number of 

young-of-year Macquarie perch have been captured either directly at or in close proximity to Griffith 

Park (Pitman et al. 2007; King et al. 2011), which was the site of greatest egg abundance during our 

study. This suggests that the localised pattern of Macquarie perch spawning intensity reported here is 

unlikely to be a result specific to that years’ sampling. 

Our observation of localised spatial-spawning patterns, based on site comparisons within two riverine 

populations of Macquarie perch, is consistent with those reported in lacustrine populations. 

Specifically, fish migrating into rivers from lacustrine habitats form spawning aggregations at the base 

of pools, with specific sites holding dense aggregations of fish (e.g. Cadwallader and Rogan 1977; 

Tonkin et al. 2009, 2010; Trueman 2011), despite access to several kilometres or even tens of 

kilometres of what appears to be similar riverine habitat. Localised spatial patterns in spawning have 

been reported in other freshwater-fish species, including salmonids (e.g. Torgersen et al. 1999) and 

cyprinids (Crook and Gillanders 2006; Stuart and Jones 2006). For example, Torgersen et al. (1999) 

demonstrated that although Chinook salmon (Oncorhynchus tshawytscha) in the John Day River 

system in Oregon had access to the entire 70-km length of river, only a few small locations were 

selected for spawning. Similarly, Purchase and Hutchings (2008) found high-density aggregations of 

brook trout (Salvelinus fontinalis) were more than 30 times denser than low density fish aggregations 

despite only occupying ~4% of the available habitat. 

Conversely, Koster et al. (2013) reported non-synchronised movement of adult Macquarie perch 

during the spawning season in the Yarra River. This might suggest a greater proportion of spawning 

adults exist within the lower-floodplain reach, rather than the mechanism of migration as reported in 

lacustrine populations (e.g. Cadwallader and Rogan 1977; Douglas 2002; Tonkin et al. 2009). 

Nevertheless, such pattern of non-uniform adult-fish distribution (across study sites), outside of the 

spawning period, has not been detected in recent population surveys in both the King Parrot Creek 

(Kearns et al. 2014) and the Yarra River (e.g. Tonkin et al. 2014). Furthermore, ripe-adult fish were 

also captured during the spawning assessments in King Parrot Creek, from both sites and sampling 

trips where eggs were collected (Kearns et al. 2012). 
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The localised spawning patterns of Macquarie perch observed in the current study may indicate 

variation in habitat quality. The location of freshwater-fish spawning sites is generally related to the 

ability for larvae and juveniles to access nursery habitats and to limit the intensity of hazards for 

survival, including predation, disease, hypoxia, smothering by silt and poor water quality (Wootton 

1998; King et al. 2013). Quinn (2005) noted the importance of a suitable spawning site for salmonids, 

given a high mortality rate occurs during the incubation period, which is also highly correlated with the 

characteristics of the spawning and incubation site. If we consider the attributes of the spawning sites 

assessed in the present study, all contained pool-riffle sequences (documented as essential spawning 

habitat for the species; Cadwallader and Rogan 1977; Tonkin et al. 2009), with the most obvious 

differences being related to pool size (and depth) and slope of the riffle. Specifically, of the sites 

surveyed for spawning, the Callandoon site (King Parrot Creek) and the Griffith Park site (Yarra 

River), which were both sites of greatest egg abundance, consisted of the greatest slope, contained 

the largest (length) and deepest pool habitat, and also contained a large amount of instream-woody 

habitat. Tonkin et al. (2009) reported the attributes of important Macquarie perch-spawning areas of 

the Mitta Mitta River for the Lake Dartmouth population. The authors described the areas containing 

the greatest numbers of spawning fish consisted of both riffle areas (utilised directly for spawning), 

and low-flow regions (pools) containing complex habitats such as boulders, instream-woody habitat 

and undercut banks, which were used as refuge between spawning bouts (usually throughout the 

day). A consistent pattern is emerging whereby high-sloping riffles, associated with larger deeper 

pools containing complex habitat, appear to be the most favoured for Macquarie perch spawning. 

These areas should also be the focus of any management interventions, such as fisheries 

enforcement, and riparian and instream-habitat protection or repair aimed at protecting or enhancing 

Macquarie perch spawning in the future. 

Although we concentrated our spawning surveys using weekly or bi-weekly assessments during what 

has been reported as the peak reproductive period for the species (Cadwallader and Rogan 1977; 

Appleford et al. 1998; Douglas 2002; Tonkin et al. 2010), we still detected significant effects of both 

temperature and river discharge on Macquarie perch spawning. Temperature had a significant 

positive influence on Macquarie perch spawning intensity, with the greatest abundance of eggs 

recorded when mean daily water temperatures exceeded ~18°C. This conforms to the patterns 

observed in lacustrine populations (Cadwallader and Rogan 1977; Douglas 2002; Tonkin et al. 2009), 



 

  

whereby spawning of Macquarie perch is largely governed by temperature, beginning when spring-

water temperatures exceed ~16°C. 

Despite the positive association between spawning intensity and river discharge, some caution must 

be given to this result. The positive response of spawning activity with discharge could simply be a 

result of eggs becoming dislodged from spawning substrates during major disturbance events 

(particularly in the King Parrot Creek) and not specifically an increase in spawning activity. Indeed, 

extreme-flow events have been demonstrated to result in nest or redd scour of northern-hemisphere-

fish species (e.g. Lukas and Orth 1995; Smith et al. 2005). Our results provide an important first 

account of spatio-temporal spawning patterns of riverine-Macquarie perch populations. Although intra-

population variation in life-history patterns such as spawning must always be considered, our results 

also lend some support for the transfer of information from lacustrine populations (Wharton 1968; 

Cadwallader and Rogan 1977; Douglas 2002; Tonkin et al. 2010). This is particularly relevant for 

species such as Macquarie perch, for which such data is often limited. Although the spatial and 

temporal constraints of the current study must be considered, our findings enable managers and 

scientists to test several assumptions relating to environmental effects and subsequent management 

options aimed at enhancing the spawning of this endangered species. For example, the identification 

of localised-spawning sites and habitat associations can guide specific site protection and habitat 

rehabilitation. Additionally, the strong association between spawning and temperature (as well as 

habitat values) should be used to test the suitability of surrogate sites for translocation and stocking 

aimed at re-establishing Macquarie perch populations throughout its former, but possibly altered, 

range (e.g. Todd and Lintermans 2015). 

 

  



103 
 

Supplementary material 

Table S1: Correlation values between flow, temperature and net velocity records used in the 

negative-binomial Generalised Linear Model (Yarra only).  

 

 
Temp Velocity Discharge 

Temp 1 – – 

Velocity 0.034 1 – 

Discharge 0.030 0.182 1 

 

 

 

 

  



 

  

5 Recruitment dynamics of Macquarie perch  

5.1 Introduction to Chapter 5 

Highly variable recruitment, both temporally and spatially, is a common characteristic of riverine fish 

populations, most likely due to the dynamic nature of the abiotic selective forces that act on lotic 

ecosystems (Biggs et al., 2005).  While biotic interactions such as predation have been demonstrated 

to have localised influences on recruitment (e.g. Myers et al. 1997), it is the abiotic environment that is 

most likely to have driven evolutionary development of specific ecological traits and associated life-

history strategies (Lytle and Poff 2004; Biggs et al. 2005).  

In Chapter 2, I found variations in recruitment strength of Macquarie perch in Lake Dartmouth 

generally associated with periods of trophic upsurge. Nevertheless, I also observed riverine conditions 

during spawning, as well as the quantity of spawning stock (Chapter 3) likely play a major role in 

recruitment success. This chapter tested these observations by assessing recruitment dynamics of 

five isolated populations of Macquarie perch and related these dynamics to drivers that vary at local 

and regional scales. The specific themes explored in this chapter focus on how extrinsic factors such 

as river flows and temperature and as well as spawning stock abundance influence recruitment of 

Macquarie perch to young-of-year (Figure 25). 
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5.2 Statement of contribution to co-authored published paper 

The themes explored in this chapter have been developed as a co-authored paper. The bibliographic 

details of the co-authored paper, including all authors, are: 

 

Tonkin, Z., Kearns, J., Lyon, J., Balcombe, S., King, A., and Bond, N. (2017). Regional‐scale 

extremes in river discharge and localised spawning stock abundance influence recruitment dynamics 

of a threatened freshwater fish. Ecohydrology. DOI: 10.1002/eco.1842 
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Figure 25. Conceptual understanding of key processes governing population dynamics of 
Macquarie perch (green); the sub-processes governing recruitment (pink); and some of the 
major intrinsic and extrinsic factors which can influence each (white).  Themes directly and 
indirectly explored in Chapter 4 highlighted in red text. 
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5.3 Abstract 

Highly variable recruitment is common for many riverine fish species, governed by a wide range of 

biotic and abiotic drivers that operate at local and regional scales. The dynamics and drivers of 

recruitment for many Australian freshwater fish species, particularly those that are rare and longlived, 

are relatively undescribed. This study describes the recruitment dynamics of an endangered riverine 

fish, Macquarie perch Macquaria australasica, across five isolated populations from southeastern 

Australia, and relates these dynamics to drivers that vary at local and regional scales. We 

hypothesised large flow events occurring during the core egg, and larval period would be negatively 

associated with recruitment strength and that recruitment patterns across populations would fluctuate 

in synchrony in response to extremes in river discharge resulting from regional scale climatic patterns. 

Discharge during the core egg and larval period, which was highly correlated across the region, and a 

local‐scale variable, spawning stock abundance, were the covariates most important in explaining 

recruitment strength. We also observed synchronised patterns in recruitment across our populations, 

thus conforming to predictions of the Moran effect (environmental synchrony). The findings suggest 

that most remnant populations of Macquarie perch, which are now predominantly isolated within small 

tributary systems characterised by highly variable flows, face a heightened risk of poor recruitment 

periods, particularly under climate change predictions. The synchronised patterns in recruitment 

suggest that threatened freshwater fishes such as Macquarie perch with highly fragmented isolated 

populations have an increased risk of the regional population becoming imperiled, thus the need for a 

coordinated multijurisdictional conservation approach. 

 

5.4 Introduction 

Environmental variability is a major driver of animal population dynamics (Ginzburg 1986). For fish in 

riverine environments, large-scale disturbances such as floods and droughts, can have major 

influences on populations by altering their size- and age-structure and abundance (Labbe and Fausch 

2000; Milner et al. 2003; Arthington and Balcombe 2011). Effective conservation and management of 

fish populations requires an understanding of how such environmental variability influences basic 

demographic processes such as recruitment, mortality and migration. Recruitment, defined as the 



 

  

number of new fish entering a population, is often measured to a point in the life cycle, such as, to 

young-of-the-year, juvenile and adult (sexually mature) life-stages (Wootton 1998; King et al. 2013). 

Ultimately, the rate of successful recruitment to the mature population will determine long-term inter-

generational population trends. Recruitment strength can be influenced by a range of biotic (e.g. 

competition, predation, disease) and abiotic (e.g. flow attributes, temperature, physical habitat) 

factors, with strong recruitment to the pool of reproductive individuals occurring only when 

combinations of such factors align (Nunn et al. 2007).  

Highly variable recruitment in space and time is a common characteristic of riverine fish populations, 

most likely due to the dynamic nature of the abiotic selective forces that act on lotic ecosystems 

(Biggs et al. 2005).  Whilst biotic interactions such as predation have been demonstrated to have 

localised influences on recruitment (e.g. Myers et al. 1997), it is the abiotic environment that is most 

likely to have driven evolutionary development of specific ecological traits and associated life-history 

strategies (Lytle and Poff 2004; Biggs et al. 2005). Stream flow, in particular, is a major driver of lotic 

ecosystems. Hydrological characteristics can influence life history processes governing recruitment 

both directly (e.g. spawning and movement cues) and indirectly through the alteration of physical 

habitat attributes linked to survival. Specific mechanisms driving the latter include the well 

documented “flood pulse advantage” (Bayley 1991), whereby appropriately timed high flow events 

provide food rich floodplain habitats (and therefore increased survival) for many fish species 

occupying floodplain rivers. Conversely, for species occupying lower order high-gradient streams, 

high flow events have been demonstrated to negatively affect survival, particularly of early life stages 

through mechanisms such as displacement or smothering of eggs (e.g. Lucas and Orth 1995; Smith 

et al. 2005; Milner et al. 2003) and decreased larval foraging success (e.g. Piccolo et al. 2008).  

Understanding the dynamics and drivers of recruitment for fish species, particularly those which are 

long lived, requires data collected over, or representative of temporal scales which are commensurate 

with species specific life history stages as well as capturing the natural range of abiotic conditions. 

Additional challenges arise when the species of interest is threatened (and therefore often rare in 

samples), resulting in datasets with small numbers and often over limited time periods, which may be 

inadequate to detect trends. One way to help overcome such limitations is to compile information 

gathered from multiple populations at a regional scale. Regional or landscape-level processes often 

strongly influence local populations (Labbe and Fausch 2000), with many animal populations 
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fluctuating in synchrony as a result (Koenig 2002).  Potential driving forces of spatial synchrony 

include predation (Ims and Andreassen 2000), dispersal (Ranta et al. 1995), and environmental 

synchrony, otherwise known as the Moran effect (Moran 1953, Koenig 2002). The natural 

environment is a spatially auto-correlated place (Legendre 1993) and both biotic (e.g. population 

density, or reproductive rate) and abiotic (e.g. rainfall, flows and temperature) variables may at times 

similarly co-vary (Rossi et al. 1992; Liebhold et al. 2004). Thus, if dispersal and predation 

mechanisms can be dismissed as strong drivers, synchronous fluctuations in population processes 

such as recruitment by localised populations can potentially provide a useful tool to identify the 

influence of climatic effects on population dynamics (Tedesco et al. 2004; Nunn et al. 2007). 

Over the past decade, research investigating the role of abiotic drivers, in particular stream-flow, in 

governing fish recruitment has risen dramatically in Australia (King et al. 2013), likely due largely to 

the increasing application of environmental flows in river restoration. Much of this work has focussed 

on species occupying lowland floodplain river systems (e.g. Balcombe et al. 2012; Zampatti and Leigh 

2013; Beesley et al. 2014; King et al. 2016), with less work on species and populations inhabiting 

headwater streams. One example of the latter is the Macquarie perch Macquaria australasica, which 

is a medium-sized (up to 465 mm Total length; Lintermans 2007), long-lived (up to 26 years; Tonkin et 

al. 2014) percichthyid fish, once widespread and abundant across the south-eastern reaches of the 

Murray–Darling Basin and several rivers of the eastern seaboard.   

Macquarie perch has undergone major declines in distribution and abundance, and is now listed as 

nationally endangered under the Environmental Protection and Biodiversity Conservation Act 1999 

(Commonwealth) and as threatened in the south-eastern state of Victoria under the Flora and Fauna 

Guarantee Act 1988 (Lintermans 2007; Tonkin et al. 2015). Despite its conservation status, a 

recreational fishery persists for Macquarie perch across several locations in Victoria (e.g. Hunt et al. 

2011), where populations are highly fragmented and span multiple catchments within its native range, 

occurring in isolated tributaries that contain remnant high quality habitat (Ingram et al. 2000; 

Lintermans 2007; DELWP unpublished data) (Goulburn, Broken, Mitta Mitta, Ovens, and Campaspe 

catchments). An additional population, in the mid-reaches of the Yarra River south of the Great 

Dividing Range, resulted from translocations of fish from the Mitta Mitta and Goulburn catchments 

from 1910 – 1940 (Cadwallader 1981). Recent monitoring of some of these populations suggests 

poor recruitment is associated with years of large flow events during the core spawning period (late 



 

  

spring and early summer; King et al. 2011; Kearns et al. 2012; Tonkin et al. 2014). Considering 

fertilised Macquarie perch eggs settle and develop in riffle areas (Cadwallader and Rogan 1977; 

Ingram et al. 2000), it is likely that eggs and perhaps larvae are prone to disturbance which inturn, is 

reflected in recruitment strength. Nevertheless, this hypothesis has not been tested across multiple 

years or systems.  

In this study, we describe recruitment dynamics of Macquarie perch across five isolated populations 

from south-eastern Australia and investigate these dynamics to drivers which fluctuate at local and 

regional scales. We hypothesise that large flow events during the breeding season (austral spring) 

disrupt the development of eggs and larvae, and hence reduce recruitment. Furthermore, because 

extremes in flow periods (e.g. droughts and wetter rainfall periods) tend to be associated with long-

term, large-scale climate cycles (e.g. la niña events; Verdon et al. 2004), we hypothesise that if such 

events do suppress recruitment, then recruitment patterns should vary synchronously among the 

isolated populations. In testing this hypothesis, we explicitly account for the size of the spawning 

population when considering the expected magnitude of recruitment. We then explore how our results 

may explain the current distribution patterns and risks to the species, and inform future management 

options such as the delivery of environmental flows and translocation actions.   

 

5.5 Methods 

Study sites and fish surveys 

We investigated the recruitment dynamics of Macquarie perch by using a collective assessment of 

multi-year surveys of five populations across Victoria (Figure 26;Table 6). The maximum linear 

distance between the furthermost study region, which lie within the south-eastern Australia region, is 

approximately 245 km (Yarra River to Lake Dartmouth). The Yarra River, is a coastal stream 

approximately 240 km in length, draining a catchment of approximately 3,766 km2 (DWR 1989). Boat- 

(Smith-Root® Model 5 GPP) and bank-(Smith-Root 7.5 Kva) mounted electrofishing surveys have 

been conducted at multiple sites between January –June during eight of the nine years from 2007 – 

2015. Whilst surveys were conducted at more than 40 sites over this time, juvenile Macquarie perch 

(< 150 mm TL) were recorded only at 14 sites. Thus, for the purposes of this study (i.e. assessing 
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recruitment), only these sites (8 – 14 sites per year) were used for our assessment. Electrofishing at 

each site was undertaken by using a standardised protocol developed for the Sustainable Rivers 

Audit (SRA; MDBC 2004). Briefly, at each site, 12 replicate (single-pass) 90 second electrofishing 

shots were conducted across all habitats within the river channel. Two of the fourteen sites were often 

sampled using Bank-mounted (Smith-Root 7.5 Kva) electrofishing using 10 x 150 second shots (SRA 

protocol) due to low flow periods.  

Lake Dartmouth impounds the Mitta Mitta River and is the largest freshwater impoundment in south-

eastern Australia’s Murray-Darling Basin. The Lake, primarily an irrigation storage, has a surface area 

of 6380 ha and stores almost 4 000 000 ML of water at full capacity (Gray et al. 2000). Whilst 

Macquarie perch are naturally a riverine fish, the species has maintained a population in this 

reservoir, likely due to them having access to suitable inflowing riverine habitat for spawning and 

rearing (Cadwallader 1981; Appleford et al. 1998). Annual netting surveys of the Lake were 

undertaken over a five day period between February and May from 2010 to 2015. Between six to ten 

gill nets and four to six fyke nets were set for one overnight period across three sites in each of three 

regions of the Lake. Whilst numerous unregulated tributaries flow into Lake Dartmouth, the largest, 

the Mitta Mitta River (average annual discharge of approximately 800 ML day -1 upstream of the Dam) 

is the primary spawning area used by Macquarie perch during their annual spring spawning migration 

out of the Lake (Douglas et al. 2002; Tonkin et al. 2010). Indeed, survey data have recorded early 

juvenile fish only in this region of the Lake, with fyke nets the primary method suited to the collection 

of juvenile fish (< 150 mm TL). Thus, as per the Yarra River, only data collected within this region 

(and method) of the Lake were used for our assessment of recruitment.  

King Parrot Creek, Hughes Creek and Sevens Creek are all unregulated tributaries of the Goulburn 

River located in north-eastern Victoria. Each has an annual average discharge of 40 – 60 ML day -1, 

draining a catchment of approximately 400 – 600 km2. Despite historical connectivity, anthropogenic 

alterations to flow (regulation and extraction), connectivity (dams and weirs), and land use 

(sedimentation) have resulted in highly fragmented habitats and subsequent isolation of Macquarie 

perch among the waterways (as reflected in recent genomic data; A. Pavlova, 2017). Annual surveys 

of King Parrot Creek were conducted between Feb – May from 2007 – 2015. Each year, between four 

and seven sites were sampled using a combination of 6 – 16 fyke nets and 1000 – 1200 seconds of 

backpack electrofishing (Smith-Root Model 12 or 20b). Backpack electrofishing surveys of Hughes 



 

  

Creek and Sevens Creek were conducted between January – May during six (Hughes; 5 – 12 sites) 

and five (Sevens; 12 – 24 sites) of the years between 2006 – 2015. Sampling of all sites in both 

Hughes Creek and Sevens Creek consisted of defined distances and / or electrofishing seconds 

fished (recorded at all sites). 

For each of the populations, all sampling was conducted during periods of relatively stable low flow 

conditions to minimise detection bias. All fish captured were weighed (to the nearest gram) and 

measured for total length (TL; nearest millimetre) before release. 

 

Analyses 

Recruitment strength was investigated by using annual counts of young-of-year (YOY; fish less than 1 

year of age). YOY fish were identified based on recently published length-age relationships for 

lacustrine (Dartmouth population) and riverine populations (all other populations; Tonkin et al. 2014; 

see supplementary material 1).  In brief, a standard non-linear regression model (Gompertz) of length 

Lx (mm) at age X (years) was constructed from known aged individuals to enable estimates of age 

from length data. Specifically: 

Gompertz:  
( )( )MXbe

x eLL
−−

=  

Where Lx is the length at age X, L∞ is the asymptotic length, b is the instantaneous growth rate, and 

M is the inflection point of the curve (years).  

Although the outputs of the growth models were primarily to distinguish YOY fish as a measure of 

recruitment, a secondary output was the identification of adult (mature) fish, defined as > 4 years of 

age (Appleford et al. 1998) to provide estimates of spawning stock abundance, which is also likely to 

influence recruitment strength (Nunn et al. 2007). 

For the purpose of examining annual fluctuations in recruitment among rivers, we pooled data from 

multiple sites within each river to create a time-series of abundance of YOY fish for each stream, 

standardised for survey effort (offset against the total number of nets or electrofishing seconds in a 

given year; see below).  We then compiled complementary time-series of (primarily) environmental 

data considered as likely candidates to explain recruitment variability (Table 7). Of particular interest 

was our hypothesis of a negative association between Macquarie perch recruitment strength and flow 
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magnitude and/or variability during the core period of egg and larval developmental (November – 

December; Tonkin et al. 2015). River (used as a factor in the model to account for localised drivers); 

Pre- and post- spawning flows (named accordingly); spawning season water temperature 

(SP_TEMP); spawning stock abundance (standardised count of mature fish; PS_ SSA) and river 

height (PS_RIV_HEIGHT) at the time of sampling (as a proxy for conditions which may influence 

sampling detection), were also variables considered in our suite of hypotheses (Table 7).     

Whilst there are several mechanistic drivers which may govern our flow dependent hypotheses (e.g. 

turbidity and change depth), egg and larval disturbance is most likely to be related to water velocity 

(and its change; e.g. Smith et al. 2005).  Unfortunately, site-specific data on this metric was not 

readily available. Nevertheless, for lower order streams, there is a strong correlation between velocity 

and the most common metric of hydrological gauging, discharge. Thus, we generated flow and 

temperature variables using daily discharge and temperature (if available) values from permanent 

gauging stations in close proximity to each of the sample sites (Yarra River at Templestowe; 

Dartmouth = Mitta Mitta River at Hinnomunji Bridge; King Parrot Creek at Flowerdale; Hughes Creek 

at Tarcombe Rd; Sevens Creek at Polly McQuinn weir). Unfortunately, continuous records of daily 

water temperature were unavailable for the King Parrot Creek, Hughes Creek and Sevens Creek. We 

did, however, have temperature data collected during several spawning seasons using an in-situ 

temperature logger in the King Parrot Creek. Simple linear models have been used successfully to 

model water temperature using air temperature and /or other independent variables (see Benyahya et 

al. 2007). As such, we used minimum daily air temperature, average daily flow, month and day of 

month in combination with our water temperature data in a linear model to predict average daily water 

temperatures during the core spawning season for the King Parrot Creek, Hughes Creek and Sevens 

Creek (see supplementary material 2 for model parameters).   

Generalised Linear Models (GLM’s), using a negative binomial distribution due to the non-normal 

distribution of YOY count data (and to address overdispersion associated with Poisson distributed 

models) were used to analyse the data. The total count of YOY in a given year was standardised 

(offset) by the total effort applied in the surveys of that year (number of nets or electrofishing seconds 

standardised for each system). We then fitted a suite of additive models using combinations (of low 

correlation values; Pearson’s correlation coefficient) of the aforementioned variables relating to our 

hypothesised drivers of Macquarie perch recruitment (Table 8).  The relative support for each model 



 

  

was assessed by using Akaike’s Information Criterion (AIC), corrected for small sample size (AICc) 

(Burnham and Anderson, 1998).  AICc values were rescaled as differences between each model and 

the model with the lowest AICc value. The final model was checked for over-dispersion and goodness 

of fit by using a χ2-test based on residual deviance and degrees of freedom. All models were fitted 

using the R statistical programming environment (R Development Core Team 2013), with all GLM’s 

constructed using the package MASS (Venables and Ripley 2002).  

 

 

Figure 26. Location of each of the five Macquarie perch populations used for the multi-
population analyses.  
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Table 6. Summary of the annual sampling protocol for each of the Macquarie perch 

population monitoring programs. 

 

Population (system) Date Site No. year-

1 
Methods 

Yarra River 2007, 2009 - 2015 8 - 14 Boat- and bank-mounted 
electrofishing; 12 x 90 sec shots 
site-1 

Lake Dartmouth 2010 - 2015 3 Fyke netting; 3 – 12 nets per site 

King Parrot Creek 2008 - 2015 4 - 7 Backpack electrofishing / Fyke net 
combination; Approx. 1000 sec. and 
10 nets site -1  

Hughes Creek 2007, 2011-2013, 
2015 

5 - 12 Backpack electrofishing; Approx. 
1000 sec. site -1 

Sevens Creek 2007-2009, 2011, 
2015 

12 - 24 Backpack electrofishing; Approx. 
1000 sec. site -1 * 

* Electrofishing seconds variable across sites and years. 

 
 



 

  

Table 7. Variables used to predict Macquarie perch recruitment strength using generalised linear models. Description and associated 
hypotheses of each also provided. Note: SP variables are those largely affecting the spawning period, PS are those largely affecting 
the post-spawning periods. 

 

 
 

Variable Description Hypothesis 

RIVER Study River Responses in recruitment strength will be dependent on the specific waterway 

SP_DIS_Nov-Dec Average daily discharge (November – December) 
High discharge during core egg and larval development period will decrease 
survival and therefore recruitment strength 

SP_TEMP Average daily water temperature (October-December) 
Higher water temperatures during core spawning and early development 
period will increase egg and larval survival and therefore recruitment strength 

SP_DAYS>100 
Number of days when discharge increases by more than 
100% from the previous day (November - December) 

Increased hydraulic variability during core egg and larval development period 
will decrease survival and therefore recruitment strength 

SP_DIS_Sep-Oct Average daily discharge (September – October) 
High discharge in early spring will enhance migration and/or spawning 
substrate (riffle) condition and therefore recruitment strength. 

PS_DIS_Dec-Mar Average daily discharge (December – March) Summer flows will influence habitat availability / survival of juveniles 

PS_SSA 
Spawning stock abundance calculated as the average 
annual abundance of mature fish (>4 years of age) 

Higher numbers of mature adults in system will increase overall reproductive 
output and subsequent recruitment strength 

PS_RIV_HEIGHT River height at time of sampling Higher river levels during sampling will decrease detection of juvenile fish 
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5.6 Results 

Environmental variables 

All of the study waterways exhibited highly correlated patterns in seasonal discharge across years 

(Pearson’s pairwise correlation coefficients of 0.704 – 0.998; Figure 27; Supplementary material 3). 

Specifically, the six year period from 2007 – 2012 was a period of highly variable annual discharges, with 

four years of extreme low and two years of very high flows respectively. These extremes were most 

pronounced in the smaller waterways as compared to the Yarra River and Mitta Mitta River (Figure 27). The 

following three years consisted of relatively average to low flows (2013 – 2015). Whilst all discharge 

variables displayed strong correlations between waterways, there was a general trend of strongest 

correlations between the three smallest waterways (and closest proximity) in the Goulburn catchment (see 

supplementary material 3 for details).  

Both temperature and flow variability during the spawning period exhibited more localised patterns, with 

higher variation between waterways. In 2011, mean daily water temperatures during the spawning period 

(Oct – Dec) were low across all waterways (< 15 ˚C). Other extremes in temperature during this period were 

most similar between the Goulburn systems and the Mitta Mitta River (Lake Dartmouth spawning Figure 27a; 

Supplementary material 3f). Our flow variability metric during the peak egg and larval period (days of 

discharge change > 100%) was similar between the Goulburn systems but not the other systems 

(Supplementary material 3e). All annual discharge values (excluding change in flow) within systems were 

strongly correlated (>0.75; Supplementary material 4). As such, only one discharge variable could be 

included in each of the model structures (see below). 

  



 

  

 

 

Figure 27. Mean daily discharge during November and December (solid line) and water temperature 
during October - December (dotted line) in (a) Yarra River; (b) King Parrot Creek; (c) Mitta Mitta River 
(Lake Dartmouth spawning tributary); (d) Hughes Creek and; (e) Sevens Creek, preceding annual fish 
surveys from 2007 – 2015.  

 

 

Recruitment dynamics 

Counts of Macquarie perch YOY recorded across rivers from 2007–2015 were in general, higher in the 2010 

and 2015 sample years (indicative of fish spawned the previous spring; Figure 28). Conversely, the 2011 and 

2012 survey years (those of highest discharge and low temperatures during the preceding spring spawning 

period) were years of low recruitment for all surveyed populations. Our selection procedure indicated that 

model 11 provided the best explanation of YOY abundance relative to other models (Table 8; Chi-Square 

goodness of fit test P = 0.615). The effects of discharge during November – December (SP_DIS_Nov-Dec); 

and spawning stock abundance (PS_SSA) were the covariates considered the most important in explaining 

variations in recruitment strength (Model 11). The parameter estimates and subsequent predictions of model 

11 indicated a significant negative relationship between YOY abundance and SP_DIS_Nov-Dec (Figure 29; 

p<0.001; GLM coefficient estimates of -1.525); and significant positive relationship between YOY abundance 

and spawning stock abundance (Figure 29; p<0.01; GLM coefficient estimates of 0.7133).  
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There was also some support for the more complex models (12 and 15) which included the addition of our 

measure of flow variability during November – December (SP_DAYS>100) and average daily water 

temperature during October – December (SP_TEMP). The effects of these covariates on YOY abundance 

were negative and positive respectively (GLM coefficient estimates of -0.017 and 0.243 respectively), but 

their effects were minor and not significant (both p>0.05). None of the best supported models included the 

Factor River, indicating the response to flows was similar across systems and suggests the effects of more 

local variables (not identified in the analyses) on recruitment dynamics were minor in comparison to 

discharge, which was highly correlated across the region. Our predictions of YOY abundance for each of the 

study rivers from 2007 – 2015 provides some support for spatial synchrony in recruitment strength, with a 

general trend of decreasing recruitment strength from 2007 – 2012, followed by an increase in recruitment 

strength in the 2013 – 2015 sample years (spawned in the previous spring; Figure 30). Unlike all other 

populations, the levels of recruitment in the Yarra population were somewhat dampened, having not yet 

approached (or exceeded) the levels predicted at the start of the sampling period in 2007 (Figure 30).  

  



 

  

 

Table 8. Results of the model selection procedure for 24 additive models comparing the 
effects of river, discharge, temperature, spawning stock abundance (SSA) and sampling 
condition variables on Macquarie perch Young-of-year (YOY)  abundance across five 
Victorian rivers between 2007 – 2015.  AIC Akaike’s Information Criterion (c, corrected for 
small sample size); ∆AICc, difference in AICc between this model and the model with the 
lowest AICc. 

 

Model no. Model AICc d.AICc Likelihood 

1 YOY ~  River  + SP_TEMP 237.564 20.083 0.000 

2 YOY ~  River + SP_DIS_Nov-Dec 223.021 5.540 0.030 

3 YOY ~  River + SP_DIS_Nov-Dec + SP_TEMP 226.081 8.600 0.006 

4 YOY ~  SP_TEMP 234.676 17.195 0.000 

5 YOY ~  SP_DIS_Nov-Dec 222.767 5.286 0.034 

6 YOY ~  SP_DIS_Nov-Dec + SP_TEMP 225.201 7.720 0.010 

7 YOY ~  PS_DIS_Dec-Mar 226.648 9.168 0.005 

8 YOY ~  SP_DIS_Sep-Oct 234.632 17.151 0.000 

9 YOY ~  SP_DAYS>100 236.930 19.450 0.000 

10 YOY ~  SP_DIS_Nov-Dec+ SP_DAYS>100 223.891 6.410 0.019 

11 YOY ~  SP_DIS_Nov-Dec + PS_SSA 217.481 0.000 0.473 

12 YOY ~  SP_DIS_Nov-Dec + SP_DAYS>100 + PS_SSA 220.073 2.592 0.129 

13 YOY ~  SP_DAYS>100 + PS_SSA+ PS_RIV_HEIGHT 234.039 16.559 0.000 

14 YOY ~  SP_DAYS>100 + PS_SSA 231.597 14.116 0.000 

15 YOY ~  SP_DIS_Nov-Dec + SP_TEMP + PS_SSA 218.437 0.957 0.293 

16 YOY ~  River + PS_DIS_Dec-Mar 227.185 9.704 0.003 

17 YOY ~  River + SP_DIS_Sep-Oct 234.288 16.807 0.000 

18 YOY ~  River + SP_DAYS>100 240.477 22.997 0.000 

19 YOY ~  River + SP_DIS_Nov-Dec+ SP_DAYS>100 224.864 7.384 0.011 

20 YOY ~  River + SP_DIS_Nov-Dec + PS_SSA 222.965 5.485 0.028 

21 
YOY ~  River + SP_DIS_Nov-Dec + SP_DAYS>100 + 
PS_SSA 

226.013 8.532 0.006 

22 YOY ~  River + SP_DAYS>100 + PS_SSA+ PS_RIV_HEIGHT 242.138 24.657 0.000 

23 YOY ~ River +  SP_DAYS>100 + PS_SSA 238.835 21.354 0.000 

24 YOY ~  River + SP_DIS_Nov-Dec + SP_TEMP + PS_SSA 225.560 8.079 0.007 
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Figure 28. Standardised annual counts (fish 1000-1 electrofishing seconds or net fleet) of young-of-
year (YOY) Macquarie perch captured across the five sample rivers during annual surveys from 2007 
– 2015. Standardised spawning stock abundance (x; no. fish estimated as > 4 years of age per site) 
also included for reference. ns = not sampled. 

 

 

 

Figure 29. The predicted young-of-year (YOY) abundance (±SE) of Macquarie perch in response to 
different levels of standardised mean daily discharge during November_December (SP_DIS_Nov-Dec 
where 1 = average discharge; x-axis) and; Spawning stock abundance (PS_SSA; left to right) under 
minimum (below average), average and maximum (above average);  values based on actual data 
range. Note differing scales of Y-axis. 

 

 



 

  

 

 

Figure 30. The mean annual predicted (±SE) count of young-of-year (YOY) Macquarie perch for the 
five study rivers over the sampling period (2007 – 2015). Annual predictions based on site specific 
annual discharge during November_December (SP_DIS_Nov-Dec) and spawning stock abundance 
values (PS_SSA). For years lacking spawning stock abundance data, values were generated using 
the midpoint of the sample year prior to and following (generated over a three year period for 
Sevens); or the first year value for waterways missing prior data (King Parrot and Dartmouth). 
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5.7 Discussion 

To our knowledge this study is the first to demonstrate a broad-scale correlation between regional-scale flow 

variability and localised recruitment dynamics of fish in south-eastern Australia.  It also provides a greater 

understanding of the spatiotemporal recruitment dynamics of an endangered riverine fish, demonstrating the 

role of a local scale biotic variable (spawning stock abundance), and an abiotic variable (discharge) which 

was highly correlated at a regional scale.  

Our multi-population analyses demonstrated poorer recruitment in years of higher discharge during the core 

egg and larval period (November – December). This finding is not in itself surprising; recruitment of 

freshwater fishes is known to be affected dramatically by episodic adverse physical or chemical conditions 

(Houde 1989; King et al. 2013). In particular, changes in water velocity and temperature have significant 

effects on the survival of eggs and larvae (Simonson and Swenson 1990; Mion et al. 1998; Paul 2012; 

Suedel et al. 2012). For fish species occupying lower order high-gradient streams, extreme high flows during 

critical reproductive periods has been demonstrated to negatively affect recruitment strength of numerous 

fish species (e.g. Freeman et al. 2001; Nicola et al. 2009). Specific mechanisms of how such flows reduce 

recruitment success could include nest or redd scour (e.g. Lucas and Orth 1995; Smith et al. 2005), siltation 

of egg incubation substrate (Milner et al. 2003), displacement of larvae (e.g. Simonson and Swenson 1990), 

loss of critical nursery habitat (Freeman et al. 2001), and high turbidity and velocity which decreases larval 

foraging success (Piccolo et al. 2008). Such mechanisms are theoretically relevant to the early life- history 

characteristics of Macquarie perch where fertilised eggs settle into riffle areas to ensure maximum aeration 

and minimise the risk of smothering by sediments (Cadwallader and Rogan 1977; Ingram et al. 2000).  

Including the abundance of spawning stock into the model significantly improved the ability to predict 

recruitment strength. Specifically, years of high spawning stock abundance translated to years of high 

recruitment, particularly when coinciding with favourable flow conditions. Nunn et al. (2007) pointed out that 

even if environmental conditions are ideal, recruitment strength will still be low if only a small number of 

adults are available for spawning. We suggest that drought conditions from 2007 to 2011 reduced adult 

population sizes in several of the smaller and more drought susceptible tributaries (especially Hughes and 

Sevens Creek systems), and that this translated into overall decreasing trend in recruitment at those sites 

even though per capita recruitment rates may have been relatively high. This is an example of the clear 

relationship between biotic interactions, population dynamics and abiotic components (Power et al. 1988; 

Jackson et al. 2001). Whilst the status of a population’s spawning stock is fundamental to understanding its 

dynamics (Wootton 1998), this factor is often overlooked in favour of considering only abiotic variables under 



 

  

the premise that they have the greatest effects on survival (e.g. Milner et al. 2003).  Our results reinforce this 

fundamental aspect of fisheries management, emphasising the need to account for this important biotic 

driver to gain a complete understanding of recruitment dynamics. This result also highlights the importance 

of conserving adult fish stocks, both through careful management of the recreational fishery and 

safeguarding against extreme events (e.g. adult translocation from the King Parrot Creek following bushfire 

sedimentation events; Kearns et al. 2012). 

Stream landscapes are highly variable in space as well as time, with a general pattern of increasing stability 

of fish populations down a watershed gradient (Matthews 1986) attributed to increased stability of stream 

flow (Taylor and Warren 2001). Whilst species-specific responses to abiotic drivers is likely to be similar 

across populations, the relative importance of the driver is likely to vary between waterbodies. Nunn et al. 

(2007) indicated that whilst temporal variation occurs because of inter-annual differences in river discharge 

relative to the timing of fish hatching (as per the findings of the current study), river discharge is likely to be of 

relatively greater importance in rivers which are prone to large and rapid fluctuations in flow.  

The rivers used in this study have variable patterns in discharge, with the larger Yarra River and Dartmouth 

system (Mitta Mitta River) displaying lower variation compared to the smaller Goulburn tributaries. 

Interestingly, to some degree this pattern was also mirrored in patterns of recruitment strength. For example, 

average daily discharge variability in King Parrot Creek during November-December (using data from 1961 – 

2015 inclusive) is more than twice that of the Mitta Mitta River (CV = 2.098 and 0.956, respectively). Smaller 

systems are also more likely to experience greater variability in adult fish abundance as a result of increased 

vulnerability to stochastic events such as extreme drought, flood and bushfire (Kearns et al. 2011; 

Lintermans 2013). It could therefore be expected that these remnant and now isolated populations of 

Macquarie perch exhibit less stable recruitment patterns, and a reduced resilience to environmental 

extremes, particularly those which are likely to be exacerbated by climate change (as predicted by Balcombe 

et al. 2011).  

Our investigation of recruitment patterns across five isolated populations of Macquarie perch also revealed 

some evidence of spatial synchrony. One explanation for this covariance is through the process of dispersal 

(e.g. Ranta et al. 1995), but this mechanism is highly unlikely given the isolation (resulting from human‐

induced flow, passage, and land use alterations) of our populations. We propose these observations are a 

result of the Moran effect (Moran 1953), whereby biotic (in this case recruitment strength) and abiotic (such 

as rainfall, flows and temperature) patterns co-vary across space (landscape and regional scales) and time 

(Rossi et al. 1992; Liebhold et al. 2004). Indeed, the recruitment dynamics of fish populations are often 
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predictable along environmental gradients (Tedesco et al. 2004; Nunn et al. 2007). For example, the 

correlation scale for recruitment of marine species is typically 500 km whereas for freshwater species, it has 

been reported to range from 50 to 400 km (Myers et al. 1997; 2015; Chevalier et al. 2015). Whilst we 

performed no formal analyses of the spatial scales of such patterns, our observations are consistent with 

such patterns, with the linear distance between our furthermost sites (Yarra River and Lake Dartmouth) 

being approximately 250 km. Our study has also demonstrated that when dispersal mechanisms can be 

dismissed (as was the case for the isolated populations used in this study), the Moran Effect is a useful 

theory to help identify the key regional scale drivers of population variation.  Given the extreme fluctuations in 

recruitment strength for this endangered species can be explained by large-scale factors (like regional scale 

fluctuations in flow), future management and conservation activities for the species will be made easier by 

integrating broad-scale climate forecasts particularly during extreme events such as extended droughts and 

flood.  

Other variables are also likely to influence recruitment dynamics of riverine fish like Macquarie perch, 

particularly at local scales. For example, despite a relatively weak statistical effect, both temperature and our 

flow change parameter (both more localised effects), had some support for inclusion in our model selection 

process. Specifically, temperature during the spawning period had a positive association with Macquarie 

perch recruitment, conforming to patterns reported in spawning activity in both lacustrine (Cadwallader and 

Rogan 1977; Tonkin et al. 2010) and riverine populations (Tonkin et al. 2014). Secondly, there was a weak 

negative association between recruitment strength and flow change (equating to rapid changes in velocity) 

during the core egg and larval period.  Other examples of localised drivers that influence Macquarie perch 

recruitment and / or populations include recreational harvest (e.g. Hunt et al. 2011); and major habitat 

alterations that prevent access to key spawning habitat (Broadhurst et al. 2013). 

Our findings have implications for efforts to conserve this threatened species. A first step in threatened 

species recovery actions is to define critical habitat requirements for the species, thus informing habitat 

management and site selection for actions such as translocation (Foin et al. 1998; Labbe and Fausch 2000). 

The results suggest conservation actions for Macquarie perch may be best targeted at maintaining or re-

establishing populations using hatchery reared fingerlings or translocations from wild populations (e.g. Todd 

and Lintermans 2015) into higher-order streams where hydraulic variation is lower, habitat characteristics are 

more stable and communities are able to persist for relatively longer periods of time (Jackson et al. 

2014).This differs from past stocking strategies for the species across Victoria, whereby fingerlings have 

been released into what were largely small low-order streams, with minimal success (Cadwallader 1981).  



 

  

Managing river flows, including the use of environmental water, is another intervention increasingly being 

used to restore native fish populations, and is currently in use in the Yarra River (for Macquarie perch and 

other species; Tonkin et al. 2015). Whilst the delivery of environmental flows during the reproductive period 

is used to stimulate the spawning of some native fish (e.g. King et al. 2016), our results suggest that 

managing water delivery to avoid great increases in discharge during the spawning period will provide the 

best outcomes for Macquarie perch recruitment. We propose that if environmental water is to be used to 

sustain or enhance Macquarie perch, it should be targeted at other time periods to enhance other important 

population processes such as growth, survival and condition of juvenile and/or adult fish (the importance of 

the latter being emphasised in the current study). The maintenance of summer base flows during drought 

periods, or improving growth and condition of adults are logical choices based on our finding of the 

importance of adult stock abundance as a driver of recruitment strength (see also Lintermans 2013b; Tonkin 

et al. 2014). 

This study has improved the understanding of the role of both regional-scale variation in river flows and more 

localised abundance of spawning stock in governing recruitment dynamics of the endangered Macquarie 

perch. The synchronised patterns in recruitment observed across the isolated populations in this study 

suggest the importance of large-scale climatic patterns as a driver of annual variation in recruitment. This 

could also apply to other long-lived freshwater species. Importantly, regional-scale population synchrony 

highlights the vulnerability of these otherwise isolated populations to simultaneous declines, increasing the 

risk of regional populations becoming imperiled (e.g. Chevalier et al. 2015). Thus, effective conservation of 

threatened freshwater fishes like Macquarie perch which have been reduced to small isolated populations 

will require a coordinated, multijurisdictional approach as is the case for many terrestrial species (Labbe and 

Fausch 2000). 
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Supplementary material 

Supplementary material 1. Length-at-age growth curves for Macquarie perch displaying the relationship 

between total length (mm) and estimated age (years) predicted by the Gompertz growth model for a 

lacustrine population (Black) and riverine populations (red) populations.  

 Length ~ b1 * exp(-b2 * exp(b3 * Age)) 

Where b1 =406.024; b2 = 2.00532; b3 = -0.4244 for lacustrine and; b1 =372.201; b2 = 1.83718; b3 = -

0.37764 for riverine. 
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Supplementary material 2. Linear regression model used to generate average daily water temperatures from 

October – December in the King Parrot Creek, Hughes Creek and Sevens Creek. 

lm(formula = Temp ~ Month * day2 + minT + log(Flow + 1) - 1, data = Flow.data) 

Where temp = average daily water temperature; Month = October, November or December; day2 = day of 

month; minT = minimum daily air temperature and; Flow1 = standardised daily discharge. Model parameter 

and summary output below: 

 
Estimate Std. Error t value Pr(>|t|) 

MonthDecember 19.780 0.574 34.461 0.000 

MonthNovember 14.517 0.508 28.604 0.000 

MonthOctober 10.880 0.516 21.08 0.000 

day2 -0.114 0.022 -5.073 0.000 

minT 0.056 0.032 1.732 0.085 

log(Flow1 + 1) -3.881 0.174 -22.316 0.000 

MonthNovember:day2 0.213 0.033 6.555 0.000 

MonthOctober:day2 0.279 0.035 8.001 0.000 

 

Residual standard error: 1.559 on 169 degrees of freedom 

Multiple R-squared:  0.9929; Adjusted R-squared:  0.9925  

F-statistic:  2947 on 8 and 169 DF, p-value: < 2.2e-16   



 

  

Supplementary material 3. Pairwise correlation coefficients (Pearson’s) between each study system 

calculated for all flow and temperature variables used in the recruitment modelling. Specifically (a) average 

daily discharge November – December; (b) average daily discharge September – October; (c) average daily 

discharge Dec – March; (d) No. days flow change > 100% Nov – Dec; (e) average daily water temperature 

Oct – Dec. 

(a) Nov-Dec Discharge 
 

Yarra King Parrot Dartmouth Hughes Sevens 

Yarra 1 
    

King Parrot 0.940 1 
   

Dartmouth 0.737 0.892 1 
  

Hughes 0.704 0.869 0.870 1 
 

Sevens 0.777 0.917 0.899 0.993 1 

(b) Sep-Oct Discharge 
 

Yarra King Parrot Dartmouth Hughes Sevens 

Yarra 1 
    

King Parrot 0.845 1 
   

Dartmouth 0.777 0.837 1 
  

Hughes 0.571 0.856 0.793 1 
 

Sevens 0.748 0.960 0.833 0.956 1 

(c) Sum Discharge 
 

Yarra King Parrot Dartmouth Hughes Sevens 

Yarra 1 
    

King Parrot 0.984 1 
   

Dartmouth 0.909 0.887 1 
  

Hughes 0.976 0.994 0.870 1 
 

Sevens 0.990 0.998 0.893 0.995 1 

(e) Nov-Dec flow change days 
   

 
Yarra King Parrot Dartmouth Hughes Sevens 

Yarra 1 
    

King Parrot 0.381 1 
   

Dartmouth 0.261 0.563 1 
  

Hughes 0.302 0.887 0.569 1 
 

Sevens 0.387 0.795 0.493 0.872 1 

(f) Oct-Dec Temperature 
 

Yarra King Parrot Dartmouth Hughes Sevens 
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Yarra 1 
    

King Parrot -0.199 1 
   

Dartmouth 0.190 0.747 1 
  

Hughes 0.334 0.707 0.851 1 
 

Sevens 0.197 0.841 0.890 0.975 1 

 
 
Supplementary material 4. Pairwise correlation coefficients (Pearson’s) between standardised flow and 
temperature variables used in the recruitment modelling.  

 
  SO_flow SP_DIS_Nov-

Dec 
SP_TEMP SP_DAYS>100 PS_DIS_Dec-Mar 

SP_DIS_Sep-Oct 1 
    

SP_DIS_Nov-Dec 0.823 1 
   

SP_TEMP -0.369 -0.399 1 
  

SP_DAYS>100 0.034 0.143 -0.160 1 
 

PS_DIS_Dec-Mar 0.753 0.920 -0.432 0.179 1 

 

 

 

  



 

  

6 The dynamics of riverine Macquarie perch populations 

6.1 Introduction to Chapter 6 

Riverine fish populations can be particularly susceptible to episodic disturbances such as droughts, therefore 

assessing the recovery of populations following these events provides important information to help guide 

species management. Chapters 2 to6 found Macquarie perch are long-lived, spawn and recruit every year, 

with recruitment strength being dependent on adult spawning stock abundance, riverine conditions during 

spawning and the system productivity. This final data chapter looked in more detail at the temporal dynamics 

across five riverine Macquarie perch populations (most investigated in Chapter 5) through space and time, 

with a focus on assessing trends in the final years and those following the millennium drought (Murphy and 

Timbal 2008). Given my findings which identified and quantified drivers of key population processes (and 

dynamics of a lacustrine population; Chapters 2 to 6), I expected riverine populations to increase in years 

following the drought, providing adults stocks were maintained and riverine conditions during November and 

December were relatively stable. The specific themes explored in this chapter focus on how extrinsic factors 

such as river flows and temperature influence the key processes of recruitment (to ages beyond young-of-

year) and mortality and subsequent population dynamics (Figure 31). 

 

6.2 Statement of contribution to co-authored published paper 

The themes explored in this chapter have been developed as a co-authored paper recently submitted to 

Endangered Species Research. The bibliographic details of the co-authored paper, including all authors, are: 

 

Chapter 6: Tonkin, Z., Sharley, J., Fanson, B., Raymond, S., Ayres, R., Lyon, J., Balcombe, S.R. and Bond, 

N. (Submitted). Climate variability regulates population dynamics of a threatened freshwater fish. 

Endangered Species Research 

 

My contribution to the paper involved: 
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“I conceived this research with all coauthors, collected field data with JS, RA and SR, collated and performed 

the data analysis with JS and BF; and wrote the manuscript. All authors contributed guidance and revisions 

on the final manuscript”. 
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Figure 31. Conceptual understanding of key processes governing population dynamics of Macquarie 
perch (green); the sub-processes governing recruitment (pink); and some of the major intrinsic and 
extrinsic factors which can influence each (white).  Themes directly and indirectly explored in 
Chapter 6 highlighted in red text. 
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6.3 Abstract 

Most predictions for the future climate in temperate ecosystems show longer periods of drought followed by 

larger precipitation events. These changes in flow regimes can strongly affect riverine fish populations; 

therefore, assessing the recovery of populations following these episodic events provides important 

information to help guide species management into the future. This study investigates the dynamics of five 

spatially distinct riverine populations of the nationally endangered Macquarie perch Macquaria australasica in 

south eastern Australia from 2007 – 2018; a period that included the tail end of a decadal long drought 

followed by extreme fluctuations in river flow.  Modelling catch rates and size trends, we found four of the five 

populations underwent a slow recovery, which was not detectable for several years. The largest increases in 

population size were driven by the survival of new recruits. We found evidence of synchrony in dynamics 

across populations, related to annual extremes in river flow which negatively influenced population 

trajectories. The one population which did not follow this trend occurred in the largest waterway and was 

subject to legal recreational fishing, suggesting the magnitude of impacts of disturbance on populations 

occupying larger systems are reduced or that recreational fishing hinders recovery rates following episodic 

disturbance events such as drought.  We found that forecasting and management of long-lived freshwater 

fish must incorporate multi-year planning to include factors such as the maintenance of refuges, connectivity 

and increased protection of reproductively mature fish to aid population recovery.  

 

6.4 Introduction 

Episodic climatic events which extend across large regions can have profound effects, both positive and 

negative, on ecosystems and their populations (Labbe and Fausch 2000, Vincenzi et al. 2016). The impacts 

of these events may be exacerbated where there is human-mediated habitat alteration (Bond and Lake 

2003, Driver and Hoeinghaus 2016).  The frequency and severity of such events are also predicted to 

increase due to climate change (e.g. Beniston et al. 2007, Balcombe et al. 2011, White et al. 2016). As such, 

the recovery of populations following such events need investigation to inform management strategies 

(Likens et al. 2009, Baumgartner et al. 2017). 

Riverine fishes represent some of the most threatened taxa on the planet, due to one or a combination of 

anthropogenic threats including habitat degradation, altered hydrology, migration barriers, fisheries 

exploitation, introduction of invasive species and climate change (Cooke et al. 2012). Riverine fish 



 

  

populations can also be strongly influenced by episodic events such as extreme droughts and flood, by 

modifying important habitat or influencing survival of early life stages (e.g. Magoulick and Kobza 2003, 

Bêche et al. 2009). The life history of many riverine fish are evolutionarily adapted to a systems flow regime, 

resulting in strong links between specific flow attributes and population processes (vital rates; Wootton 1998, 

Milner et al. 2003, Harris et al. 2013). These links range from the most basic requirement of fishes, that is, 

water of adequate quantity and quality for survival (e.g. Bradford and Heinonen 2008, Bêche et al. 2009), 

through to more complex interactions between flow variability and habitat, and subsequent links to individual 

growth (Junk et al. 1989, Tonkin et al. 2017a), migration (Koster et al. 2017) and spawning rates (Dudley and 

Platania 2007, King et al. 2016).  

For many Australian riverine fish species, knowledge of the links between aspects of river flows and some of 

the vital rates governing populations has improved markedly over the last decade, thereby improving 

planning and implementation of restoration actions (Koehn et al. 2014, King et al. 2016, Koster et al. 2017). 

Despite this improved knowledge, understanding of population changes remain less advanced (except see 

Zampatti and Leigh 2013, Tonkin et al. 2014). This is particularly the case for long-lived, late-maturing and 

dispersal limited (K-selected) species, which require data collected over long time periods and ideally, for 

multiple populations given the gradual rates of population change (Huchings et al. 2012, Vincenzi et al. 

2016). As a result, the development of suitable management strategies for population outcomes for such 

species remains challenging. 

For the nationally endangered Macquarie perch Macquaria australasica (Environmental Protection and 

Biodiversity Conservation Act 1999), their management is guided by data on a range of factors, including 

information on growth (Appleford et al. 1998, Tonkin et al. 2014), movement and home range (Ryan et al. 

2013, Thiem et al. 2013, Koster et al. 2014), spawning (Cadwallader and Rogan 1977, Tonkin et al. 2016), 

and recruitment (Tonkin et al. 2017b). A collective assessment of some of these processes was used to 

explore the recovery by a lacustrine population of Macquarie perch to a period of lake refilling in the wake of 

the “millennium” drought (Tonkin et al. 2014), which persisted from 1997 to 2010 and was associated with 

record low streamflows in south eastern Australia (Murphy and Timbal 2008). Unfortunately, information on 

survivorship of Macquarie perch recruits and subsequent population dynamics during the same post-drought 

period for remnant riverine populations across the species range remain limited.  

This study investigated the population dynamics of five riverine Macquarie perch populations in south 

eastern Australia from 2007 – 2018, a period which encompassed extreme fluctuations in river flows at both 

landscape (during drought) and local scales. During this period Macquarie perch were shown to have 



137 
 

undergone varying levels of recruitment to young-of-year (YOY, Tonkin et al. 2017b); however, whether 

these fish survived beyond this age to influence overall population growth and facilitate recovery in the wake 

of the aforementioned drought conditions was unknown. Using data on relative abundance and size structure 

we tested the following hypotheses: (i) Macquarie perch populations will show a general increasing trend in 

abundance following drought, with this response not occurring for several years due to the K-selected nature 

of the species; (ii) the largest increases in abundance will be driven by new recruits into the population; 

however, increased survival of existing cohorts or immigration into the sampled population will also influence 

dynamics; (iii) annual patterns in river flows will influence the magnitude of any such change due to its 

influence on recruitment dynamics (e.g. Tonkin et al. 2017b); and, (iv) patterns in dynamics among the 

geographically isolated populations will show some degree of synchrony given the landscape scale influence 

of climate cycles (e.g. la niña events; Verdon et al. 2004) in governing the drivers and vital rates of 

populations (e.g. Koenig 2002, Tonkin et al. 2017b). Our results provide guidance for future management of 

this and other long-lived threatened freshwater fish species. 

6.5 Methods 

Study species 

Macquarie perch Macquaria australasica are a medium-sized (up to 465 mm total length; Lintermans 2007), 

long-lived (up to 30 years; Tonkin et al. 2018) percichthyid fish, once widespread and abundant across the 

south-eastern reaches of the Murray–Darling Basin and several rivers of the eastern seaboard (Cadwallader 

1981). The species is gonochoristic and iteroparous, with both sexes reaching full maturation at 3+ years of 

age, being age- rather than size- dependent (Appleford et al. 1998), although some males have been 

reported to mature as young as ages 1+ (Appleford et al. 1998, Douglas 2002). Growth and size at maturity 

of Macquarie perch vary within and across habitat types, with system productivity proposed to be a likely 

driver (Appleford et al. 1998, Tonkin et al. 2014). Spawning of mature fish occurs annually, between October 

and December (Cadwallader and Rogan 1977, Appleford et al. 1998, Tonkin et al. 2016). Recruitment to 

young-of-year (YOY) is variable, being dependent on the abundance of mature fish and episodic high flow 

events during the spawning period, the latter being associated with poor survival of eggs and larvae (Tonkin 

et al. 2017b). 

   

Study sites and survey methods 



 

  

We explored the temporal patterns of Macquarie perch abundance and size structure between 2007 and 

2018 across five waterways in south eastern Australia (Figure 32). These populations have been routinely 

monitored over the last ten years. Each waterway received record low inflow during the millennium drought 

(Murphy and Timbal 2008). 

King Parrot, Hughes, Hollands and Seven creeks are unregulated tributaries of the Goulburn or Broken 

rivers. Each has an annual average discharge of 40 – 60 ML day-1, draining a catchment of approximately 

400 - 600 km2. Anthropogenic alterations to hydrology (regulation and extraction), connectivity (dams and 

weirs), and land-use (sedimentation) have resulted in highly fragmented habitats which have effectively 

isolated Macquarie perch among the waterways (as reflected in recent genomic data, Pavlova et al. 2017). 

Annual fish surveys of the King Parrot and Hollands creeks were conducted between February and May from 

2007 – 2018. Each year, between five and seven sites were sampled in the King Parrot Creek using 1000 – 

1200 seconds of backpack electrofishing (Smith-Root® Model 12 or 20b; Table 9). In Hollands Creek, eight 

sites were surveyed each year using 1200 seconds of backpack electrofishing (Smith-Root® Model 12 or 

20b). Backpack electrofishing surveys of Hughes and Seven creeks were conducted between January and 

May during eight (Hughes, 5 – 12 sites) and ten (Seven, 10 – 12 sites) of the years between 2006 and 2018. 

All fish captured were weighed (to the nearest gram) and measured for total length (TL, nearest millimetre) 

before release.   

Unlike the other systems surveyed, the Yarra River is a coastal stream approximately 240 km in length, 

draining a catchment of approximately 3,766 km2 (DWR 1989). Boat- (Smith-Root® Model 5 GPP) and 

bank-(Smith-Root 7.5 Kva) mounted electrofishing surveys have been conducted at multiple sites between 

January and June during ten of the twelve years from 2007 – 2018 (Table 9). Electrofishing at each site was 

undertaken by using a standardised protocol developed for the Sustainable Rivers Audit (SRA; Murray 

Darling Basin Commission 2004). Briefly, at each site, 12 replicate (single-pass) 90 second electrofishing 

shots were conducted across all habitats within the river channel. Two of the sites were often sampled using 

bank-mounted (Smith-Root 7.5 Kva) electrofishing using 10 x 150 second shots (SRA protocol) due to low 

flow periods. 
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Figure 32. Location of the five waterways in Victoria, Australia subject to population monitoring of 
Macquarie perch.  

 

Data and site covariates 

As data were collated from various projects, data filtering processes were performed to control for 

potential sources of variation. First, to help control variation due to varying sampling efforts, total 

sampling time was calculated for each event (i.e. the total time that electrical current was applied 

for electrofishing). Second, most sites had annual visits around the same month, though it could 

vary by several weeks from one year to the next. Therefore, a single annual sampling event per 

site was retained that was closest temporally to the median sampling month for that river (Table 

1). This protocol helped control for seasonal sources of variation (e.g. temperature, annual 

population cycles). Third, only sites that had at least four sampling events were included in the 

analyses. King Parrot Creek, Seven Creeks and Yarra River had several sites that had only one or 



 

  

two sampling events in some years that were removed. This grouping helped control for spatial 

variation. 

Daily discharge (ML day-1) data were available for all rivers and the mid-reach of Seven Creeks. As 

flow discharge are not comparable across waterways, flow data were standardised within each 

stream by dividing flow data by the median flow across all years. Thus, standardised flow data less 

than one indicates below median flow and vice versa for values above one. As sampling events 

occurred roughly annually, three flow metrics were developed to summarise the flow data 

between sampling events (or within the last 365 days of the sampling date if the sampling time 

gap is more than 365 days); low, median, and high flow were defined as the 10%, 50% and 90% 

percentile for the last 365 days, with these flow variables positively correlated (Figure 33). 

Table 9: Summary of sampling events for each river used in the analysis including: the 
number of sites using electrofishing; the number of distinct years sampled, the median 
month of the sampling event. 

 

River Gear 
Number of 

sites 
Number of sampling 

years 
Year 
range 

Median 
month 

Hollands Creek electrofishing 8 11 2008-
2018 

Jan 

Hughes Creek electrofishing 7 10 2006-
2018 

Mar 

King Parrot 
Creek 

electrofishing 5 9 2008-
2018 

Apr 

Seven Creeks electrofishing 10 10 2007-
2018 

Mar 

Yarra River electrofishing 5 10 2007-
2018 

Mar 

 

Daily discharge (ML day-1) data were available for all rivers and the mid-reach of the Seven Creeks. For sites 

in the lower reach of Seven Creeks, discharge data were not available, but flow height data were available 

from May 2013. To estimate flow conditions for the lower reach prior to May 2013, the relationship between 

flow height for the lower and middle reaches was modelled and used to predict flow height prior to May 2013 

(R2 = 0.98). Flow height was then used as the flow data for the whole Seven Creeks. 
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As flow discharge (or height) are not comparable across waterways, flow data were standardised within each 

stream by dividing flow data by the median flow across all years. Thus, standardised flow data below one 

indicates below median flow and vice versa for values above one. As sampling events occurred roughly 

annually, several flow metrics were developed to summarise the flow data between sampling events (or 

within the last 365 days of the sampling date if the sampling time gap is more than 365 days). Low, median, 

and high flow were defined as the 10%, 50% and 90% percentile for the last 365 days, with these flow 

variables positively correlated (Figure 33).  

 

Analysis 

The population model was used to assess the dynamics of relative abundance of Macquarie perch > 1 year 

(age 1+). Specifically, fish were assigned an estimated age using the published length-age relationships for 

riverine populations (Tonkin et al. 2017b) and excluded from further analysis if estimated to be < 1 year of 

age (YOY recruits). All catches across all sites from a river were then summed together and the catch per 

hour of sampling effort (CPUE) calculated. A state-space model was subsequently built to assess population 

trends over time across the five waterways (Kéry and Schaub 2012). Using a state-space model allowed us 

to model both process and observation error variances. Ignoring process error has been shown to bias 

model selection such that covariates are often incorrectly selected (Maunder and Watters 2003). 

Furthermore, state-space population models provide a more mechanistic process than other methods such 

as generalised additive models which have been commonly used to analyse population count trends but rely 

on relatively arbitrary smoothing and do not partition process error from observation error. Loglinear models 

have also been extensively used to estimate changes between time periods but these do not link temporal 

steps nor handle missing abundance estimates. 

For the state-process model, we used the log population growth equation: 

𝑙𝑜𝑔(𝑁𝑡+1) = 𝑙𝑜𝑔(𝑁𝑡) + 𝑟𝑡   where  𝑟𝑡 ∼ 𝑁𝑜𝑟𝑚𝑎𝑙(𝑟, 𝜎𝑟
2). 

 𝑟𝑡  is the stochastic population growth rate. As 𝑟 likely differs by river, we allowed each river to have its own 

average growth rate. We also tested for the effect of flow covariates on average growth rate. Due to strong 

correlations between metrics (0.7 to 0.9), we developed four models: 1) no flow variables; 2) low flow; 3) 

median flow; and 4) high flow. Since the effect of flow is likely nonlinear, we included a quadratic relationship 

between the flow metric and growth rate. The flow metrics adjusted so that they were for the time between t 

and t+1. The growth rate equation for the high flow variable was the following:  



 

  

 𝑟𝑟𝑖𝑣𝑒𝑟 = 𝜇𝑟𝑖𝑣𝑒𝑟 + 𝐹𝑙𝑜𝑤𝐻𝑖𝑔ℎ ∗ 𝛽1,𝑟𝑖𝑣𝑒𝑟 + 𝐹𝑙𝑜𝑤𝐻𝑖𝑔ℎ2 ∗ 𝛽2,𝑟𝑖𝑣𝑒𝑟 .  

For the observation model, we assumed that log-normal stochastic model: 𝑦𝑡,𝑟𝑖𝑣𝑒𝑟 ∼

𝑁𝑜𝑟𝑚𝑎𝑙(𝑙𝑜𝑔(𝑁𝑡,𝑟𝑖𝑣𝑒𝑟), 𝜎𝑦
2). 

The model was solved by MCMC using R2jags (Su and Yajima 2015). Uniform priors were used for all 

variance variables and non-informative normal priors for covariate variables. All models were checked for 

convergence using graphical analyses and Gelman-Rubin measure of convergence. Posterior predictive 

checks were performed to assess model fit by comparing the discrepancy in the observed data with 

simulated data. Models were compared using deviance information criterion (DIC). Significant variables were 

defined as the highest posterior density not overlapping with zero. 

The model performed here was a single age-structure model and focuses on just population growth for this 

one age group (fish ≥ age 1). Thus, population growth reflects both recruitment (both birth and migration) and 

survival. Thus, increasing population size could be due to increased recruitment and/or increased survival 

(assuming some recruitment). Breaking apart these processes would require a multiple age-structure model 

to allow for recruitment, different survival rates for each age. Whilst advances have been made in using 

stage-structured models with unmarked populations (Zipkin 2014), it is essential to get estimates of detection 

probabilities for each stage (e.g. age) as survival estimates become confounded with varying detection rates 

across stages. Given the threatened status of the species, we refrained from collecting annual age structure 

data which required sacrificing many fish (to collect otolith samples).  Instead, temporal patterns in fish length 

were modelled to enable an exploration of annual changes in population size structure in relation to any 

change in relative abundance (CPUE). This provides some indication of the contribution of juvenile fish 

recruiting into the population versus survival or immigration of existing larger fish in or into the sampled 

population. For example, a large increase in population size accompanied by a reduction in mean fish length 

within the lower size range reflects recruitment of YOY fish into the population (fish > 1 year of age). 

Conversely, an increase in population size but with no reduction in the lower size range is more likely to 

reflect no change in recruitment rates but rather an increase in survival of fish already accounted for in the 

population, or immigration of fish into the sample sites. To do this, a quantile regression analysis was 

performed to model the 20%, 50%, and 80% percentile lengths for fish estimated to be ≥ 1 year of age 

(based on Tonkin et al. 2017b). The quantile regression was performed using a Bayesian framework with the 

brms package (Bürkner 2017). For each river, we built a model in which year-by-river was the categorical 

variable and length was the response variable. We assumed an asymmetric Laplace distribution and 

modelled the 20%, 50%, and 80% percentiles. Default non-informative priors were used. Convergence 
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metrics and posterior predictive checks were assessed. All analyses were performed using R v3.3 (R Core 

Team 2017). 

 

6.6 Results 

Environmental variables 

The study waterways exhibited similar patterns in annual discharge through time, particularly the creeks of 

the Goulburn-Broken catchments (Figure 33). All displayed a general trend of low annual flows from 2007 – 

2010, followed by two years of high flows. The years 2013 – 2016 and 2018 exhibited average to low flows; 

2017 was another period of high flows. Nevertheless, the smaller waterways of the Goulburn-Broken 

catchments exhibited more extreme flow variability, including several cease-to-flow periods for some 

systems (e.g. Seven Creeks in 2016).  

 



 

  

 
Figure 33. Temporal plot for each flow metric for each waterway. Different line colours indicate a 
different flow metric. Flow_min, flow_med, and flow_max are 10%, 50%, and 90% percentile for 
standardised flows for the previous 12 months. Flow metrics have been transformed by a log(x+0.01) 
transformation. Note that each metric is on a different scale. 
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Temporal trends in Macquarie perch abundance  

Macquarie perch abundance varied between and within the waterways though time: N=328 for the Hollands 

Creek, N=491 for the Hughes Creek, N=244 for the King Parrot Creek, N=958 for the Seven Creeks, and 

N=278 for the Yarra River. Overall, there was no best model as the model without flow covariates fit similarly 

to the model with the maximum flow model (ΔDIC < 1). The temporal patterns in CPUE were very similar 

between the models. For both models, all rivers except the Yarra River showed a similar pattern in CPUE. 

Specifically, fish abundance was low (and stable or reducing trend) from 2007 – 2011; followed by overall 

positive growth rates in the period from 2013 – 2018 (Figure 34,Figure 35). After a similar decline from 2007 

– 2011, the Yarra River showed a steady CPUE across the years (growth rate = -0.07 (95% CI -0.4, 0.27)). 

The magnitude, and in some cases, direction of annual changes in CPUE within the 2012 – 2018 period 

were variable between waterways and years. Most notably, Hughes Creek, King Parrot Creek and Hollands 

Creek all underwent steep reductions in CPUE in 2017 (Figure 34), although estimates remained well above 

the levels recorded in the 2007 – 2011 period.   

For the maximum flow model, the maximum flow variable, fitted as a quadratic term, was significant for two 

rivers (Hughes Creek and King Parrot Creek, Figure 36). For these rivers, population growth rates were 

lower during extreme low (e.g. 2007 – 2010) and extreme high flow years (2011, 2012, 2017, Figure 37). 

Hollands Creek showed a similar pattern, whilst the Yarra River and Seven Creeks showed a slight positive 

association between population growth and maximum flows (albeit non-significant).  

  



 

  

 

  

Figure 34. Population trends for each river for Macquarie perch. Shaded area shows the 95%CI for 
the predicted CPUE. Blue line shows maximum flow pattern. For reference in interpreting potential 
recruitment into the population, the CPUE of Young-of-year recruits is shown as circles on the x-axis 
(with larger circles indicating higher CPUE). 
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Figure 35. Predicted yearly population growth rates (log-scale) for Macquarie perch for each river 
over time.  Only growth rates for sampled years are shown Error bars are 95%CI. 

 

 

Figure 36. Estimates for maximum flow (linear and quadratic) for each river. Estimates are shown 
with 95%CI. 

 

 



 

  

 

Figure 37. Relationship between population growth rate and standardised maximum daily flow (ML 
day -1 transformed by a log(x+0.01) to allow comparison across systems). Estimates are shown with 
95% CI. 

 

Temporal trends in Macquarie perch size structure 

Like trends in abundance, temporal patterns in fish length showed some similarities across waterways 

(Figure 38). In general, the fish lengths in each of the size groups slightly increased from 2011 – 2013, after 

which time fish lengths reduced for each of the size groups, particularly the lower 20th percentile (Figure 38, 

Supplementary material 1). This pattern when viewed in association with regular occurrence of YOY recruits 

after 2013 (Figure 34, Figure 38) reflects increased recruitment of juvenile fish into the population after 2013 

being the main driver of the general increasing trends in fish abundance.  

For some waterways and years, pattern between fish size and changes in abundance did not fit this general 

pattern. In 2013, Hollands Creek showed a large increase in fish abundance, however this was not mirrored 

by any change in fish size within in the smaller size group, but instead, by a large increase in both the 50th 

and 80th percentile size groups. This likely reflects increased survival of fish and immigration into the sample 

sites (given the low catch of fish in the upper size classes the previous year).  

In 2017, several rivers were subject to a decrease in population size (Figure 3), however the trends in size 

structure were not consistent across these rivers (Figure 38). For both Hollands Creek and Hughes Creek, 

there was an increasing trend in all three size classes during this time coupled with a low (or absence) 
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number of YOY recruits in both systems the previous year. Conversely, King Parrot Creek, which also 

underwent a large decline in CPUE in 2017 (also in 2016 and 2018), showed relatively stable patterns in the 

lower size class of fish and a large number of YOY recruits captured each year from 2013 – 2017.  

For Seven Creeks, there were large decreases in fish lengths for all three size classes during 2016 and 

2017, also coupled with high numbers of YOY recruits the preceding years (Figure 38). This increase in 

juvenile fish was not, however, reflected in CPUE trends which were stable during this time (Figure 34). 

Similarly, the Yarra River also showed large reductions in fish lengths for each of the size groups from 2015 

– 2017, yet, CPUE remained relatively stable. 

 

 

Figure 38. Temporal patterns in Macquarie perch length for each river. Different coloured lines show 
different percentile groups. Shaded area shows the 95% CI for each percentile. Open circles indicate 
data used in the analysis (x indicate YOY recruits). 

  



 

  

6.7 Discussion 

Knowledge of the drivers, pathways and rates of population change form a crucial component of species 

management (e.g. Vincenzi et al. 2016). Our study has documented the dynamics of five isolated 

populations of an imperilled riverine fish species. We collected data over a decadal period across a number 

of geographically isolated sites that encompassed extreme fluctuations in river flows at both landscape and 

local scales.  Hence, we were able to explore the likely pathways, direction and rates of such trends, thus 

allowing us to uncover evidence of climate-driven synchrony across a broad spatial scale.  

Macquarie perch Macquaria australasica populations in all waterways, except the Yarra River, showed 

similar trends in their dynamics. As hypothesised, the abundance of Macquarie perch showed an increasing 

trend in the years following the millennium drought, with population increases in most waterways not evident 

until two to three years after drought conditions had subsided. Considering our abundance estimates 

included fish ≥ 1 year of age, the recovery rates of adult fish, which reach full maturation at 3+ years 

(Appleford et al. 1998), is likely to extend well beyond this time frame with such gradual rates of recovery 

adhering to K-selected nature of the species (Hutchings et al. 2012, Whiterod et al. 2018). Of course, the 

true extent of the impacts of the drought, and subsequent progress towards recovery remain unknown, which 

unfortunately, requires population data which precede any impacts by the disturbance (e.g. Detenbeck et al. 

1992).  

Patterns in fish lengths indicated the survival of YOY recruits (identified in Tonkin et al. 2017) was the key 

vital rate contributing to the largest increases in Macquarie perch abundance, occurring two to three years 

post-drought. Furthermore, the trajectory and rate of recovery was similar for four of the five isolated 

populations and comparable to that shown for a lacustrine population of Macquarie perch over the same time 

period (Tonkin et al. 2014). These results give support for environmental synchrony (also known as the 

Moran effect; Moran 1953, Koenig 2002), which predicts biotic (in this case recruitment and population 

dynamics) and abiotic (such as rainfall, flows and temperature) values co-vary across the landscape (Rossi 

et al. 1992, Liebhold et al. 2004). Such synchrony can be useful for managers to identify the regional-scale 

drivers of population variation of other freshwater species (e.g. Cattanéo et al. 2003, Tedasco et al. 2004, 

Bunnell et al. 2010). Regional-scale population synchrony is also likely to increase the vulnerability of 

isolated populations to simultaneous declines, therefore increasing the risk of regional populations becoming 

imperilled (e.g. Chevalier et al. 2015). 
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The recovery pathway of populations following disturbance occurs through one or a combination of 

reproduction of surviving individuals or recolonisation (Bêche et al. 2009, Oliver et al. 2013). Given the 

isolated nature of the populations in the current study, the critical attribute to the recovery of Macquarie perch 

in each waterway was the local availability of refuges for the survival of fish throughout this period. Such 

refugia allowed population persistence in these disturbed environments, particularly where the waterways 

became disconnected leaving fish vulnerable to a multitude of stressors (Lake 2003, Davey and Kelly 2007).  

The one system which didn’t adhere to our first prediction was the Yarra River. Like the other waterways, 

changes in the size structure of Macquarie perch in the Yarra River indicated successful recruitment 

occurred from 2013 – 2015, yet, there was no subsequent change in abundance. We propose two 

hypotheses for this deviation from trends observed in the other systems. Firstly, discharge in the Yarra River 

is much less variable than the other systems (see Tonkin et al. 2017b). This may therefore safeguard the 

population from episodic events such as extreme drought, whereby the magnitude of impacts are reduced 

compared to smaller, more variable systems (e.g. Lintermans 2013, Tonkin et al. 2017b). Nevertheless, we 

did detect a declining trend in the last years of the drought, indicating that the drought period still had some 

impact on the Yarra River population.  

Recovery is likely to be impaired if population declines exceed critical intrinsic thresholds such as genetic 

loss (e.g. Pavlova et al. 2017) and/or Allee effects (Courchamp et al. 2008), or if existing management 

practices such as fishery regulations, are inadequate (e.g. Hilbourn et al. 2014, Whiterod et al. 2018). Whilst 

the rates of decline in the Yarra River did not appear to exceed those in the other study waterways, the latter 

pathway impairing recovery is plausible. The Yarra River is the only waterway in our study where Macquarie 

perch can be legally harvested (despite its conservation status). Indeed, the number of adult fish has 

reduced over the past 5 years, with this trend likely to have flow-on effects on recruitment (Tonkin et al. 

2017b). A recent investigation of a K-selected crayfish species highlighted how population recovery rates 

following major disturbance were severely reduced if existing harvest levels remained (Whiterod et al. 2018). 

As such, we suggest further investigation is needed to quantify recreational fishing levels pressureits 

potential impacts on recovery rates in the Yarra River population following episodic disturbance events such 

as drought (e.g. Hunt et al. 2011).  

While the overall increasing trends in Macquarie perch abundance for the period following drought were 

similar across the waterways, the magnitude, and in some cases, direction of annual change varied between 

waterways and years. We propose this was due to local events, particularly flow, influencing recruitment and 

in some cases survival of older fish. Our model, which included maximum flows, was significant for two 



 

  

rivers, indicating reduced population growth the year following extreme low and also extreme high flow years. 

This finding is not in itself surprising. First, recruitment of some freshwater fishes, including Macquarie perch, 

is affected by extreme changes in river flows during critical reproductive periods (e.g. Freeman et al. 2001, 

Nicola et al. 2009, Tonkin et al. 2017b). Secondly, very low flow rates can increase mortality of larger fish, 

particularly in smaller streams which are subject to rapid declines in water quality (e.g. Ruhi et al. 2016). 

We also acknowledge that there was considerable uncertainty in the modelled effects of flow on changes in 

abundance. We propose this may be due to the varying influences of river flow on individual vital rates 

governing population dynamics, particularly those that are likely to extend beyond one year. For example, 

while extreme high flows during spawning negatively impact Macquarie perch recruitment to YOY (Tonkin et 

al. 2017b), the same flows may provide an abundance of food for fish ≥1 year of age, thereby enhancing 

their growth, condition, survival and future reproductive output over extended timeframes. Indeed, there is 

evidence for the latter in lacustrine populations during rising water levels (Gray et al. 2000, Tonkin et al. 

2014).  

The uncertainty in our models may also be due to variations in the detection of fish by our sampling regime 

(detection was not accounted for in our models). The sampling detection probability of fish can vary across 

environmental (e.g. flow conditions) and biological (e.g. fish age / size) gradients (Bayley and Austen 2002, 

Speas et al. 2004, Lyon et al. 2014). Whilst every effort was made to keep sampling consistent during our 

monitoring program, the (often high) uncertainty in our population models is likely to have been influenced by 

changes in sampling conditions (such as higher water levels) or annual changes in Macquarie perch size and 

age structure.  

The results of our study also showed one example (Hollands Creek) in which total fish abundance was 

associated with an increase in the abundance of larger sized fish. This pattern may be due to the 

aforementioned variation in detection of these cohorts of fish the previous year, or, by immigration of larger 

fish into our sample sites (within-population redistribution). The latter mechanism has been well documented 

in other studies, with fish movement shown to influence patterns in abundance within or between 

metapopulations (e.g. Palmer et al. 1997).  Indeed, the movement of fish from refuges following disturbance 

events is particularly pertinent for the results of this study (e.g. Wooten 1998).  

This study has made significant progress towards understanding the dynamics and drivers of populations of 

a nationally threatened riverine fish. Most significantly, the recovery of Macquarie perch populations following 

drought was not detectable for several years, with the largest increases in population size driven by the 

survival of new recruits. Our results indicate future forecasting and management of this and other long-lived 
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threatened freshwater fish species must incorporate multi-year planning which include the maintenance of 

refugia and connectivity. Further, the potential for population synchrony whereby simultaneous declines of 

isolated populations increases the risk to species at a regional scale, should be considered along with the 

protection of reproductively mature fish (source populations). These strategies are all likely to become more 

important with time, particularly given the increased frequency and magnitude of episodic disturbance events 

predicted under climate change. 
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Supplementary material 

 

Table S1: Quantile regression estimates for Macquarie perch (mm). 

 

River year 20% 50% 80% 

Hollands Creek 2009 333.8±55.2 367.2±52.2 421.3±78.1 

 2010 209.4±17.9 237.4±35 356.4±44.7 

 2011 149±20.5 164.6±21.1 186.9±29 

 2013 138.8±10.3 294.6±10.9 338.1±21.7 

 2014 122±7.3 140.6±11.9 330.1±37.3 

 2015 125.9±6.7 142.6±11.2 236.2±26.1 

 2016 119.4±6.1 132.6±6.7 190.4±10.9 

 2017 140±13.3 187.9±27.5 240.2±29.6 

 2018 134.1±6.8 158.7±8.8 280.2±12 

Hughes Creek 2006 251.8±10 297.3±15.4 335.9±15.5 

 2007 263.8±6.4 313.3±9.8 372.8±6.3 

 2009 247±19.3 370.1±7.5 386.1±8.9 

 2011 178.5±12.3 259.4±27 347.8±25.1 

 2012 232.3±12 245.4±16.9 315±54.7 

 2013 279±9.1 366.1±15.7 396.6±7.5 

 2015 145.6±2.6 163.2±5.7 308.6±14.2 

 2016 143±3 175.9±8.5 221.9±6.8 

 2017 189.3±8 214.7±9.8 247.3±11 

 2018 152.8±4.5 229.3±12.8 279.5±9.3 

King Parrot Creek 2010 193.4±32.5 238.6±20.1 277.1±28.8 

 2011 144.7±51.5 182.6±51 228.1±72.6 

 2012 215.7±11.7 230±18.1 299.6±59.2 

 2013 254.2±13.5 264.7±15.1 282.9±21.9 

 2014 145.7±20.2 231.7±59 313.5±21.5 

 2015 134.8±4.1 147.4±5.3 209±9.9 

 2016 133.6±3.6 143.1±4.4 193.8±8.5 

 2017 138.8±2.9 148.9±4.5 167.3±6.4 

 2018 217.9±32.7 276.5±22.2 312.1±15.6 

Seven Creeks 2007 285.4±8.1 306.3±8.2 353.1±11.9 

 2008 298±12.9 322.9±7.3 355±9.1 

 2009 202.2±11.5 322.6±18.3 355.4±10.6 

 2011 143.1±3.3 158.1±6.1 289.5±16.7 

 2012 209.4±5.5 257.9±14.2 356.6±10 

 2015 163.4±3.2 189±4.1 331.2±8 

 2016 119.6±2.1 144.7±4.6 253.3±9.6 

 2017 137.4±3 176.4±3.2 207.3±5.3 
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 2018 195.5±4.1 235.7±4.4 259.5±5.3 

Yarra River 2007 157.8±9.2 263.4±6.7 322.3±10.2 

 2009 194±9.9 297±9.1 329.6±7.8 

 2010 192.9±10.1 290.5±13.8 319.2±7.5 

 2011 196.6±16.7 330.7±16.4 358.4±10.4 

 2012 178.3±8.5 294.6±21.1 341±8.6 

 2013 240.2±9 280.3±8.7 328.1±9.8 

 2014 213.5±16 279.1±12.5 339.8±10.5 

 2015 195.6±19.6 264.4±11.7 324.9±10.9 

 2017 147.8±7.6 186.1±10.4 247±13.3 

 2018 182.9±9.2 232.6±9.5 272.9±16 

 

  



 

  

7 Conclusion  

7.1 A synopsis of learnings from data chapters 

The information generated in this thesis has made has made a valuable contribution to understanding the 

role of climate and hydrology on key population processes and dynamics of freshwater fish. This contribution 

also extends to threatened species management given my study species, Macquarie perch, is also one of 

considerable conservation significance. The approach used in my thesis, which encompass a whole of life-

cycle framework, have provided insight into the role of key drivers governing the processes and dynamics of 

populations of this nationally endangered freshwater fish.  Fortuitously, much of the data used throughout my 

thesis was collected during a period encompassing extreme climatic conditions, in particular the final years of 

the millennium drought, which were immediately followed by several years of cool and wet conditions. This 

knowledge is extremely valuable in natural resource management and species recovery (McMahon et al. 

2007), underpinning most of the important issues and decision making in the conservation and management 

of fish populations (Wootton 1998). 

The first two chapters of the thesis explored the dynamics and drivers of the Lake Dartmouth population of 

Macquarie perch, which due to its sheer abundance and genetic diversity, is currently recognised as one of 

the healthiest remaining stocks of this species (Tonkin et al. 2014; Pavlova et al. 2017). As such, knowledge 

gained on the drivers and dynamics of this lacustrine population can provide important information to help 

guide successful management of the species across its range. Lacustrine populations of Macquarie perch 

typically exhibit declines in abundance 5-10 years after initial filling (Harris and Rowland 1996; Hunt et al. 

2011) which is in accordance with the boom - bust pattern of productivity in newly formed reservoirs. In the 

first data chapter in my thesis (Chapter 2) I proposed the potential for these populations to be enhanced by 

replicating the events of the initial filling period, as demonstrated for some lacustrine species in the northern 

hemisphere (Scarnecchia et al. 2009). I tested whether a repeated trophic upsurge period, would result in a 

period of increased fish growth, recruitment strength and abundance, reproducing a similar response to the 

initial filling period. Indeed, my findings supported this hypothesis with these vital rates and population growth 

being enhanced during the refilling of Lake Dartmouth.  These results implied an intrinsic link between 

growth, recruitment success and survival, based on the alignment between increased juvenile Macquarie 

perch growth and year class strength reported in this and previous studies on lacustrine trophic upsurge 

(Hendrickson and Power 1999; Albrecht et al. 2009; Scarnecchia et al. 2009). More broadly, these results 
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highlight that while reservoir construction in general impacts negatively on native fish populations, there is 

potential to offset these impacts for conservation management purposes such as providing benefits for 

relictual riverine fish populations. 

My second data chapter (Chapter 3) looked at some key intrinsic demographic attributes (size- and age- 

structure; migration) of the adult spawning stock, which undoubtedly facilitated annual recruitment success 

and the population expansion reported in Chapter 2 (Tonkin et al. 2014). Maintaining a broad age- and size-

structure of the spawning demographic of long-lived iteroparous fish species is crucial for recruitment stability 

and population persistence (e.g. Warner and Chesson 1985; Secor 2000; Berkeley et al. 2004a). 

Conversely, there is a growing body of research which demonstrates over-exploitation of large and old fish in 

a population can lead to demographic changes in spawning stocks towards younger and smaller fish that, in 

turn, affect recruitment dynamics and productivity of a population (e.g. Olsen et al. 2004; Berkeley et al. 

2004a; Rouyer et al. 2011).  I found that over an eight-year period (including that reported in Chapter 2), 

spawning fish were predominantly large, spanning a broad age structure, with a high proportion of fish (25 

%) aged 15-30 years. Furthermore, Macquarie perch were most likely to be in the spawning reach from 

October to mid-December, migrated to this reach annually, and moved large distances throughout the lake 

all year, with no evidence for any spatial structuring. Based on these results, it is clear that the spawning 

stock structure of a healthy Macquarie perch population consists of a stable number of large fish with a broad 

age distribution. These results also suggest that along with reductions in system productivity (Chapter 2), 

overexploitation of the spawning demographic is likely to be another key driver of the collapse of other 

Macquarie perch populations in south eastern Australia (e.g. Cadwallader and Rogan 1977; Trueman 2011) 

as well as other long-lived freshwater fish species around the world. 

The findings of my first two chapters, relating to drivers and dynamics of Macquarie perch in Lake 

Dartmouth, showed that the species is long-lived, recruit every year (being largely temperature-cued to 

spawn), and are capable of expansions in population size in response to upsurges in system productivity. 

This suggests lacustrine populations of Macquarie perch can be relatively stable, providing spawning stocks 

are maintained and fish have access to suitable riverine spawning habitat and feeding areas for juveniles 

and adults. Of course, Macquarie perch are naturally a riverine species. It is therefore unclear if these 

findings are transferrable to the few remnant riverine populations, which for the most part, are now isolated 

and restricted to small areas of headwater reaches (Lintermans 2007). 

Information on the spawning ecology of Macquarie perch is based largely on data gathered from lacustrine 

populations, with uncertainty on the applicability such data has for managing riverine populations. Chapter 4 



 

  

of my thesis presents an important first account of spatio-temporal spawning patterns of riverine Macquarie 

perch populations. My results lend some support for the transfer of information derived from lacustrine 

populations (e.g. Cadwallader and Rogan 1977; Douglas et al. 2002; Tonkin et al. 2010; Broadhurst et al. 

2013), specifically, localised spatial-spawning patterns and temperature associations.  

Chapter 5 of my thesis then shifted from spawning to examine recruitment and population dynamics of 

Macquarie perch populations (both riverine and lacustrine) through space and time. Chapter 2 reported 

variations in recruitment strength of Macquarie perch in Lake Dartmouth did not always align with periods of 

trophic upsurge, but also, that riverine conditions during spawning, as well as the spawning stock abundance 

(Chapter 3) likely play a major role in recruitment success. In Chapter 5 I tested these observations by 

assessing recruitment dynamics of five isolated populations of Macquarie perch from Victoria and relate 

these dynamics to drivers that vary at local and regional scales. I found that river discharge during the core 

egg and larval period, which was highly correlated across the region, and a local‐scale variable, spawning 

stock abundance, were the covariates most important in explaining recruitment strength. I also observed 

synchronised patterns in recruitment across these populations, thus conforming to predictions of the Moran 

effect (environmental synchrony; Moran 1953; Rossi et al. 1992; Liebhold et al. 2004). Interestingly, the 

larger river / lacustrine systems assessed in my study displayed lower variation in river discharge and also 

subsequent recruitment strength compared to populations occupying smaller tributaries. The implications of 

this finding are discussed below (Chapter 7.3). 

The final data chapter of my thesis looked in more detail at the temporal dynamics across the five riverine 

Macquarie perch populations through space and time, with a focus on assessing trends in the final years and 

those following the millennium drought (Murphy and Timbal 2008). Riverine fish populations can be 

particularly susceptible to episodic disturbances such as droughts, therefore assessing the recovery of 

populations following these events provides important information to help guide species management. 

Chapters 2 to 6 found Macquarie perch are long-lived, spawn and recruit every year, with recruitment 

strength being dependent on adult spawning stock abundance, riverine conditions during spawning and the 

system productivity. As such, I expected riverine populations to increase in years following the drought, 

providing adults stocks were maintained and riverine conditions during November and December were 

relatively stable.  Using trends in abundance and size structure I found four of the five populations underwent 

a slow recovery, not detectable for several years. The largest increases in population size were driven by the 

survival of new recruits rather than immigration of older fish. As per my findings in Chapter 5 (synchrony in 

recruitment dynamics), I found evidence of synchrony in dynamics across populations, related to annual 
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extremes in river flow which negatively influenced population trajectories. The one population which did not 

follow this trend occurred in the Yarra River, the largest waterway which was also subject to legal 

recreational fishing for the species. This suggests either the magnitude of impacts of disturbance on 

populations occupying larger systems are reduced compared to smaller, more variable systems or; 

recreational fishing take can negatively influence recovery rates following episodic disturbance events such 

as drought. The results of this chapter highlight that forecasting and management of a long-lived freshwater 

fish must incorporate multi-year planning to include factors such as the maintenance of refuges, connectivity 

and increased protection of reproductively mature fish to aid population recovery. 

7.2 Current distribution and future outlook for Macquarie perch  

In addition to providing important ecological knowledge, the work presented in this thesis have, given further 

insight into the threatening processes which have contributed to the current distribution and subsequent 

conservation status of Macquarie perch. These learnings can also be applied to predict the future outlook for 

the species and importantly, help guide recovery actions by waterway, threatened species, and fisheries 

managers.  

Trueman (2011) suggests significant declines in Macquarie perch abundance across the MDB were evident 

by the early twentieth century and that widespread population extinctions occurred between 1920 and 1960. 

Since this time, endemic populations in New South Wales and the Australian Capital Territory remain, being 

restricted to small isolated reaches of the slopes and upland zones in the Lachlan, Murrumbidgee, Mitta 

Mitta, Ovens, Goulburn and Broken River catchments (Trueman 2011; Pavlova et al. 2017). Numerous 

causes of this decline have been proposed and includes catchment erosion, clearing of streamside 

vegetation, mining and subsequent sedimentation, de-snagging, interspecific competition, overfishing, 

predation and disease transmission by introduced species, and the construction of dams that act as barriers 

to movement and modify river flows and temperatures downstream (Cadwallader and Rogan 1977; Ingram 

2000; Lintermans 2007, 2012). While investigating each of these threats and documenting the initial decline 

is beyond the scope of this thesis, the drivers of population processes and dynamics explored throughout 

provide some insight into this decline and importantly, the recovery potential for the species. 

As indicated, despite early concerns for the future of Macquarie perch in Lake Dartmouth (based on 

extirpations of other impoundment populations) my findings suggest the Macquarie perch population in Lake 

Dartmouth is relatively stable, providing spawning stocks and the quality and access to riverine spawning 

habitat is maintained. Climate change predictions for south eastern Australia are for an increased likelihood 



 

  

of protracted drought and rapid refilling events (Morrongiello et al. 2011b).  Therefore, despite the prediction 

that future climate change will be detrimental for remnant riverine populations of Macquarie perch (Balcombe 

et al. 2011), the future of this lacustrine population may even be enhanced provided any such benefits are 

not countered by my predictions of reduced growth under higher temperatures. This emphasises the 

importance of recognising the conservational benefits of reservoir populations of native fish.   

The distribution and future outlook of remnant riverine populations is less certain. One of the most 

distinguishing aspects of the decline of Macquarie perch across the MDB is the loss of the species from most 

of the major rivers across its former range. For example, in Victoria’s Goulburn catchment, the species is 

restricted to a series of isolated populations occupying tributaries of the Goulburn River, with no evidence of 

reproduction in the Goulburn River itself (Kearns and Tonkin 2015). This is unlike other large native 

freshwater fish in the MDB such as Murray cod which have persisted in many of the regulated reaches of 

major rivers. By the end of the 1970s all of the major river catchments in New South Wales, the Australian 

Capital Territory and Victoria where Macquarie perch occurred were regulated with large dams to store and 

control the flow of water for agriculture and domestic supply (Commonwealth of Australia 2017). More 

specifically, historical accounts of locations where Macquarie perch were in high abundance such as the mid-

reaches of the Campaspe River, Broken River, Goulburn River and Mitta Mitta River (Trueman 2011), 

generally align with the locations of these structures, specifically the slopes zones of these rivers. This 

construction and subsequent flow regulation vastly changed the hydrology and thermal regimes of these river 

reaches and are considered to have resulted in the decline or loss of many native fish species (Cadwallader 

1978; Koehn and O’Connor 1990; Koehn et al. 1995; Bunn and Arthington 2002; MDBC 2004). Macquarie 

perch is one species that not only vanished from these reaches (e.g. Koehn et al. 1995), but has not 

returned, presumably due to the specific spawning habitat requirements of the species (i.e. specific 

temperature and substrates; Cadwallader and Rogan 1977; Douglas 2002; Tonkin et al. 2010, 2016). 

Therefore, unlike other species such as Murray cod, which are able to complete their life-history 

requirements in regulated lowland rivers (e.g. Koehn and Todd, 2012), Macquarie perch have persisted only 

in the unregulated tributaries or in reaches upstream of these structures that have retained suitable spawning 

substrate and thermal regimes. With large investments in waterway restoration (riparian repair and instream 

habitat provision) currently underway to help preserve these isolated populations, there remains a question 

as to how sustainable these small isolated populations of Macquarie perch are.   

The findings of Chapter 5 suggest that most remnant populations of Macquarie perch, which are now 

predominantly isolated within small tributary systems, characterised by highly variable flows, face a 
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heightened risk of poor recruitment periods, particularly considering climate change predictions (Tonkin et al. 

2017). These smaller systems are also more likely to experience greater variability in adult abundance as a 

result of increased vulnerability to stochastic events such as extreme drought, flood and bushfire (Kearns et 

al. 2011; Lintermans 2013). It could therefore be expected that with the loss of connectivity to larger rivers 

and the fish they once supported, Macquarie perch occupying these small tributary systems now exhibit less 

stable recruitment patterns, and a reduced resilience to environmental extremes, particularly those which are 

likely to be exacerbated by climate change (as predicted by Balcombe et al., 2011). Moreover, the 

synchronised patterns in recruitment and population dynamics (see Chapters 5 and 6) suggest that 

threatened freshwater fishes such as Macquarie perch with highly fragmented isolated populations have an 

increased risk of the regional population becoming imperiled, thus the need for a coordinated 

multijurisdictional conservation approach.  

My suggestion that Macquarie perch populations, which have been reduced to unregulated tributary reaches 

of its former range, are at heightened risk of extirpation adhere to recent predictions of the Niche Reduction 

Hypothesis (Scheele et al. 2017). This recent review suggests when a species (such as Macquarie perch in 

this case) contracts from its pre-threat realized niche (historical niche), to a narrower subset of environmental 

space (the contemporary niche), it can experience reduced ability to tolerate other threats, as well as 

lowered adaptive capacity and genetic diversity (Scheele et al. 2017). Considering the increased risk to the 

collapse of populations of threatened freshwater species (like Macquarie perch) in small isolated waterways, 

future management must move beyond conserving current populations (via riparian and instream habitat 

restoration) and consider actions which could facilitate connectivity to or reestablishing the species back to 

some of the larger river reaches of its former range (historical niche).  

The information generated in this thesis has identified and quantified several important factors (intrinsic and 

extrinsic) influencing the key processes governing Macquarie perch populations. As identified in each of the 

chapters, each of these links provides value to help guide management of Macquarie perch. For example, 

the links between river discharge and recruitment strength reported in Chapter 5 (Tonkin et al. 2017) are now 

incorporated into seasonal flow planning for the regulated Yarra River. Specifically, waterway managers 

(Melbourne Water) now avoid large rapid flow releases (managed) during November and December to 

minimise negative impacts on Macquarie perch recruitment. 

A powerful application gaining momentum in threatened species management is the integration of life-history 

information with ecological links into a population modelling framework (e.g. Burgman and Lindenmayer 

1998; Todd et al. 2004; Todd and Koehn 2008). Indeed, work has been underway to incorporate the 



 

  

ecological information generated in this thesis into the stochastic population model developed for Macquarie 

perch by Todd and Lintermans (2015). For example, along with the inclusion of life-history data (age and 

growth information), the inclusion of flow and temperature as a factor governing spawning and recruitment 

success (Chapter 4 and 5) significantly strengthened the model and enhanced its uptake by managers to 

test a range of management scenarios. These include the aforementioned water management, recreational 

fishing impacts and changes to regulations (e.g. Tonkin et al. 2017c), and perhaps most relevant to the 

recovery of many threatened freshwater fishes, the identification of potential sites for stocking and 

translocation. A recent example of the latter is currently underway on the Ovens River in north east Victoria 

where a population model (modified from Todd and Lintermans 2015) which included flow, temperature and 

productivity parameters, was used to predict long term outcomes of a five-year stocking and translocation 

program aimed at reestablishing a self-sustaining population of Macquarie perch (see Figure 39).  
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Figure 39. Project overview ‘Re-establishing Macquarie perch in the Ovens River’ which includes use 
of population modelling to predict project outcomes.  
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7.3 Knowledge gaps 

It is important to emphasise that the themes explored in my thesis, whilst contributing important knowledge to 

understanding the population dynamics of Macquarie perch, are by no means exhaustive. At a process level, 

much of the data collection throughout my chapters focused on the factors and drivers of recruitment and 

survival. As such there is still considerable knowledge gaps surrounding the importance and key drivers of 

the processes affecting immigration and emigration, and the influence on Macquarie perch population 

dynamics.  

It is well established that the degree of connection that occurs within or between populations 

(metapopulations) is an important process that governs the fate of species (Levin 1992). The current isolated 

nature of most Macquarie perch populations evidenced by them being physically disconnected through 

altered river networks and further demonstrated by their genetic structure (Pavlova et al. 2017) suggests any 

past connection between these “metapopulations” is no longer relevant. Hence, inter-population connectivity 

can now be said to bear no influence on Macquarie perch across their current spatial extent. That said, this 

loss of connectivity between what were likely metapopulations, is likely to have had, and continue to have 

negative impacts on these now isolated Macquarie perch populations, particularly by increasing the risk of 

localized extinction to episodic events (e.g. Ruhi et al. 2016) and gradual loss of genetic diversity (e.g. 

Faulks et al. 2011; Pavlova et al. 2017). This concern is by no means limited to Macquarie perch, but rather 

many threatened freshwater fauna occupying river-creek networks (dendritic networks) around the world 

which have been reduced to a series of isolated and fragmented populations. Indeed, it has been proposed 

that the risk to fish populations occupying dendritic landscapes has more severe consequences on fragment 

size and population persistence than in either linear (e.g. major rivers) or two-dimensional systems (e.g. 

Rahel et al. 1996; Fagan 2002). 

Some of the data collected throughout this thesis indicate within-population dispersal (of former 

metapopulations) is also an important process influencing individual populations. As suggested in Chapter 6, 

the movement of fish to and from refuge habitats is a critical process for population recovery following 

episodic events such as drought (e.g. Bêche et al. 2009). The dispersal of young fish also appears to be an 

important process influencing populations. Macquarie perch have been shown to exhibit very localised 

spawning site selection, both for lacustrine (Cadwallader and Rogan 1977; Douglas 2002; Broadhurst et al 

2012; Tonkin et al. 2010; Tonkin et al. 2018) and riverine populations (Tonkin et al. 2016). As such, the 

dispersal of larvae and/or juvenile fish from these spawning sites would appear to be an important process 



 

  

influencing populations. Further research is required to investigate the intrinsic and extrinsic factors 

governing within-population movement, particularly for juvenile fish.  

Aside from the processes investigated in this thesis, there is still a range of both intrinsic and extrinsic factors 

I did not explore which are likely to directly or indirectly influence key processes and subsequent dynamics of 

Macquarie perch populations. One intrinsic factor which has received much debate by population ecologists 

surrounds the existence of density dependence as a regulator of population size (Wootton 1998). 

Specifically, are all the aforementioned key population processes, dependent or independent of population 

density (abundance or biomass)? Density regulated populations are thought to be subject to mortality, 

immigration and/or fecundity rates which are modified by the population density (e.g. Elliot 1989).  

Alternatively, if such rates are unmodified by population density, a population is said to be density 

independently regulated (Wootton 1998). Further research is required to understand the existence of such 

processes if they are to fully grasp the dynamics of populations and their processes. 

Another intrinsic factor influencing key processes and population dynamics, and one that is receiving 

increasing attention, is genetics.  Genetic diversity underpins the ability of populations to persist in its 

environment and adapt to environmental change (Pavlova et al. 2017). Conversely, if genetic diversity is 

reduced, as has been demonstrated for many populations of Macquarie perch (Faulks et al. 2011; Pavlova et 

al. 2017), populations are subject to loss of fitness, accumulation of genetic load and ultimately population 

extinction (Harrisson et al. 2014; Reed and Frankham 2003; Pavlova et al. 2017). Recently, several studies 

investigating genetic structure and diversity across the landscape have shown the severe consequences of 

extensive habitat loss and fragmentation on genetic diversity and future population trajectories of Macquarie 

perch (Faulks et al. 2011; Pavlova et al. 2017). This work has led to recommendations to include genetic 

rescue and/or genetic restoration to manage populations. As such, further research is required to assess the 

role of genetics in governing important processes at a population level (such as growth and dispersal 

capacity), and to test the recommendations of Pavlova et al. (2017) whereby populations with reduced 

genetic diversity should be augmented via stocking and/or translocations of fish with high genetic diversity. 

A range of other extrinsic factors, particularly those of anthropogenic origin, have also been identified to 

potentially impact Macquarie perch and as such, are in need of further research. These include the 

aforementioned impacts of barriers (e.g. Broadhurst et al. 2013); flow regulation (Cadwallader 1978); cold-

water pollution (e.g. Koehn et al. 1995); and exotic fish species (Cadwallader 1978; Lintermans 2007) on the 

processes governing Macquarie perch populations. The latter, has been widely hypothesized as significantly 

contributing to the widespread decline of the species yet has received very few quantitative assessments 
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(Cadwallader 1978; Lintermans 2007). Exotic species such as carp Cyprinus carpio, brown trout Salmo 

trutta, eastern gambusia Gambusia holbrookii and redfin Perca fluviatilis are thought to have impacted 

Macquarie perch by competition for resources such as food and habitat (Cadwallader 1978; Koehn and 

O’Connor 1990; Commonwealth of Australia 2017); predation of eggs, larvae and juveniles, particularly by 

redfin (e.g. Cadwallader and Rogan 1977; Gilligan 2005); and the transmission of disease such as Epizootic 

Haematopoietic Necrosis Virus (Langdon et al. 1986; Lintermans 1991).  

7.4 Conclusion 

This thesis has made has made a valuable contribution to understanding the role of climate and hydrology 

on key population processes and dynamics of freshwater fish. This contribution is also relevant to threatened 

species management given the conservation status of my study species, the Macquarie perch. As such, the 

whole-of lifecycle framework used in my thesis provides an ideal basis to study the key drivers of the 

processes and dynamics of other freshwater fish populations, particularly those that are long-lived and 

imperiled. 

The themes and approach used has identified and quantified several important factors (intrinsic and 

extrinsic) influencing key processes including growth, spawning, population structure, recruitment and 

mortality and linked these to the dynamics of Macquarie perch populations occupying both lacustrine and 

riverine environments. My results for lacustrine populations highlight that while reservoir construction in 

general impacts negatively on native fish populations, there is potential to offset the impacts of reservoir 

construction on fish populations downstream for conservation management purposes such as providing 

benefits for relictual riverine fish populations within. This is likely to have increasing relevance for many 

threatened fish species across the globe given the grim predictions of reduced water availability for 

unregulated riverine systems across many regions. In contrast, the synchronised patterns in recruitment and 

population dynamics of Macquarie perch at a regional scale suggest that threatened freshwater fishes with 

highly fragmented isolated populations have an increased risk of the regional population becoming imperiled. 

Indeed, a coordinated multijurisdictional conservation approach appears crucial for the management of 

highly fragmented threatened fish populations worldwide. 

While there are still several important knowledge gaps that require further investigation, the information in my 

thesis have also given further insight on the threatening processes which have contributed to the major 

decline of Macquarie perch. In particular, changes to flow and temperature regimes associated with river 



 

  

regulation; loss of important spawning habitat; periods of reduced productivity in lacustrine populations; and 

over-exploitation by recreational fishing, particularly of reproductively mature fish.  
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